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ABSTRACT

Dynamically excited objects within the Kuiper belt show a bimodal distribution in their surface
colors, and these differing surface colors may be a tracer of where these objects formed. In this
work we explore radial color distributions in the primordial planetesimal disk and implications for the
positions of ice line/color transitions within the Kuiper belt’s progenitor populations. We combine a
full dynamical model of the Kuiper belt’s evolution due to Neptune’s migration with precise surface
colors measured by the Colours of the Outer Solar System Origins Survey in order to examine the true
color ratios within the Kuiper belt and the ice lines within the primordial disk. We investigate the
position of a dominant, surface color changing ice-line, with two possible surface color layouts within
the initial disk; (1) inner neutral surfaces and outer red, and (2) inner red surfaces and outer neutral.
We performed simulations with a primordial disk that truncates at 30 au. By radially stepping the
color transition out through 0.5 au intervals we show that both disk configurations are consistent with
the observed color fraction. For an inner neutral, outer red primordial disk we find that the color
transition can be at 28J_r§ au at a 95% confidence level. For an inner red, outer neutral primordial disk
the color transition can be at 27f:3,, au at a 95% confidence level.
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The Kuiper Belt is made up of a sea of icy planetesimals, the remaining relics of planet-forming bodies that failed
to evolve into an additional planet in the outer Solar System. Detailed study of these objects sheds light on planetary
formation, along with the giant planets’ early dynamical history and the compositional structure of the Solar System’s
primordial planetesimal disk. Kuiper Belt Objects (KBOs) can be split into two broad dynamical classifications: the
dynamically hot population and the dynamically cold classicals. This distinction is due to the dynamical excitement
of their orbital properties, the cold classicals reside on low inclination nearly-circular orbits and the hot population has
more highly inclined, eccentric orbits. This distinction is consistent with differences in formation location, with the
cold classicals having formed at roughly their current positions, and the hot population significantly affected by the
migration of Neptune, causing them to be displaced from their formation positions within the Solar System (Tsiganis
et al. 2005; Morbidelli et al. 2005; Stephens & Noll 2006; Nesvorny et al. 2007; Levison et al. 2008; Parker & Kavelaars
2010; Nesvorny & Morbidelli 2012; Nesvorny 2015a).

The hot population can be split into numerous sub-populations. These include the hot classical KBOs, on close to
circular, moderately-to-highly inclined orbits between ~ 39.4 au and ~ 47.8 au (Brown 2001; Gladman et al. 2008).
Resonant KBOs are in mean motion resonances (MMRs) with Neptune. The scattering disk objects are currently
scattering off Neptune (Duncan & Levison 1997; Petit et al. 1999; Gladman et al. 2008) and have semimajor axes that
extend from ~30 au to ~ 250 au with perihelion distances 7.35 au < ¢ < 40 au. Detached KBOs have pericenters
decoupled from that of Neptune (Gladman et al. 2002); perihelion distance ¢ > 45 au along with semimajor axis
a > 250 au (Brasser & Schwamb 2015) is used as the orbit definition in this work. Finally, Centaurs are a short-lived
and transitory population, diffusing out of the Kuiper belt (Stern & Campins 1996) with perihelia ¢ > 7.35 au, along
with Tisserand Parameter (7)) > 3.05 and semimajor axis less than that of Neptune (Gladman et al. 2008; Morbidelli
& Nesvorny 2019).

The surface compositions of KBOs can be investigated via either reflectance spectroscopy (e.g. Barucci et al. 2005;
Brown et al. 2007; Schaller & Brown 2007; Brown et al. 2007; Barucci et al. 2015; Dalle Ore et al. 2015) or broadband
photometry (e.g. Doressoundiram et al. 2008; Fraser & Brown 2012; Peixinho et al. 2015; Fraser et al. 2015; Tegler
et al. 2016; Pike et al. 2017; Marsset et al. 2019; Schwamb et al. 2019) depending on the size/brightness of the object.
Smaller, dimmer KBOs, with m, magnitude > 22, make up the majority of the Kuiper belt population. With fairly
featureless spectra, devoid of volatile imprinted features other than water ice (Barucci et al. 2008), their surfaces can be
studied with the aid of broadband photometry. Surface color variation within the modern day Kuiper belt is important
as it provides a window into the Solar System’s primordial disk colors (Brown et al. 2011), enabling the exploration
of volatile ice line transitions that triggered color transitions in the early planetary disk. Dynamically excited KBOs
are observed to show a bimodal distribution in their surface colors (e.g. Tegler & Romanishin 1998; Peixinho et al.
2003; Fraser & Brown 2012; Peixinho et al. 2012, 2015; Fraser et al. 2015; Wong & Brown 2017; Marsset et al. 2019;
Schwamb et al. 2019).

The objective of this paper is to explore the possible locations of any volatile ice line transitions that may have
triggered color variations in the early planetary disk through the combination of dynamical Neptune migration models
with Colours of the Outer Solar System Origins Survey (Col-OSSOS, Schwamb et al. 2019) photometry of objects
within the modern day Kuiper belt. In Section 2 we discuss these observed surface colors in the Kuiper belt, and the
proposed primordial disk conditions that caused them. Section 3 contains a description of the Col-OSSOS photometry
observations. In Section 4 we describe how we created a comparison sample of Col-OSSOS observations that could
later be compared with the color simulations. Section 5 describes the dynamical model by Nesvorny & Vokrouhlicky
(2016) used in this work. In Section 6 we explain the color simulations, while Section 7 details the results of these
simulations.

2. COLOR TRANSITIONS IN THE KUIPER BELT

Observations of the optical/near-infrared colors of non-dwarf planet KBOs reveals a bimodal color distribution (e.g.
Tegler & Romanishin 1998; Peixinho et al. 2003; Fraser & Brown 2012; Peixinho et al. 2012, 2015; Fraser et al. 2015;
Schwamb et al. 2019). In Figure 1 we plot the g—, — and J—band colors of a sample of KBOs targeted by Col-OSSOS
(Schwamb et al. 2019). Within the color distribution we categorize those KBOs with (g — r) magnitude < 0.75 as
‘neutral’ surfaces, and ‘red’ surfaces as those with (¢ — ) magnitude > 0.75. Previous works, such as Peixinho et al.
(2015), Petit et al. (2017) and Schwamb et al. (2019) have also used this same definition. Cold classical KBOs show
optically very red surface colors (e.g. Trujillo & Brown 2002; Lykawka & Mukai 2005; Doressoundiram et al. 2008)
and thus do not follow the bimodal distribution of the hot population’s colors. They are assumed to have formed in
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Figure 1. Optical and near-infrared (NIR) colors of Col-OSSOS E, H and L observing blocks. The object 2013 UQ15 (orange
circle) is dynamically consistent with the Haumea collisional family. The green circles represent the hot classical KBOs, the pale
gray crosses are the cold classicals, the purple triangles are the MMR objects, the red pentagrams are the scattering disk KBOs,
the black diamond is detached TNOs and the yellow square is a Centaur. The solar colors, with g —r = 0.45 and r— J = 0.97, is
shown by the yellow star. The vertical red dashed line shows the split between red and neutral surface colors at (g — r) = 0.75.

place (beyond ~ 40 au), in different conditions (leading to different surfaces) compared to the dynamically excited
Kuiper belt (Parker & Kavelaars 2010) and so are not included in this work. The colors shown in Figure 1 may hint
at possible substructure beyond a simple red/neutral surface classification, with finer transitions such as proposed by
Dalle Ore et al. (2013). However, we do not have enough resolution on these colors to definitively define any possible
substructure. Therefore, as we can distinctly define the red and neutral surfaces we are only exploring this major
transition.

