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A B S T R AC T

In the outer Solar System beyond Neptune lies the Kuiper Belt, a sea of icy planetesimals
which are the remains of the small planet forming bodies that failed to form into a planet
beyond Neptune. Studying these small bodies sheds light on planetary formation, along with
revealing the giant planets’ early dynamical history and the compositional structure of the
Solar System’s primordial planetesimal disk. The smaller members of the Kuiper belt (with r
mag > 22) generally show linear and featureless spectra. Additionally, due to the dimness
of these objects observing their spectra can be particularly difficult. Therefore, broadband
photometry is often used to characterise their surfaces. This broadband photometry can be
used as a proxy for composition, as it provides enough information to characterise spectral
slopes of these Trans Neptunian Object (TNO) surfaces.

Throughout this PhD, my aim has been to understand TNO surfaces and their implications
on planetary migration. Dynamically excited TNOs show a bimodal distribution in their
broadband surface colours made up of very red surfaces, and more neutral coloured surfaces.
It is believed that these differing surfaces may be an indicator of where these objects formed
in the early Solar System, before the migration of Neptune sculpted the Kuiper Belt we see
today. Therefore, this bimodality suggests the presence of a surface change in the massive
planetesimal disk from which the Kuiper belt originated, possibly a surface-colour changing
ice line. The Colours of the Outer Solar System Origins Survey (Col-OSSOS) probed TNO
surface properties via near-simultaneous g� , r� and J � band photometry. Additionally,
the Outer Solar System Origins Survey (OSSOS), from which Col-OSSOS selected objects
brighter than 23.6 r � band magnitude, has well characterised and quantified biases, allowing
a unique and exciting opportunity for comparisons between these colour observations and
numerical models of the Kuiper belt.

In our initial investigation, we examined the location of a dominant, surface colour
changing ice-line, considering two possible configurations within the primordial disk: (1)
inner neutral surfaces and outer red surfaces, and (2) inner red surfaces and outer neutral
surfaces. Through simulations with a truncated primordial disk extending up to 30 au, we
incrementally shifted the color transition by 0.5 au intervals. Our results demonstrated that
both configurations are consistent with the observed color distribution. Furthermore, we
expanded our analysis by including an additional Neptune migration model and considering



iv

a new surface classification known as brightIR/faintIR (defined based on the TNO’s distance
from the solar reddening line), in addition to the previously studied red/neutral colors. Once
again, our simulations indicated that no specific disk layout could be ruled out, implying that
Neptune efficiently scatters TNOs throughout its migration to the extent that much of their
history is lost.

Additionally, the preciseness of the colour measurements of Col-OSSOS has allowed
the identification of two TNOs with outlying surface colours. These objects separated out
from the rest of the neutral cloud in (g � r) versus (r � J) colours, with (g � r) colour near
solar colour. For these objects we took follow-up optical photometry in griz, allowing a
further investigation of these TNO’s surfaces. For 2014 UL225 we explore a potential
collisional family origin for its unusual surface, or alternatively a mixture of organic tholins
with either water ice or methane. For 2013 JR65 we discuss similarities to other TNOs with
potentially aqueously altered hydrated silicates on their surfaces. Finally, as a side effect of
Col-OSSOS’s observing technique we have a sample of objects with repeated optical colours,
and some repeated near-infrared colours. We also have taken additional optical photometry
of a small sample of TNOs with outlying surface colours. This allows us to investigate the
possibility of photometric variation across multiple epochs for this sample of objects. We
find a total of three TNOs that show greater than 3s variation between visits, with possible
causes including phase effects for one and surface variation for the other two.
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L I S T O F F I G U R E S

1.1 The upper panel shows the eccentricity vs. semi-major axis of Kuiper belt
objects from the MPC. The blue region represents the approximate area that
Centaurs reside in, the orange region represents the approximate region the
scatter(ing/ed) objects reside in and the red shaded region approximately
outlines the classical region. The two vertical red lines correspond with
two of the mean motion resonances, the 3:2 MMR at 39.4 au and the 2:1
MMR at 47.8 au. There are other MMRs present in the plot that are not
highlighted. Neptune’s semimajor axis is marked with the blue vertical
dashed line. The lower panel shows the inclination vs. semimajor axis for
the same TNOs, again with the vertical lines marking the 3:2 and 2:1 MMRs.
We have truncated the semimajor axis at 160 au. . . . . . . . . . . . . . . . 3