There are models in the literature that attempt to explain the differing surface colors for the Kuiper Belt’s hot
population. These include Dalle Ore et al. (2013) which presents a taxonomy for KBOs based upon their albedo and
colors. Dalle Ore et al. (2013) suggest that the KBOs can be split into five taxonomic classes and that these taxa
show a lack of correlation between their current perihelion distances and their taxonomic properties. Therefore, they
suggest that the surface properties are a result of multiple distinct ice-line transitions in the original primordial disk
where these objects formed. An alternative model is by Fraser & Brown (2012). They suggest that there are three
possible surface types in the primordial Kuiper belt; the neutral and red colored surfaces present in the dynamically
excited population making up two well defined groups of objects, and the very red colored dynamically cold population
making the third. Within this model, the primordial disk originally had two surface types; the cold population surfaces
and the dynamically excited KBO surfaces. They suggest that the bifurcation in colors within the hot population is
a result of the evolution within the primordial disk. All the objects within this original disk would have started with
very similar surface compositions, but based on their positions in the initial disk some of the objects may have lost
certain (yet to be determined) volatile species. This resulted in different surface chemistries, and hence, different final
surface colors.

In this paper we consider a single dominant surface transition that created the distinct red and neutral surface
colors of the dynamically excited objects that we see today. A schematic of this primordial outer Solar System is
shown in Figure 2 and we examine not only the position of the color changing surface transition, but also the order of
surface colors in the primordial disk (i.e. an inner neutral / outer red disk vs. an inner red / outer neutral disk). We
assumed that this dominant change in surface composition triggered color variations in the early planetary disk, and
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Figure 2. Schematic of the primordial Outer Solar System before giant planet migration. It consists of 2 gas giant and 3 ice
giant planets as in the dynamical model of Nesvorny & Vokrouhlicky (2016), with Neptune being the outermost planet. The
primordial planetesimal disk from which the dynamically hot population originated is represented by the gray boxes, and ranges
from 24 au to 30 au. It is split into the inner and the outer primordial disk.

so divided the red and neutral surfaces found within the dynamically hot population. We are using the combination of
an N-body dynamical model of the Kuiper belt through Neptune’s migration (Nesvorny & Vokrouhlicky 2016), along
with Col-OSSOS photometry (Schwamb et al. 2019) of objects within the dynamically excited KBOs implanted by
Neptune’s migration into the Kuiper belt.

The Col-OSSOS targets were selected to be a brightness complete subsample of the Outer Solar System Origins
Survey (OSSOS), which has a well-measured detection efficiency and pointing strategy. This afforded the unique
opportunity to explore the true frequency of surface colors within the Kuiper belt. The precision of the colors
measured by Col-OSSOS, combined with the well-characterized discovery survey (the Outer Solar System Origin Survey
(OSSOS), Bannister et al. 2018) enables the accurate investigation of the primordial color distributions. Figures 6 and
7 in Nesvorny et al. (2020) show a detailed comparison between OSSOS observations, and a dynamical model biased
by the OSSOS survey simulator. The dynamical model of the planetesimal disk throughout Neptune’s migration used
in this work (Nesvorny & Vokrouhlicky 2016) matches the orbital structure of the Kuiper Belt, while maintaining a
precise history of each dynamical test particle. OSSOS made use of the well documented biases and pointing histories
inherent in the survey to produce a survey simulator (Lawler et al. 2018a). This survey simulator allows one to make
accurate comparisons between the Col-OSSOS observations and the simulated Kuiper belt from Nesvorny’s model, as
it can take synthetic planetesimals on simulated orbits and bias them to what OSSOS would have detected.

We test the inner red / outer neutral primordial disk due to the presence of the ‘blue binaries’ within the Kuiper belt
(Fraser et al. 2017), neutral surfaced wide binaries which simulations suggest are not able to survive a long migration.
These are thought to have formed at ~38 au (Fraser et al. 2017), separate from both the cold classical KBOs and
the dynamically hot KBOs. Here we assume that the neutral surfaced members of the hot population have a similar
surface composition to that of the ‘blue binaries’. This disk layout was also investigated by Schwamb et al. (2019),
where they used an analytical model to examine the surface color ratio in the disk. In contrast, we decided to test
the inner neutral / outer red disk due to the colors of Neptune’s Trojans. Neptune’s Trojans, believed to have been
captured onto Neptune’s orbit during Neptune’s migration, have predominantly neutral colored surfaces (Parker et al.
2013; Jewitt 2018). Additionally the higher inclinations and eccentricities of neutral colored objects (Marsset et al.
2019; Ali-Dib et al. 2021) suggests that they formed closer to the planetary region. This inner neutral / outer red
disk is similar to the work of Nesvorny et al. (2020) and Ali-Dib et al. (2021), where alternative dynamical models of
the Kuiper belt throughout Neptune’s migration were used to investigate KBO surface colors. In this inner neutral /
outer red, if the color transition were far enough out in the disk it could potentially still support the origin scenario
for the ‘blue binaries’.

3. COLOR OBSERVATIONS

The observations used for the primordial color investigations in this paper were taken from Col-OSSOS (Schwamb
et al. 2019). Col-OSSOS selected objects from OSSOS with r — band magnitudes < 23.6 and measured near simulta-
neous colors of these KBOs in g-, m- and J-band optical and near-infrared filters. They achieved color measurement
uncertainties of + 0.03 mag for (g — r) for nearly all objects in the sample. OSSOS acquired observations that were
grouped into eight regions on the sky called ‘blocks’, each with their own recorded biases and characterisation limits.
The Col-OSSOS targets were chosen from six of these eight blocks. For this work we use the H (centered at R.A.
1"35™, decl. +13°28’) and L (centered at R.A. 0"54™, decl. +3°50’) observing blocks that are published in Schwamb
et al. (2019), along with E (centered at R.A. 14"50™, decl. -12°32’) block (published in Fraser et al. 2021). E, H
and L blocks were used as they provide the most ‘complete’ color sample (minimising the fraction of the sample with
unknown colors). Since the release of Schwamb et al. (2019) some of the Col-OSSOS photometry values have been
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slightly revised due to minor updates to the software pipeline; these updated values are presented in Table 1. A
complete description of the photometry and data reduction for H and L observing blocks is provided in Schwamb et al.
(2019) and in Fraser et al. (2021) for E block.

Figure 1 shows the (g — r) and (r — J) colors that were measured by Col-OSSOS for these three observing blocks.
The resulting bimodal color distribution in the hot population and consistently optically very red surfaces for the cold
classicals was in agreement with previous color surveys (e.g. Fraser & Brown 2012; Peixinho et al. 2012, 2015; Fraser
et al. 2015; Petit et al. 2017). In Table 1 we summarize the orbital parameters, along with the colors of the KBOs in
the E, H and L block Col-OSSOS sample. In Figure 3 we show the orbital parameters of these KBOs.

Table 1. Orbital Parameters and Optical and NIR colors of the entire E; H and L Block Col-OSSOS Sample. The KBO
classifications are abbreviated with cen = centaur, sca = scattering disk, det = detached, cla = classical belt, N:M= MMR

with Neptune.

MPC OSSOS ID  Classification ~ Mean m, H, a(au) e i(°) (g—m) (r—J)
2002 GG166 03e01 sca 21.5+£0.09 773 3442 0.590 7.71 0.59£0.01 1.5+0.05
2013 GH137 03e02 3:2 23.34+0.14 832 39.44 0.228 13.47 0.71£0.03 1.76£0.1
2013 GJ137 03e04 3:2 23.39+£0.16 8.25 39.50 0.267 16.87 0.62+0.03 1.66%0.09
2013 GW136 03e05 2:1 22.694+0.07 742 4774 0.344 6.66 0.72+0.02 1.74+0.06
2013 GY136 03e09 5:2 22.9440.05 7.32 55.54 0.414 10.88 0.51£0.02 1.4840.07
2013 GS137 03el6 cla 23.47+£0.14 744  43.87 0.100 2.60 1.01£0.02 1.7240.08
2013 GR136 03el9 7:4 23.4£0.1 720 43.65 0.076 1.64 0.72£0.03 1.47£0.1
2001 FK185 03e20PD cla 23.09+£0.22 6.82 43.24 0.039 1.17 0.83£0.03 1.77£0.08
2013 GQ137 03e21 cla 23.4+£0.09 712 45.69 0.131 285 0.89+0.02 1.87£0.06
2013 GN137 03e22 cla 22.97+£0.09 6.70 44.09 0.065 2.76 1.05£0.01 1.7440.07
2001 FO185 03e23PD cla 23.37+£0.08 7.09 46.45 0.118 10.64 0.86+0.02 1.87£0.07
2004 EU95" 03e27PD cla 23.1£0.1 6.77 44.15 0.044 2.82 0.9740.02 Lt
2013 GX137 03e28 cla 23.17+£0.1  6.82 43.29 0.059 4.13 0.98£0.03 1.46%0.08
2013 GO137 03e29 cla 23.46+£0.08 7.09 41.42 0.091 29.25 0.77£0.03 1.73£0.06
2013 EM149  03e30PD cla 22.9940.05 6.59 45.26 0.057 2.63 0.96+0.02 1.65%0.06
2013 GT137 o3e31 cla 23.55+0.13 7.10 44.59 0.106 2.29 1.04£0.04 1.79£0.09
2013 GF138 03e34PD cla 23.57£0.1 7.05 44.04 0.019 0.55 1.07£0.03 1.71+0.06
2013 GP137 03e35 cla 23.4840.13 6.94 43.71 0.025 1.75 0.94£0.03 1.27£0.1

2004 HJ79 03e37PD cla 23.37+£0.09 6.81 43.96 0.046 3.32 0.95£0.02 1.6%+0.07
2013 GP136 03e39 det 23.07+£0.07 6.42 150.24 0.727 33.54 0.77£0.02 1.63%0.07
2013 GV137! 03e43 cla 23.42+0.28 6.67 43.79 0.083 3.20 0.95£0.06 =
2013 GG138 03e44 cla 23.26+£0.09 6.34 47.46 0.028 24.61 1.094£0.03 1.85+0.08
2013 GQ136! 03e45 cla 23.59+0.1 6.13 48.73 0.173 2.03 1.08+0.02 Lt
2013 HR156* 03e49 15:8 23.54+0.09 7.72  45.72 0.188 20.41 0.58£0.03 =0
2013 GM137 03eb1 cla 23.32+£0.23 6.90 44.10 0.076 2246 0.6+0.04 1.19£0.13
2013 GX136 03ebd 2:1 23.414+0.13 7.67 48.00 0.252 1.10 0.73£0.02 1.64+0.07

2013 UR15 03101 sca 23.06+0.06 10.89 55.82 0.719 22.25 0.67£0.02 1.64%0.09
2001 QF331 03106PD 5:3 22.71+£0.07 756  42.25 0.252 2,67 0.83£0.02 1.58%0.07

2013 US15 03109 4:3 23.244+0.16 7.78  36.38 0.070 2.02 1.05+0.02 1.4940.06
2003 SR317 03113PD 3:2 23.36+£0.08 7.66 39.43 0.166 835 0.65+0.01 1.36%0.06

2013 SZ99 03115 cla 23.54+0.13 7.65 38.28 0.017 19.84 0.59+0.02 1.54+0.08

Table 1 continued on next page
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Table 1 (continued)

MPC 0OSSOS ID  Classification ~ Mean m, H, a (au) e i(°) (g—r) (r—1J)

2010 RE188 03118 cla 22.27+0.05 6.19 46.01 0.147 6.76 0.68£0.02 1.43%+0.08
2013 SP99 03132 cla 23.47+£0.08 7.23 43.78 0.060 0.79 0.98+0.02 1.61+0.07
2013 UL15 03143 cla 23.056+0.11  6.62 45.79 0.097 2.02 0.9£0.03 1.4840.08
2013 UO15 03150 cla 23.24+0.06 6.69 43.33 0.049 3.73 0.96£0.02 1.7+0.06
2006 QF181 03160 cla 23.2940.07 6.79 44.81 0.075 2.66 0.9£0.02 1.5440.07
2013 UX18 03169 cla 23.42+0.1 6.74 43.60 0.057 2.89 0.89+0.01 1.66+0.09
2013 SQ99 03176 cla 23.1+£0.06 6.35 44.15 0.093 3.47 0.97+£0.02 1.7£0.07
2013 UQ15 03177 cla 22.934+0.12  6.07 42.77 0.113 27.34 0.47£0.03 0.9440.12
2013 SA100 03179 cla 22.81£0.04 5.77 46.30 0.166 8.48 0.66+£0.02 1.4+0.05
2014 UJ225 04h01 cen 22.744+0.12 10.29 23.20 0.378 21.32 0.63+£0.01 1.2440.1
2014 UQ229 04h03 sca 22.694+0.21 9.55 4990 0.779 5.68 0.94+0.02 2.04+0.06
2014 UX229 04h05 3:2 22.254+0.04 8.04 39.63 0.335 15.97 0.65£0.01 1.46+0.09
2010 TJ182 04h07 3:2 22.2840.02 7.68 39.65 0.276 9.50 0.56+0.02 1.34%+0.06
2014 UV228 04h09 3:2 23.4840.08 849 39.49 0.228 10.14 0.59+0.02 1.4640.06
2014 UO229 04h11 3:2 23.55+0.07 825 39.45 0.161 10.09 0.73£0.02 1.16%+0.08
2014 UD229 04h13 4:3 23.544+0.07 8.18 36.39 0.145 6.85 0.69£0.02 1.34+0.08
2014 US229 04h14 5:2 23.18£0.08 795 55.26 0.398 3.90 0.63£0.02 1.42+0.07
2014 UX228 04h18 4:3 23.11£0.05 7.35 36.35 0.167 20.66 0.5£0.02 1.494+0.06
2014 UK225 04h19 cla 23.23+£0.06 7.43 43.52 0.127 10.69 0.98+0.02 1.68+0.06
2014 UL225 04h20 cla 23.03£0.07 7.24 46.34 0.199 7.95 0.56+£0.03 0.77+0.13
2014 UH225 04h29 cla 23.31£0.06 7.30  38.64 0.037 29.53 0.53£0.02 1.63%0.06
2014 UM225 04h31 9:5 23.25+0.06 7.21  44.48 0.098 18.30 0.79+0.01 1.53%0.06
2007 TC434 04h39 9:1 23.21£0.05 7.13 12994 0.695 26.47 0.67£0.02 1.5+0.06
2014 UD225 04h45 cla 23.09£0.05 6.63 43.36 0.130 3.66 0.71£0.02 1.25%0.09
2001 RY143 04h48 cla 23.544+0.08 6.80 42.08 0.155 6.91 0.89+£0.03 1.8940.07
2014 UE225 04h50 cla 22.67+0.04 599 43.71 0.066 4.49 1.04+0.02 1.82+0.07