1.2 The upper panel shows the optical and near-infrared (NIR) colours of Col-
OSSOS. The shapes and colours of the points show the dynamical classifica-
tions, as described in the legend. The solar colours, with g � r = 0:45 and
r � J = 0:97, is shown by the yellow star. The lower panel shows a histogram
of the number of dynamically excited TNOs at each optical colour. . . . . . 7

1.3 (g � r) vs. (r � z) colours from Col-OSSOS, along with a small sample
of Subaru observations presented in Pike et al. (2017). The purple circles
represent the Col-OSSOS cold classical TNOs, the purple triangles show
the Subaru observed cold classical TNOs, while the green squares show
the dynamically hot population. As shown by Pike et al. (2017), the cold
classical TNOs sit in a different space to the hot population in grz colour space. 8

1.4 Schematic of the primordial Outer Solar System before giant planet migra-
tion, following the model of Dalle Ore et al. (2013). It consists of 2 gas giant
and 3 ice giant planets, with Neptune being the outermost planet. The primor-
dial planetesimal disk from which the dynamically hot population originated
is represented by the series of grey boxes, with different shading representing
differing surface compositions beyond a series of ice line transitions. . . . . 9
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1.5 Schematic of the primordial Outer Solar System before giant planet migra-
tion, following the model of Fraser & Brown (2012). It consists of 2 gas
giant and 3 ice giant planets, with Neptune being the outermost planet. In the
upper figure the primordial disk from which the hot population originated
is represented by a grey box, while the cold classicals are shown by a white
box. In the lower figure the primordial disk box is split into two shadings,
representing a bifurcation in colours in the hot population due to loss of
volatiles as in the model of Fraser & Brown (2012). . . . . . . . . . . . . . 10

1.6 Taken from Figure C.1 in Fraser et al. (2023). Visual demonstration of the
reddening curve projection. The dashed grid shows curves of constant PC1

and PC2 in intervals of 0.1. Objects with positive and negative values of
PC2 have convex and concave spectra and are found above and below the
reddening curve, respectively. The point values show the extremal projection
values. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.7 The projection values PC1 and PC2 of the (g � r) and (r � J) colours of
Col-OSSOS. In this projection, the reddening curve is a horizontal line with
PC2 = 0. The blue dashed line is at a value of PC2 = � 0.13, the value the
split between the faintIR and brightIR classes. . . . . . . . . . . . . . . . . 12

1.8 Schematic of the primordial Outer Solar System before giant planet migra-
tion, with the four named giant planets and an additional ice giant. The
massive planetesimal disk from which the Kuiper Belt originated is repre-
sented by the grey circles in and around Neptune. The red circles represent
the original cold classical TNOs, at a greater distance from the Sun than the
planetesimal disk. The edges and positions of these disks is dependent on
the Kuiper Belt formation theory, several of which are outlined in the text. . 16

1.9 Simulated Kuiper belt population from the model of Nesvorný & Vokrouh-
lický (2016), containing those particles with post-Neptune migration semi-
major axes < 250 au. The left column shows the orbits of the objects in the
primordial disk, while the right column show the object’s orbits post-Neptune
migration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
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2.1 OSSOS sample from Figure A.2 limited to semimajor axis less than 100 au
and inclination less than 45� in order to see the finer detail. The points are
coloured based on their OSSOS dynamical classification, as described by the
legend. Figure (a) shows eccentricity vs. semimajor axis, while Figure (b)
shows inclination vs. semimajor axis. The orbit of Neptune lies at � 30 au. 21

2.2 Transmission curves for the GMOS g_G0301 in green, r_G0303 in red, and
NIRI MKO J in purple. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.3 Col-OSSOS photometry, fitted light curve, and colours for 2014 UL225. The
observed r� , g� , and J � band measurements are shown by circles, with
the colours corresponding to the filter as shown in the legend. The r band
corrected colours, calculated with the fitted colours, are plotted as squares
with colours again corresponding to the filter. . . . . . . . . . . . . . . . . 25

2.4 Optical and NIR colours of the full Col-OSSOS dataset with 102 TNOs.
The shapes and colours of the point show the dynamical classifications, as
described in the legend.. The solar colours, with g � r = 0:45 and r � J =

0:97, is shown by the yellow star. . . . . . . . . . . . . . . . . . . . . . . . 26
2.5 Example TRIPPY photometric aperture and sky box. On the left we show