1995 QY9 04h69PD 3:2 22.3840.06 7.68 39.64 0.263 4.84 0.74£0.02 1.46%0.06
2014 UF228 04h70 3:2 22.7+£0.04 777 39.55 0.220 12.60 0.61£0.02 1.38+0.07
2001 RX143 04h76PD 3:2 22.84+0.06 6.42 39.34 0.296 19.24 0.84+0.04 1.324+0.11

1
These objects do not have J-band observations.

N.B. The third character in the OSSOS ID denotes the discovery block of the object.

3.1. Potential Correlation in Neutral Class

Schwamb et al. (2019) report a tentative anti-correlation in the neutral colored objects (those KBOs with (g —r) <
0.75) of their sample in (g —r)/(r — J) color space. We performed a Spearman rank statistic test on the colors of our
E, H and L block targets. We removed the Haumea collisional family member (2013 UQ15) from the color sample for
this statistical test due to the object’s surface having been produced via collision (Schaller & Brown 2008; Snodgrass
et al. 2010; Trujillo et al. 2011; Carry et al. 2012; Fraser & Brown 2012; Pike et al. 2020). The Spearman rank test
found no significant correlation, with a correlation coefficient of 0.027 and an 89.4% probability that any correlation
occurred by chance. We also performed this test with the potential outlier 2014 UL225 removed from the sample,
similarly to Schwamb et al. (2019). This object has a significantly different surface color to the rest of the neutral
cloud (with (g —r) = 0.56 £ 0.03 and (r — J) = 0.77 £ 0.13). In this case we found no significant correlation again,
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Figure 3. Barycentric orbital parameters, derived from Bannister et al. (2018), of TNOs with Col-OSSOS surface colors
presented in this paper. One TNO at a=150 au in H Block is omitted for better resolution. The 1o uncertainties are smaller
than the size of the plot symbol. The colors of the points represent the object’s surface colors (as defined in Section 2), with
red colors indication red surfaces and blue indicating neutral surfaces.

with a correlation coefficient of -0.085 and a 68.7% chance that this occurred by chance. Therefore, we find that there
is no evidence for an anti-correlation in (g — r)/(r — J) color space.

4. COL-OSSOS COMPARISON SAMPLE

The Col-OSSOS observations outlined in Section 3 could not be directly compared with the simulation outputs we
discuss in Section 5.1. For any comparisons between the two to be accurate we had to ensure consistent treatment of
both the observed and the simulated KBOs. Here we summarize the creation of a subsample of Col-OSSOS observations
that could be compared with the simulations, and refer hereafter to this subsample as the ‘comparison sample’.

4.1. Observational Limits

The OSSOS survey simulator (Lawler et al. 2018a) was used to bias the dynamical model using the pointings and
detection limits of OSSOS. This allowed accurate comparison between the simulated Kuiper belt and the comparison
sample. The OSSOS survey simulator uses the mean discovery magnitudes of the simulated KBOs to decide what
would have been detected. Col-OSSOS selected any OSSOS targets with magnitudes brighter than H, of 23.6 to
observe for color studies, and this target selection was occurring while OSSOS was still finding new targets. However,
due to a re-calibration of the OSSOS photometry in 2014, the initial magnitudes of some of the targets shifted. Due
to this, the OSSOS target 2013 UM17 (in L observing block) with a discovery magnitude of 23.56 was not selected
as a Col-OSSOS target, as its preliminary magnitude did not make the Col-OSSOS cutoff. Therefore, we include this
object in our comparison sample and classify its surface color as ‘unknown’.

As mentioned in Section 2, we split the Col-OSSOS colors into red and neutral surfaces based on their (g — )
magnitude (red surfaces with (¢ —r) > 0.75 and neutral surfaces with (g —r) < 0.75). There was one object in E block
(2013 HR156) that did not have J — band observations due to an incomplete observation. However, as our red/neutral
split was based entirely on the (g — ) magnitude the color of this object could still be characterized and so it was kept
within the comparison sample.



8 BUCHANAN ET AL.

4.2. Haumea Collisional Family

2013 UQ15 was a Col-OSSOS observed member of the Haumea collisional family (Pike et al. 2020). These are
collisional fragments of the dwarf planet Haumea created in a long ago collision, and are distinguished by strong water
ice absorption on their surfaces and clustered orbital properties, along with neutral optical surface colors (Brown et al.
2007; Schaller & Brown 2008; Snodgrass et al. 2010; Trujillo et al. 2011; Carry et al. 2012; Fraser & Brown 2012;
Proudfoot & Ragozzine 2019). Therefore, as the surfaces and orbits within this family are not primordial, 2013 UQ15
is removed from the comparison sample.

4.3. Dynamical Cuts

In this work we were investigating the hot population KBOs that were implanted onto their current orbits by
interactions with Neptune. In order to investigate the red and neutral surfaces of the hot population KBOs, we
wanted our sample made up of those KBOs that have hot population surfaces and were emplaced onto their orbits
by Neptune’s migration. Therefore, we made a series of dynamical cuts to our Col-OSSOS comparison sample. The
resulting sample was made up of Col-OSSOS KBOs on hot classical, scattering and detached orbits.

We ensured that there were no KBOs on cold classical orbits in either the comparison sample or in the simulated
KBO population. Although cold classical KBOs are generally defined as those objects with orbital inclination less
than 5 degrees, the tail of the hot population inclination distribution, and other dynamical classes such as the MMR
KBOs and scattering disk objects, overlap. OSSOS strove to dynamically classify their observed KBOs accurately.
However, as the dynamical model did not classify the synthetic KBOs dynamical classes, we chose to use the definition
of classical orbits from Gladman et al. (2008), giving an approximate definition with semimajor axes between 37.37
au < a < 55.1 au, and eccentricities less than 0.24. This allowed us to define cold classical KBOs as those on classical
orbits with inclinations less than 5°, and therefore remove all OSSOS defined low inclination classical KBOs. By
applying this definition we were also able to remove any simulated KBOs on the same orbits, as described in Section
5.1.

Objects in strong MMRs are likely to include objects with cold classical surfaces captured during planetary migration
(Thirouin & Sheppard 2019), so removing objects trapped in MMRs is necessary to understand the color distribution
of the dynamically excited sample. As part of the OSSOS sample, our targets have multi-year arcs and careful
classification as resonant/nonresonan (Volk et al. 2016). We chose to remove KBOs in the main MMRs (3:2, 5:2, 4:3,
5:3, 7:4 and 2:1, Nesvorny & Vokrouhlicky 2016) from our comparison sample. Within OSSOS MMRs were identified
up to very high orders, such as the 15:9 MMR. As these high order MMRs have inclination distributions consistent
with the hot classicals, and did not sweep through the cold classical region during the migration period, we chose to
group these KBOs with the scattering population. Therefore, seven objects on these high order resonances have been
redefined as scattering and included in our comparison sample.

Due to the short lifetimes of Centaurs, the Centaur within Col-OSSOS (2014 UJ225) likely diffused onto its orbit
much later than the end of Neptune’s migrations. Therefore, we could not accurately infer where in the primordial disk
any Centaurs originated. Along with this, due to Centaur’s orbits being closer in to the Sun than other KBOs their
surfaces may undergo thermal processing that would change their surface colors. We adapted a definition for Centaurs
from Gladman et al. (2008), and used semimajor axis less than that of Neptune, aphelion distance > 11 au as this
definition removed our only single Col-OSSOS centaur from the sample and could also be applied to the dynamical
model sample. For similar reasons, any objects with semimajor axis greater than 250 au, and perihelion distance < 45
au were removed from the sample as their orbits have likely significantly evolved since the end of Neptune’s migration
(Brasser & Schwamb 2015).

4.4. Comparison Sample Statistics

After the various limits outlined above we were left with 20 KBOs, making up our comparison sample of Col-OSSOS
observations. The resulting sample is shown in Table 2, including the red/neutral color class assigned based on their
(g — r) magnitude as described in Section 4.1. It is made up of 13 hot classical KBOs, 6 scattering KBOs and
one detached KBO. In Figure 4 we show the observed g—, r—, and J—band colors of the sample, along with their
corresponding observing block. In Figure 5 we plot the orbital elements of the comparison sample objects. This left
us with a total of 9 red surfaced KBOs, 10 with neutral surfaces and 1 object with unknown surface colors. These
numbers are summarized in Table 3.

5. DYNAMICAL MODEL OF NEPTUNE’S MIGRATION
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Table 2. Orbital Parameters and Optical and NIR, Colors of the comparison KBO Sample. The KBO classifications
are abbreviated with cen = centaur, sca = scattering disk, det = detached, cla = classical belt, N:M= MMR with
Neptune.

MPC OSSOS ID  Classification ~ Mean m, H, a(au) e i(°) (g—r) (r—1J)

2002 GG166 03e01 sca 21.56+£0.09 7.73 3442 0590 7.71 0.594+0.01 1.5+£0.05
2001 FO185  03e23PD cla 23.37+£0.08 7.09 46.45 0.118 10.64 0.86%£0.02 1.87£0.07
2013 GO137 03e29 cla 23.46+£0.08 7.09 41.42 0.091 29.25 0.77£0.03 1.73£0.06
2013 GP136 03e39 det 23.07+£0.07 6.42 150.24 0.727 33.54 0.77£0.02 1.63£0.07
2013 GG138 03e44 cla 23.26+£0.09 6.34 47.46 0.028 24.61 1.09£0.03 1.85£0.08
2013 HR156 03e49 sca 23.54+0.09 7.72  45.72 0.188 20.41 0.58%0.03 -
2013 GM137 03eb1 cla 23.32+£0.23 6.90 44.10 0.076 2246 0.6+0.04 1.19£0.13
2013 UR15 03101 sca 23.06+£0.06 10.89 55.82 0.719 2225 0.67£0.02 1.64£0.09
2013 SZ99 03115 cla 23.54+0.13 7.65 38.28 0.017 19.84 0.59£0.02 1.54£0.08
2010 RE188 03118 cla 22.27+0.05 6.19 46.01 0.147 6.76 0.68+£0.02 1.43£0.08
2013 UM17"  03129PD cla 23.56+0.09 7.29 4248 0.079 12.99 Ee -
2013 SA100 03179 cla 22.81+£0.04 5.77 46.30 0.166 8.48 0.66+0.02 1.440.05
2014 UQ229 04h03 sca 22.69+0.21 9.55 4990 0.779 5.68 0.94+£0.02 2.040.06
2014 UK225 04h19 cla 23.23+£0.06 7.43 43.52 0.127 10.69 0.98£0.02 1.68+0.06
2014 UL225 04h20 cla 23.03+£0.07 7.24 46.34 0.199 7.95 0.56%£0.03 0.77£0.13
2014 UH225 04h29 cla 23.31+£0.06 7.30 38.64 0.037 29.53 0.53%£0.02 1.63£0.06
2014 UM225 04h31 sca 23.25+£0.06 7.21 4448 0.098 18.30 0.79£0.01 1.53%+0.06
2007 TC434 04h39 sca 23.21£0.05 7.13 129.94 0.695 26.47 0.67£0.02 1.5+0.06
2001 RY143 04h48 cla 23.54+£0.08 6.80 42.08 0.155 6.91 0.89+0.03 1.8940.07
2014 UN228 04h75 cla 23.37+£0.11 7.46 4587 0.173 24.02 0.62+£0.06 1.35%+0.19

1
This object does not have Col-OSSOS observations.

Table 3. Summary of the numbers of each sur-
face color in each observing block in the resulting
comparison sample.

Observing Block Neutral Red Unknown

E 3 4 0
H 4 4 0
L 4 0 1
Total 11 8 1

In order to create our simulated Kuiper belt population we took the orbital parameters of synthetic KBOs from
Nesvorny & Vokrouhlicky (2016), and applied a color transition to the pre-Neptune migration disk. The 5 planet
migration model used a slow migration of Neptune from 20 au to ~30 au with a ‘jump’, or sudden change in semimajor
axis at 28 au along with massive planetesimals in the primordial disk for Neptune to scatter off. The slow migration
introduced in Nesvorny (2015a) widened the inclination distribution of the resulting Kuiper belt, while Neptune’s
migration ‘jump’ in Nesvorny (2015b) aids in the creation of the cold classical kernel. The addition of massive
planetesimals to the disk in Nesvorny & Vokrouhlicky (2016) caused Neptune’s migration to be ‘grainy’, destabilising
the resonant bodies that have large libration amplitudes and causing them to end up on stable non-resonant orbits.
They found that they could achieve a best fit for the Canada—France Ecliptic Plane Survey (CFEPS, Kavelaars et al.
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Figure 4. Col-OSSOS photometry of observed non-resonant, non-Centaur, dynamically excited objects in E, H and L observing
blocks. The red/neutral color split is placed at a (g — r) magnitude of 0.75. The color distribution of objects before these cuts
in E; H and L blocks is shown in Figure 1. The star shows solar colors.
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Figure 5. Barycentric orbital parameters, derived from Bannister et al. (2018), of observed non-resonant, non-Centaur,
dynamically excited objects in E, H and L observing blocks. Blue circles represent those objects with neutral colored surfaces
((g—r) < 0.75), red triangles are the objects with red colored surfaces ((g —r) > 0.75) and the gray square represents the KBO
within the sample with no Col-OSSOS observations.