Figure 2 from Fraser et al. (2016), with the angle, radius, and length of the
trailed aperture labelled. On the right we show the photometric aperture
and sky box for an image of 2014 UL225. Due to the low rate of motion
across the sky the elongation of the aperture is difficult to visually distinguish
for 2014 UL225. The pill aperture radius 1.2 Full Width Half Maximum
(FWHM) is shown in white, and the background was measured outside pill
aperture, beyond a radius of 4 FWHM. The x and y axes show pixel positions
and the box is of width and height 12 FWHM. . . . . . . . . . . . . . . . . 29

2.6 Example of observed photometry, fitted light curve, and colours for 2014
UL225. The observed r� , g� , z� and i� band measurement from my
photometry pipeline are shown by circles, with the colours corresponding
to the filter as shown in the legend. The magnitudes corrected to r� band,
calculated with the fitted colours and my photometry pipeline, are plotted as
squares with colours again corresponding to the filter. The grey squares show
the corrected magnitudes from the main Col-OSSOS photometry pipeline
for reference. The bottom part of the plot shows the fitting residuals from
2000 fitting iterations, as explained in Section 2.3.3. . . . . . . . . . . . . . 31
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1
I N T RO D U C T I O N

First proposed in 1943 by Kenneth Edgeworth (Edgeworth, 1943), and later predicted by
Gerard Kuiper (Kuiper, 1951), the Edgeworth-Kuiper belt (or Kuiper belt) is a region of
small icy bodies that exist on orbits beyond that of Neptune. These bodies are what remain
of the small planet-forming bodies (or planetesimals) from the early Solar System that failed
to form into a planet beyond Neptune. The first non-Pluto member of this belt (1992 QB1)
was observed in 1992 by Jewitt & Luu (1993). Since then over 40001 objects have been
discovered with the aid of various wide-field surveys (e.g., Jewitt et al., 1996, 1998; Larsen
et al., 2001; Trujillo et al., 2001; Elliot et al., 2005; Brown, 2008; Schwamb et al., 2010;
Petit et al., 2011; Alexandersen et al., 2016; Petit et al., 2017; Bannister et al., 2018). In the
next decade this number of known objects is expected to increase by an order of magnitude,
with the Vera C. Rubin Observatory to begin science observations in � 2025 (LSST Science
Collaboration et al., 2009; Ivezić et al., 2019).

Detailed study of the objects contained in the Kuiper belt can shed light on planetary
formation, along with revealing the giant planets’ early dynamical history and the composi-
tional structure of the Solar System’s primordial planetesimal disk. The properties of these
Trans-Neptunian Objects (TNOs) can be examined in many different ways. Due to their
distance from the Sun, along with their small sizes, the light that these objects reflect back
to Earth is relatively faint. The majority of these objects cannot be resolved by telescopes,
and so they are mostly observed as points of light. Their lightcurves can reveal information
about their rotational periods, shapes and their possible binarity (e.g. Sheppard & Jewitt,
2002, 2004; Benecchi & Sheppard, 2013; Lacerda et al., 2014a; Thirouin & Sheppard, 2018).
Surveys can reveal the size and brightness distributions of TNOs (e.g. Gladman et al., 2001;
Bernstein et al., 2004; Fraser et al., 2014a; Shankman et al., 2016; Lawler et al., 2018b)

1 From Minor Planet Center (MPC).

1

https://minorplanetcenter.net/data
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along with their orbital properties, which can in turn aid in the grouping to the TNOs into
distinct classifications (e.g. Elliot et al., 2005; Gladman et al., 2008; Khain et al., 2020). For
the largest and brightest objects we can use spectroscopy to sample the surface composition
remotely (e.g. Fornasier et al., 2004; Barucci et al., 2008; Alvarez-Candal et al., 2008; Brown,
2012; Seccull et al., 2018). For smaller objects we rely on colour surveys to investigate the
surface compositions of objects within the Kuiper belt (e.g. Doressoundiram et al., 2008;
Fraser & Brown, 2012; Peixinho et al., 2015; Fraser et al., 2015). Three members of the
Kuiper belt have now even been visited by spacecraft for the opportunity of in situ observa-
tions to study these objects in a relatively close quarters fly-by (Stern et al., 2015; Spencer
et al., 2020) or to offer a new perspective on the surface angle viewing of these objects (e.g.
Porter et al., 2016; Verbiscer et al., 2019).