2009; Petit et al. 2011) observations they compared with, when their simulations contained 1000 - 4000 Pluto-sized
objects in their pre-Neptune migration disk. This model of Neptune’s migration well matched the known Kuiper belt,
while maintaining a precise history of each dynamical test particle.

Figure 6 shows the pre- and post-Neptune migration disk for this model, with the synthetic KBOs colored based on
their position in the primordial disk. The post-Neptune migration disk is from immediately after the end of Neptune’s
migration, it shows the synthetic particles that survive Neptune’s migration with no further integration. While we
account for precession effects over the 4 Gyrs past Neptune’s migration, dynamical erosion over this time period could
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Figure 6. An example simulated Kuiper belt population from the model of Nesvorny & Vokrouhlicky (2016) after the dynamical
cuts outlined in Section 5.1. This example has an inner red / outer neutral primordial disk, and color transition at 26 au. The
red points represent redder surfaced KBOs, while the blue points represent neutral surfaced KBOs. The left column shows the
objects in the primordial disk, while the right column show the objects post-Neptune migration from the model of Nesvorny &
Vokrouhlicky (2016).

potentially have a small impact the fractions of red and neutral objects that remain in the present day. However, as
this would impact both the red and neutral colored populations similarly it does dot have a significant impact on our
final result. Each individual test particle in the dynamical model was precisely tracked, and so the orbital parameters
of the simulated KBOs immediately after the period of giant planet migration were recorded. We could therefore
create a synthetic Kuiper belt hot population with colors that corresponded to the original locations of these objects
within the primordial Kuiper belt.

5.1. Dynamical Cuts

As mentioned in Section 4.3, dynamical cuts were applied to the observed sample to create a comparison sample of
observations. In order to make accurate comparisons between this comparison sample and the simulation data, both
had to undergo the same treatment. Therefore we applied the same dynamical cuts outlined in Section 4.3 to the
synthetic post-Neptune migration disk. We removed the major MMRs identified by Nesvorny & Vokrouhlicky (2016)
(3:2, 5:2, 4:3, 5:3, 7:4 and 2:1). Although the dynamical model only consisted of the dynamically hot population, we
removed any classical defined synthetic KBOs using the same conditions as Section 4.3. Similarly we also removed
Centaur type orbits (semimajor axis less than that of Neptune, aphelion distance > 11 au), along with objects with
semimajor axis > 250 au and perihelion distance < 45 au. After the dynamical cuts, the post-Neptune migration disk
consisted of ~3500 synthetic KBOs out of the original ~4200.

6. COLOR SIMULATIONS

The aim of this work is to investigate the radial distribution of red and neutral surfaced objects in the pre-Neptune
migration disk. As outlined in Section 2, we assumed that there was a dominating color transition that caused the
bimodal color distribution that is seen in the Kuiper belt today. We applied colors to the simulated Kuiper belt of
Nesvorny & Vokrouhlicky (2016), based on where the synthetic KBOs originated before Neptune’s migration. This
simulated a dominant color change in the primordial disk. The OSSOS survey simulator allows us to make comparisons
between the synthetic Kuiper belt and the Col-OSSOS observations. By stepping the color transition position out
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Figure 7. The left plot shows the cumulative H, magnitude distribution. It follows the broken exponential outlined by
Equations 1 and 2. The brightest magnitude limit is set by Brown (2008) and the dimmest magnitude limit is set by the limit of
the simulated population that can be synthetically detected by the OSSOS survey simulator within the Col-OSSOS magnitude
limit. The right plot shows the OSSOS cumulative H, magnitude distribution in black. In gray is the cumulative H, magnitude
distribution of 50 simulated Kuiper belt populations, biased by the OSSOS survey simulator.

through the pre-Neptune migration disk we investigate possible initial disk layouts produced the Kuiper belt colors
observed by Col-OSSOS.

6.1. Building the Synthetic KBO Population

After the dynamical cuts outlined in Section 5.1, the Nesvorny & Vokrouhlicky (2016) synthetic population contained
~3500 simulated KBOs.The OSSOS survey simulator takes synthetic planetesimals on simulated orbits and biases them
to what OSSOS would have detected, and so what Col-OSSOS would have selected to observe with g-, r- and J-band
observations. Therefore, we use the simulations as a tool to make comparisons between the dynamical model and the
Col-OSSOS observations.

In order to match the number of objects observed in Col-OSSOS within E, H and L blocks, we required a sufficiently
large synthetic population to be biased by the survey simulator. Nesvorny & Vokrouhlicky (2016) tracked their
synthetic KBOs from their initial positions to their final positions. Therefore, their final semimajor axis, eccentricity
and inclination could not be altered without their initial positions losing meaning. We therefore duplicated the
semimajor axis, eccentricity and inclination components from the Nesvorny & Vokrouhlicky (2016) model in order to
increase the number of synthetic objects. In order to calculate how many synthetic objects were needed we generated
possible H, distributions, which we compared with the H, distribution observed by OSSOS. By scaling this magnitude
distribution we could adjust the number of synthetic objects included in our simulation until it best matched the
number observed by OSSOS. We then randomly drew our intrinsic synthetic population from a sample of ~4,000,000
duplicated objects from the final population of the model of Nesvorny & Vokrouhlicky (2016).

We generated absolute magnitudes and derived brightnesses using the OSSOS survey simulator. Previous work has
shown that the H,. magnitude distribution of hot population KBOs within the Kuiper belt follows a broken exponential
with a sharp transition (e.g. Fraser et al. 2014; Shankman et al. 2016; Lawler et al. 2018b). The bright end of this H,
magnitude distribution has a more steep slope than the faint end, with the break between these at a H, magnitude of
7.7 (Lawler et al. 2018b) as shown in Figure 7. We use the divot case of the H, magnitude distribution from Lawler
et al. (2018b), with the intensity of the divot given by the contrast c. Given that no difference in slope between the
color distributions in the hot population has been identified, we made the assumption that the red and neutral surfaced
objects followed the same H, magnitude distribution. Previous works (e.g. Brucker et al. 2009; Lacerda et al. 2014;
Fraser et al. 2014) have identified a difference in albedos for red and neutral surface colored KBOs. However, we are
working exclusively in H, magnitude and as stated earlier the same power law slopes have been observed to describe
both the red and neutral colored brightness distributions. The bright end of the H, magnitude distribution (with
H, < 17.7) followed Equation 1, with the exponential slopes derived from Lawler et al. (2018b).
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N(< H) = A10>(H-—Ho) (1)

Where N(< H,) is the cumulative number of objects at H, magnitude H,, Hy = 3.6 is a normalisation constant
with value equal to the brightest H, magnitude for OSSOS detections, A is a scaling factor equal to the number of
objects at H < Hp, and o = 0.9 (Fraser et al. 2014). The magnitude distribution after the break is described by
Equation 2.