1.1 S T RU C T U R E O F T H E K U I P E R B E LT

The objects residing within the Kuiper belt can be split into what are known as the dynamically
hot objects and the 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 and eccentric orbits as can be seen in Figure 1.1.
It is believed that this distinction is due to differences in the circumstances surrounding their
formations. This will be covered in greater detail in Section 1.3, but in summary it is believed
that the cold population formed at roughly their current positions, and that the hot population
formed much closer to the Sun and was moved to their current orbits during a phase of giant
planet migration in the early Solar System. The cold classicals are a single population, while
the hot population can be split into multiple sub-populations, including the hot classicals.

The hot and cold classicals together make up the classical belt, highlighted in the red
shaded region in Figure 1.1. These objects reside on close to circular orbits, extending from
the dynamically stable low eccentricity (e < 0:24) region inside of the 3:2 mean motion
resonance (MMR, discussed in more detail below) to the lightly populated low eccentricity
orbits outside of the 2:1 MMR. This classical belt can be further broken down to the inner-belt,
with semi-major axis < 39.4 au, the main-belt (39.4 au < a < 47.7 au), and the outer-belt with
a > 47:7 au. The classical belt is split into the hot and cold classicals based on the inclinations
of the orbits, generally those below i = 5� are considered cold classicals while the higher
inclination orbits are considered the hot classicals (Brown, 2001; Gladman et al., 2008),
though this cutoff does not represent any dynamical significance. Although by definition the
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Fig. 1.1 The upper panel shows the eccentricity vs. semi-major axis of Kuiper belt objects from the
MPC. The blue region represents the approximate area that Centaurs reside in, the orange region
represents the approximate region the scatter(ing/ed) objects reside in and the red shaded region
approximately outlines the classical region. The two vertical red lines correspond with two of the
mean motion resonances, the 3:2 MMR at 39.4 au and the 2:1 MMR at 47.8 au. There are other
MMRs present in the plot that are not highlighted. Neptune’s semimajor axis is marked with the blue
vertical dashed line. The lower panel shows the inclination vs. semimajor axis for the same TNOs,
again with the vertical lines marking the 3:2 and 2:1 MMRs. We have truncated the semimajor axis at
160 au.

https://minorplanetcenter.net/data
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cold classicals are generally only found within this low inclination region, the tail of the hot
classicals’ inclination distribution overlaps into this low inclination region.

The cold classicals are observed to reside on nearly co-planar orbits, with inclinations not
exceeding � 5� (Brown, 2001; Gladman et al., 2008). They also differ from the rest of the
Kuiper belt in their size distribution with smaller sized objects and a steep size distribution,
unique from the other Kuiper belt populations (Levison & Stern, 2001; Fraser et al., 2010).
The surfaces of cold classical TNOs are different to the hot population surfaces, covered in
more detail in Section 1.2. Additionally, the cold classical populations shows a significantly
narrower inclination distribution that the hot population, with a width of � 2:2� (Brown,
2001). Finally, the cold population contains a much larger fraction of binaries than the rest
of the Kuiper belt (Stephens & Noll, 2006; Fraser et al., 2017), and it is the overabundance
of these binaries along with the other distinctive features of the cold classicals that truly
established the theory that the cold population formed in place (Parker & Kavelaars, 2010).

Within the hot population resides the MMR population. Objects on these resonances have
an integer ratio between their orbital period and the orbital period of Neptune. These MMRs
form obvious vertical structures in plots of semi-major axis verses either eccentricity or
inclination, two of which are highlighted in Figure 1.1 with red vertical dashed lines. MMRs
make up a significant portion of the known Kuiper belt (e.g. Trujillo et al., 2001; Kavelaars
et al., 2008; Volk et al., 2016; Gladman et al., 2012) and currently the largest known TNO is
the dwarf planet Pluto, a member of the 3:2 resonance (also known as the plutinos).

The scatter(ing/ed) disk objects (SDOs) can be defined as those objects that are currently
scattering off of Neptune, or were scattered onto their current orbits by Neptune (Duncan
& Levison, 1997; Petit et al., 1999; Gladman et al., 2008). Their orbits exist on semimajor
axes that extend from � 30 au to � 250 au with perihelion distances 7.35 au . q . 40 au, as
highlighted in the orange shaded region in Figure 1.1. TNOs in this scatter(ing/ed) population
can undergo a process called ‘resonance sticking’ (Emel’yanenko et al., 2003; Lykawka &
Mukai, 2007). These objects can temporarily get stuck on high order MMRs, before diffusing
out over time.