N(< H) = AlpHe—Ho) 4 pyge=(H-Hz) _ p (2)

B = CA%IO(OH(HB*HO)) (3)
Q2

Where Hp is the break in the H, magnitude distribution (Hp = 7.7; Lawler et al. 2018b), the contrast value ¢ = 0.85,
and ag = 0.4 (Fraser et al. 2014). We chose a H, magnitude range between 11 and 3. There were no OSSOS targets
brighter than an absolute magnitude of ~3; additionally the magnitude distribution below ~3 significantly flattens,
and so does not follow the exponentials given in Equations 1 and 2 (Brown 2008). The limit of 11 was chosen due to
there being few OSSOS KBOs (and no Col-OSSOS KBOs) with absolute magnitudes fainter than this value, and the
OSSOS survey simulator ‘detected’ few objects dimmer than ~11 mag and so this limit reduced the computing time.

The scaling constant A and contrast ¢ were adjusted until the simulated distribution (after being run through the
OSSOS survey simulator) best matched the observed H,. distribution from the non-resonant, non-Centaur, dynamically
excited objects in OSSOS. As shown in Figure 7, the cumulative numbers of objects with increasing H, magnitude
were compared between the observations and the biased simulations. A Kolmogorov-Smirnov (KS) test was used to
identify the best matching H, distribution. This resulted in values for the scaling factors of A = 8 and B = 75000.
Using these scaling factors we found that ~2,700,000 synthetic KBOs gave us ‘observed’ KBOs with a H,. distribution
consistent with that observed by OSSOS.

Once we found the H, distribution that best matched what OSSOS observed, we assigned these brightnesses to
our synthetic KBOs. The semimajor axes, eccentricities and inclinations were taken directly from the Nesvorny &
Vokrouhlicky (2016) particles, after the dynamical cuts described in Section 5.1. Values for the longitude of node,
the argument of pericenter, and the mean anomaly were also generated for the simulated KBOs. These angles were
drawn from a random, uniform distribution between 0° and 360°. Due to the planetary effects that these bodies
have experienced since the end of Neptune’s migration it was assumed that their orbital angles have been uniformly
randomized over ~4 billion years (Brasser et al. 2006). Surface colors also needed to be allocated to the simulated
KBOs. The colors were assigned based on the location in the pre-Neptune migration Kuiper belt those simulated
objects originated, an example of which is shown in Figure 6. The mean (¢ — r) and (r — J) magnitudes were taken
from the red and neutral colored groups within Col-OSSOS E, H and L blocks, and assigned to our red/neutral
synthetic Kuiper belt population. For the neutral surfaced objects the means are (¢ —r) = 0.6 and (r — J) = 1.4 and
for the red surfaced objects they are (g9 —r) = 0.9 and (r — J) = 1.6.

6.2. Running the Color Simulations

This simulated Kuiper belt population was input to the OSSOS survey simulator Lawler et al. (2018a), and so allowed
us to generate a ‘virtual OSSOS’ made up of biased synthetic KBOs within the OSSOS observing fields. From this we
selected the synthetic KBOs with discovery magnitude <23.6 in the three observing blocks that we were considering
(E, H and L blocks), thus creating a ‘virtual Col-OSSOS’ sample of synthetic objects with known colors. The ‘virtual
Col-OSSOS’ was then compared with the Col-OSSOS comparison sample outlined in Section 4. By creating numerous
virtual color surveys for each initial disk layout, we worked out what fraction of these color simulations matched the
numbers of each surface color within the Col-OSSOS comparison sample.

We treated each block separately and compared each block individually to the biased synthetic population. When
the blocks are looked at together, it is possible that there may be one that is dominating the signal (as each have
different characteristics). We want to look individually at each block to ensure that it is not the problem, and then
combine them together to reject or accept models. In the comparison sample outlined in Section 4, 2013 UM17 in L
block has unknown surface colors. We therefore allowed for two scenarios for this object: in scenario A the unknown
surface was neutral colored, while in scenario B it was red. In Table 4 we summarize the total number of each surface
type in each block, including the alternate numbers for scenarios A and B. Due to the small numbers of each surface
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Table 4. Summary of the numbers of red, neu-
tral and unknown colored surfaces among the com-
parison sample, along with their associated Pois-
son errors. In scenario A (La) the unknown sur-
face colors are assumed to be neutral colored, and
in scenario B (Lg) they are assumed to be red. In
the column ‘Total’ we show the ranges that the
total number of KBOs could have in each scenario
(where z is the number of KBOs), in each observ-
ing block.

Observing Block Neutral Red Total

E 37 4ty |2<a<17
H 4% 475 1 2<2 <18
La 57 0t | 2<z<14
Lp 475 1T 1<z <14

color in a given observing block we applied Poisson errors to the numbers of each surface type in each observing
block (following the prescription of Kraft et al. 1991) and we report a 95% confidence level as our uncertainty. The
uncertainties on the numbers of different surface colors due to these Poisson errors are summarized in Table 4.

We checked that the biased simulated population matched the possible total number of objects observed by Col-
OSSOS in each observing block (within the Poisson uncertainties). This simply ensured that we were only keeping
simulated Kuiper belts with total number of KBOs consistent with our Col-OSSOS comparison sample. The total
number of KBOs in E; H and L observing blocks is given in Table 4, and all three observing blocks had to have total
number of KBOs within these limits to be included. Any simulated Kuiper belt with total number of objects (in any
block) outside of these ranges was discounted. For each initial disk layout, we ran color simulations until we had 40,000
cases with this total number of KBOs matching. Of these 40,000 cases that matched the total number of KBOs, we
then investigated how many of them also had a total number of each surface color within the Poisson limits on the
Col-OSSOS comparison sample (given in Table 4). Again, these numbers of each surface color had to be matched in
all observing block simultaneously. We used this to work out what percentage of our color simulations matched the
Col-OSSOS comparison sample. We repeated this for each position (in steps of 0.5 au) for the color transition in the
initial disk, and each color layout (inner neutral / outer red and inner red / outer neutral), allowing us to investigate
how the fraction of simulations that matched the Col-OSSOS comparison sample changed with differing initial disks.

7. RESULTS AND DISCUSSION

In Figure 8 we show the fraction of color simulations that are consistent with the Col-OSSOS observations as a
function of color transition distance, ranging from 24 au to ~30 au for both potential color layouts (inner neutral /
outer red and inner red / outer neutral). We tallied the number of simulations that had red and neutral ‘detections’
consistent with the three Col-OSSOS blocks and plot in Figure 8 the results from each color transition step. We found
that the peak percentage of simulations with ‘detections’ consistent with Col-OSSOS E, H and L block numbers is
significantly greater than 5% for at least one of the transition distances in both of the scenarios (inner red / outer
neutral and inner neutral / outer red). Therefore, we find both pre-Neptune migration color distributions to be viable.

Based on our results we found the transition distance to be 273 au for the inner red / outer neutral disk, using the
peak of our measured distribution as the best fit value and the 95% confidence limits chosen as the transition distances
where only 5% of the simulations matched Col-OSSOS. Similarly, for the inner neutral / outer red disk we found the
transition distance to be at 28;":2,, au.