Beyond the scattered disk is a population of objects called detached objects, with peri-
centres that are decoupled from Neptune (Gladman et al., 2002). They reside on orbits with
perihelion distance q > 45 au and semimajor axis a > 250 au (Brasser & Schwamb, 2015).
Within this population lies the large planetoid known as Sedna. With a perihelion distance of
76 au Sedna’s orbit lies beyond the reach of perturbations by the giant planets (Brown et al.,
2004). This means that Sedna, along with other members of this population have not evolved
onto their orbits as a result of Neptune’s migration (Brasser & Schwamb, 2015). Brown
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et al. (2004) suggested that a distant, approximately Earth mass object at � 70 au could be
responsible for this distant orbit of Sedna (more recent works such as Trujillo & Sheppard
(2014) and Batygin & Brown (2016) also investigate this theory). Another explanation for
Sedna’s orbit is that it results from perturbations from stars within the birth cluster of the
Solar System (Adams & Laughlin, 2003; Morbidelli & Levison, 2004; Brasser et al., 2006a;
Brasser & Morbidelli, 2013).

Centaurs are objects that reside on giant planet crossing orbits. These objects are a
short-lived and transitory population, diffusing out of the Kuiper belt (Stern & Campins,
1996; Volk & Malhotra, 2013). Although there is no formal definition within the literature,
historically they are defined to have aphelion distance greater than 11 au and Gladman et al.
(2008) added the outer bound of a semimajor axis less than that of Neptune. There is not one
single agreed-upon definition for Centaur orbits, a planet crossing orbit along with perihelia
q > 7:53 au can be used to approximately identify them (Gladman et al., 2008; Morbidelli &
Nesvorný, 2020). Additionally, as they travel further into the Solar System that other TNOs,
centaurs can potentially undergo thermal processing and therefore show different surfaces to
other TNOs (Wong et al., 2019; Guilbert-Lepoutre et al., 2023).

1.2 C O L O U R S A N D C O M P O S I T I O N S

TNOs are observed on Earth via the sunlight that they reflect back to us. Their surface
compositions can be investigated via either spectroscopy (e.g. Barucci et al., 2005b; Brown
et al., 2007a; Schaller & Brown, 2007; Brown et al., 2007a; Seccull et al., 2018) or broadband
photometry (e.g. Doressoundiram et al., 2008; Fraser & Brown, 2012; Peixinho et al., 2015;
Fraser et al., 2015) depending on the size/brightness of the object, though these methods can
only probe the upper couple of centimetres of their exposed surfaces.

Schaller & Brown (2007) suggested that the presence of spectral feature imprinting
volatiles may be related to the object’s ability to retain them, dependent on the object’s
size and the temperature at their orbits. The presence of these volatiles also is dependent
on the irradiation history that the object has experienced throughout its life (Brown et al.,
2011). Brown (2012) introduced the possibility of the surfaces of TNOs being primordial.
They argue that the lack of connection between surface colour and any dynamical property
within the hot population strongly suggests that local heating, UV irradiation, and solar wind
and cosmic ray bombardment cannot be responsible for the varying surface colours of the
Kuiper belt. Additionally, the correlation in colour between binary components is another
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argument for the surfaces being primordial (e.g. Noll et al., 2008; Brucker et al., 2009), as
this immediately rules out any stochastic processes such as collisions for resurfacing.

The larger members of the Kuiper belt include dwarf planets such as Pluto and Eris. These
dwarf planets have large enough mass to form a spherical body, but not enough mass to clear
the area around their orbits. When the surfaces of these larger TNOs are studied with optical
and near-infrared spectroscopy some of their surfaces, for example Pluto and Makemake,
are found to be rich in volatile ices such as methane, ethane and water ice (Barucci et al.,
2005b; Brown et al., 2007a; Schaller & Brown, 2007). The larger masses of these bodies
allows them to accrete these lighter volatiles, in contrast to the smaller TNOs.

Among the smaller TNOs are the Haumea collisional family, which were first discovered
by Brown et al. (2007a). Currently they are the only know collisional family within the
Kuiper belt. These are believed to be 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 orbital properties near the dwarf planet Haumea, along with neutral optical
surface colours (Schaller & Brown, 2008; Snodgrass et al., 2010; Trujillo et al., 2011; Carry
et al., 2012; Fraser & Brown, 2012; Pike et al., 2020).

Within the Kuiper belt, smaller objects with magnitudes greater than 22 r � band mag-
nitude are much more abundant (Bernstein et al., 2004). These TNOs have surfaces that
are devoid of volatile imprinted features other than water ice, leading to featureless spectra.
For these fainter objects with featureless spectra their surfaces can be studied with the aid
of broadband photometry. This is possible due to the flatness of the spectra, therefore the
photometry can provide sufficient information to characterise the optical and near-infrared
spectral slopes of these icy surfaces. This reveals surfaces that vary from solar neutral colours,
to colours that are redder than solar in optical wavelengths (e.g. Alvarez-Candal et al., 2008;
Barkume et al., 2008; Barucci et al., 2008, 2011). These broadband colours are in essence
spectrophotometry, as the filters can provide a super low resolution spectrum.

When the surfaces of the Centaurs were examined using this broadband colours technique,
they revealed a bimodal colour distribution with a red and a very red clump of objects
(Tegler et al., 2008). Most of these objects are redder than the Sun, due to likely tholins
on their surfaces. At the time this bifurcation was seen only in the Centaurs, but as surface
colours have been investigated for smaller TNOs they have revealed a similar bimodal colour
distribution of red and very red surfaces (Fraser & Brown, 2012; Peixinho et al., 2012, 2015;
Fraser et al., 2015; Schwamb et al., 2019). A colour plot from the Colours of the Outer Solar
System Survey (Col-OSSOS, Schwamb et al., 2019), which shows an example of this colour
bifurcation, is shown in Figure 1.2.
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Fig. 1.2 The upper panel shows the optical and near-infrared (NIR) colours of Col-OSSOS. The
shapes and colours of the points show the dynamical classifications, as described in the legend. The
solar colours, with g � r = 0:45 and r � J = 0:97, is shown by the yellow star. The lower panel shows
a histogram of the number of dynamically excited TNOs at each optical colour.

Although this bifurcation in colours is visible in the hot population of the Kuiper belt,
the cold population contains almost exclusively very red surface colours (Trujillo & Brown,
2002; Lykawka & Mukai, 2005; Doressoundiram et al., 2008). This can be seen in Figure
1.2, with all but one of the defined cold classicals being in the very red group. Due to their
in situ formation (discussed in Section 1.3, and presumed insignificant dynamical stirring
(as suggested by the large fraction of binaries present within the cold classicals, Nesvorný
et al., 2011) it is assumed that there has been little to no resurfacing of these objects through
collisions (Batygin et al., 2011). When the cold classical optical colours are combined with a
z � band broadband filter the cold classical objects separate out into a distinct cloud (Pike
et al., 2017). This is shown in Figure 1.3, where it can clearly be seen that the cold classicals
are distinct from the hot population.

In Figure 1.3, the single less red cold classical object is what is known as a ‘blue
binary’ (Fraser et al., 2017). These are binary TNOs with neutral coloured surfaces, a rare
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contamination dropped into the cold classical population of the Kuiper belt. The presence of
these objects are important as it led to Fraser et al. (2017) suggesting that all planetesimals
that were born near the Kuiper belt formed as binaries. The observed ‘blue binaries’ are
wide, tenuously-bound binaries and Fraser et al. (2017) showed that they could have survived
a brief push out from � 28 au to their current positions within the cold classicals of the
Kuiper belt within the early stages of Neptune’s migration, but this conclusion requires that
planetesimals form entirely as multiples.

Fig. 1.3 (g � r) vs. (r � z) colours from Col-OSSOS, along with a small sample of Subaru observations
presented in Pike et al. (2017). The purple circles represent the Col-OSSOS cold classical TNOs, the
purple triangles show the Subaru observed cold classical TNOs, while the green squares show the
dynamically hot population. As shown by Pike et al. (2017), the cold classical TNOs sit in a different
space to the hot population in grz colour space.