As mentioned in Section 2 ‘blue binaries’ are proposed to have formed at ~38 au (Fraser et al. 2017), separately from
both the cold classical KBOs and the dynamically hot KBOs. Assuming that this formation distance is the only way
that these ‘blue binaries’ can be produced, and that their neutral surfaces are similar to those in the hot population,
our inner red / outer neutral is consistent with the production of ‘blue binaries’. Although the color transition position
for our inner neutral / outer red is not consistent with the origin scenario of the ‘blue binaries’ within Fraser et al.
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Figure 8. Shows how the percentage of simulations matching the color distribution changes with the position of the synthetic
ice line in the primordial planetesimal disk. The initial disk ranges from 24 au to 30.36 au. These probabilities are the the
percentage of the 40,000 simulations for each initial disk transition that match the observed surface colors seen in Col-OSSOS.
The left plot shows the results for the inner red, outer neutral primordial disk, and the right plot shows for the inner neutral,
outer red primordial disk. The gray shaded region shows the region that the simulations cannot be ruled out to a 95% confidence
level.

(2017), in this work we can only test transitions up to ~30 au. However, as our error bar on this disk layout reaches
all the way to 30 au, this suggests that transition positions beyond 30 au could be possible in the potential case that
the initial disk extended beyond 30 au.

Nesvorny et al. (2020) have also explored possible color transition positions in the primordial Kuiper belt. They
used a model of Kuiper belt formation with a similar primordial disk between 24 au and 30 au, but with the addition
of a low mass disk extension from 30 au to 40 au. They only investigated an inner neutral / outer red primordial
disk due to the predominantly neutral colored surfaces of Neptune’s trojans, and proposed a color transition position
between 30 au and 40 au. Similarly, Ali-Dib et al. (2021) used N-body simulations to find an inner neutral / outer red
disk with the color transition between ~38 and 42 au based on the lack of red surface KBOs at higher eccentricities.
Both of these works find that the inner neutral / outer red disk are consistent with the modern day Kuiper belt colors,
in agreement with our findings. However, as alternate disk models were used, a direct comparison in possible color
transition position is difficult.

Due to the fact that neither the inner red / outer neutral nor the inner neutral / outer red disk layouts could be
ruled out at this point, we investigated the color/inclination distribution. Marsset et al. (2019) showed that color and
inclination in the Kuiper belt are correlated, with higher inclined KBOs tending to have more neutral surface colors.
Therefore we performed a two dimensional Kolmogorov Smirnov test on the color and inclination, so as to calculate the
largest absolute difference between our simulations and the Col-OSSOS comparison sample. As we assigned discrete
red and neutral (g —r) values to our simulated KBOs the colors were either a (g —r) value of 0.9 for red KBOs, or 0.6
for neutral colored KBOs. The inclinations assigned were simply the inclinations from the dynamical model for the
simulated KBOs, and the observed inclinations for the Col-OSSOS comparison sample.

We performed 2D KS tests for the most likely color transition position in each initial disk layout; 27 au for the inner
red / outer neutral disk and 28 au for inner neutral / outer red primordial disk. For each layout we generated 5000
simulated populations that matched the numbers of the Col-OSSOS color distribution when biased by the OSSOS
survey simulator. We then created a ‘supersample’ of the orbital inclinations and surface colors for each disk layout.
In order to calibrate our 2D KS test results, we initially tested the Col-OSSOS comparison sample against the full
supersample. From our supersample we then drew subsamples of the same size as our Col-OSSOS comparison sample,
and performed 2D KS tests between these subsamples and the supersample.
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These 2D KS tests provided a statistical measure of the maximum difference between the color simulations and
the Col-OSSOS comparison sample in color/inclination space. For the inner red / outer neutral primordial disk we
found that 8.45% of the subsample versus super sample tests had D statistic less than the comparison sample versus
supersample test, therefore we could not reject the hypothesis that they were drawn from the same distribution. In
the case of the inner neutral / outer red primordial disk only 5% of the subsample versus super sample 2D KS tests
had D statistic less than the comparison sample versus supersample test, and therefore we could also not reject the
hypothesis that they were drawn from the same distribution in this scenario. Therefore, based on the color and
inclination distributions neither of the initial disk layouts can be ruled out.

8. CONCLUSIONS

In this work we used a dynamical model of the Kuiper belt’s formation through Neptune’s migration (Nesvorny &
Vokrouhlicky 2016) to investigate the location of a dominant color changing ice line in the primordial Kuiper belt.
We compared these color simulations with photometry from Col-OSSOS (Schwamb et al. 2019). We investigated both
an inner red / outer neutral initial disk (due to the prescence of ‘blue binaries’ within the Kuiper belt, Fraser et al.
2017) and an inner neutral / outer red disk (due to the predominantly neutral surface colors of Neptune’s Trojans,
Parker et al. 2013; Jewitt 2018). Assuming that the distribution from Nesvorny & Vokrouhlicky (2016) was accurate,
we find that both inner red / outer neutral and the inner neutral / outer red configurations were consistent with the
results from Col-OSSS E, H and L blocks. For the inner neutral / outer red primordial disk the ice line is at 28:2,)
au, to a 95% confidence level. For an inner red / outer neutral primordial disk the ice line is located at 271‘2 au,
to a 95% confidence level. A 2-dimensional KS test was used to investigate the correlation between inclination and
surface color in the simulations, and confirmed that neither initial disk layout can be ruled out based on these color
simulations. This strongly implies that, for this case, Neptune is efficiently scattering objects throughout the Kuiper
belt irrespective of distance.

The differing albedos of different KBO surfaces presents a potential limitation to this work. As discussed in Section
6.1, we assume that the red and neutral surfaced KBOs follow the same H,. magnitude distribution. Previously, it has
been show that the red and neutral colored KBOs have differing surface albedos (e.g. Brucker et al. 2009; Lacerda et al.
2014; Fraser et al. 2014). This could potentially influence the the conversion between our absolute H, magnitudes and
the sizes of the KBOs.

Our results are dependent on our chosen simulated primordial disk accurately reflecting the state and evolution of
the planetary disk and Neptune’s migration history. Our chosen dynamical model has a truncated initial disk at 30
au, and our analyzed sample of Col-OSSOS colors was unable to rule out this scenario. Recent works have explored
dynamical models with a low mass disk extension beyond 30 au (e.g. Nesvorny et al. 2020; Ali-Dib et al. 2021)). In
the case of the inner neutral / outer red disk, the most probable color transition may have been pushed out further
than 28 au if we had used a dynamical model with an extended disk. However, even in the case that our chosen
dynamical model does not reflect our Kuiper Belt’s formation history we have still placed a lower limit on the possible
color transition positions that produce the modern day Kuiper Belt colors. Additionally, Pirani et al. (2021) show that
the early inward migration of an accreting Neptune could emplace ‘blue binaries’ into the cold classical region before
Neptune’s planetesimal driven migration phase. Therefore, this provides a potential additional avenue through which
the ‘blue binary’ KBOs can be produced. Consequently, we cannot rule out either of our initial disk layouts based on
their ability to produce the ‘blue binary’ KBOs. Nesvorny (2015b) suggest that the low inclination hot classical KBOs
(those with inclinations below 12°) originated from a disk extended beyond 30 au. As we are testing a dynamical
model with no significant material beyond 30 au contributing to the modern day Kuiper Belt, the lack of correlation
between color and inclination may have been due to the range of our initial disk. In the future, it may be useful to
combine the full Col-OSSOS sample with potential future color surveys and dynamical models to further investigate
possible color transition positions in these different scenarios.
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