Marsset et al. (2019) showed that colour and inclination in the Kuiper belt are correlated,
with higher inclined TNOs tending to have more neutral surface colours. Additionally, they
show that the red and neutral groups of TNOs have differing inclination distributions. The
TNOs with more neutral coloured surfaces show a wider inclination distribution than those
with redder surfaces. Marsset et al. (2019) propose that these differing orbital distributions
implies that the red and neutral surfaces are a result of differing formation locations in a disk
of planetesimals with a compositional gradient. Ali-Dib et al. (2021) show that a similar
trend exists for colour and eccentricity. Redder surfaced TNOs typically have orbits that lie
on lower eccentricities than neutral surfaced TNOs.
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1.2.1 Surface Models

There are models in the literature that attempt to explain the differing surface colours for
the Kuiper Belt’s hot population. These include Dalle Ore et al. (2013) which presents a
taxonomy for TNOs based upon their albedo and colours. Dalle Ore et al. (2013) suggest
that the TNOs 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 a series distinct ice-line
transitions in the original primordial disk where these objects formed. A schematic of this is
shown in Figure 1.4, with different surface colours originating from different positions in the
primordial disk.

Fig. 1.4 Schematic of the primordial Outer Solar System before giant planet migration, following the
model of Dalle Ore et al. (2013). It consists of 2 gas giant and 3 ice giant planets, with Neptune being
the outermost planet. The primordial planetesimal disk from which the dynamically hot population
originated is represented by the series of grey boxes, with different shading representing differing
surface compositions beyond a series of ice line transitions.

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 coloured surfaces
present in the dynamically excited population making up two well defined groups of objects,
and the very red coloured 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 TNO surfaces. They suggest that the bifurcation in colours 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. In Figure 1.5 we show a schematic of this primordial disk, both before and
after the bifurcation. This resulted in different surface chemistries, and hence, different final
surface colours.

Fraser et al. (2023) present an alternative definition for the surface classifications, using
a projection from the solar reddening line to categorise TNOs into brightIR and faintIR. In
Figure 1.6 we show a visual representation of how this projection works. TNOs along the
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Fig. 1.5 Schematic of the primordial Outer Solar System before giant planet migration, following
the model of Fraser & Brown (2012). It consists of 2 gas giant and 3 ice giant planets, with Neptune
being the outermost planet. In the upper figure the primordial disk from which the hot population
originated is represented by a grey box, while the cold classicals are shown by a white box. In the
lower figure the primordial disk box is split into two shadings, representing a bifurcation in colours in
the hot population due to loss of volatiles as in the model of Fraser & Brown (2012).

solar reddening line have a 1:1 ratio between their optical and NIR spectral slopes, essentially
meaning a single linear reflectance from the optical to NIR wavelengths. Therefore the TNOs
above the reddening line have convex reflectance spectra, while those below the line have
concave. Fraser et al. (2023) showed that in this PC1, PC2 projection space the TNO surfaces
can be split into two classifications (faintIR and brightIR) with the split between at a PC1

value of � 0:13.
Figure 1.7 illustrates the PC projections for the Col-OSSOS TNOs. TNOs with PC2

values above � 0.13 are classified as brightIR, while those below are categorised as faintIR.
The brightIR class closely aligns with the solar reddening curve, while the faintIR TNOs
exhibit relatively lower reflectivity at NIR wavelengths. Furthermore, the majority of the
faintIR class consists of cold classical TNOs. In their study, Marsset et al. (2022) reveal
that brightIR TNOs tend to possess higher inclinations and eccentricities compared to their
faintIR counterparts. Investigating the brightIR/faintIR TNOs within MMRs, Pike et al.
(2022) suggest that dynamically excited faintIR TNOs likely share a common origin with
cold classical TNOs. Consequently, it is plausible that in the context of the faintIR/brightIR
surface classification, the primordial disk was composed of brightIR materials in the interior
region and faintIR materials in the exterior region. Nonetheless, further investigation is
required to understand the underlying cause for the surface dichotomy observed within this
classification.
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Fig. 1.6 Taken from Figure C.1 in Fraser et al. (2023). Visual demonstration of the reddening curve
projection. The dashed grid shows curves of constant PC1 and PC2 in intervals of 0.1. Objects with
positive and negative values of PC2 have convex and concave spectra and are found above and below
the reddening curve, respectively. The point values show the extremal projection values.

1.2.2 Lightcurves and Rotation Rates of TNOs

Measuring accurate surface colours can be challenging as TNOs rotate and therefore their
brightnesses are often not constant with time. There are two main cases for these photometric
changes in the TNO’s lightcurve; shape and albedo variations. As the majority of TNOs are
not perfectly spherical (or are part of a binary system) they will reflect varying amounts of
light as they rotate and the size of the reflecting surface area changes. For smaller TNOs
(Hr > 4, where Hr is the absolute magnitude of solar system bodies defined as the brightness
if placed at 1 au from the observer, and 1 au from the Sun and at zero phase angle) the period
of this rotation is typically 6 � 15 hours (e.g. Trilling & Bernstein, 2006; Sheppard et al.,
2008; Benecchi & Sheppard, 2013; Thirouin et al., 2016; Thirouin & Sheppard, 2018, 2019a;
Showalter et al., 2021). In contrast, albedo variations may occur due to patches on the TNO’s
surface reflecting differing amounts of light. A possible cause of this is varying composition
across the object’s body, where the spectrum (or spectrophotometry) of the TNO will change
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Fig. 1.7 The projection values PC1 and PC2 of the (g � r) and (r � J) colours of Col-OSSOS. In this
projection, the reddening curve is a horizontal line with PC2 = 0. The blue dashed line is at a value of
PC2 = � 0.13, the value the split between the faintIR and brightIR classes.

depending on what part of the surface we are observing. This is know as spectral variability,
and is discussed in more detail in Section 1.2.3. By examining the lightcurves of TNOs we
can infer a lot of information about these objects; their rotation periods, estimates for the
shape and surface of the object, and potentially explore binarity (e.g. Sheppard & Jewitt,
2002; Ortiz et al., 2006; Lacerda & Luu, 2006; Thirouin et al., 2010; Showalter et al., 2021).

Dwarf planets have a large enough mass to have a achieved a spherical shape through
self-gravity and therefore their lightcuves tend to originate for surface variation on the object.
However smaller members of the Kuiper belt tend to have a greater variation in shapes.
The lightcurve is a powerful tool for investigation the shapes of these TNOs, for example
works such as Luu & Lacerda (2003) have previously investigated the shapes of TNOs via
lightcurve variations. Similarly, Benecchi & Sheppard (2013) used lightcurves as a tool to
investigate a sample of large TNOs. They examined the rotation periods of the lightcurves, in
particular showing that members of the Haumea collisional family (the only currently know
collisional family within the Kuiper belt) have similar rotation periods to other small TNOs.

Smaller TNOs (Hr > 23) typically have rotation periods of 6 � 15 hours (e.g. Thirouin
et al., 2016; Thirouin & Sheppard, 2018, 2019a; Showalter et al., 2021). As these smaller,
dimmer objects generally have to be observed over longer periods of time these lightcurve
variations need to be accounted for when investigating their surface colours. As the TNO
magnitudes cannot be measured simultaneously with multiple filters, we must account for
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changes in brightness due to the object’s rotation in order to estimate accurate colours. Addi-
tionally, although measuring differing filters consecutively in order to reduce the influence of
the lightcurve on measured colours it is is very time consuming to perform observations like
this.

1.2.3 Spectrovariability

For larger members of the Kuiper belt (such as the dwarf planets) we have previously detected
non-homogeneity in their surface compositions (e.g. Buie & Tholen, 1989; Lacerda et al.,
2008; Buie et al., 2010; Holler et al., 2014; Grundy et al., 2016). When it comes to smaller
TNOs (with Hr > 4) spectral variability has also been found, and it can potentially be an
important tool in differentiating between different surface compositions models. If a single
TNO shows significant variation across surface types (e.g. the red and neutral surfaces of
Fraser & Brown, 2012) it would disagree with the theory that these surface types are a feature
of the TNO’s formation position.

Although there have been previous detections of spectral variability for small TNOs,
unfortunately most have been uncertain due to the the variations being also potentially
consistent with spectra calibration errors (de Bergh et al., 2004; Fornasier et al., 2004, 2009;
Merlin et al., 2010). However, Choi et al. (2003) found a significant variation in colour 1999
TN10, with the variation confirmed (though with smaller variation) by Fraser et al. (2015).
Fraser et al. (2015) also found a total of five TNOs that show spectral variation in optical/NIR
Hubble Space Telescope (HST) observations.

1.3 DY N A M I C A L M O D E L S

The Kuiper belt that we see today has structure that shows that it has been dynamically
sculpted since its formation, likely by the planet Neptune. A period of migration for Neptune
was initially proposed as a method to explain Pluto’s eccentric, resonant orbit, but there have
been many theories proposed since that attempt to explain the dynamical formation of the
Kuiper belt. Theories of the Kuiper belt’s formation are tested using dynamical models. In
these models the small simulated objects in the outer Solar System are treated as massless
particles, and their dynamical scattering off of a giant planet throughout the planet’s migration
is computationally simulated. Malhotra (1993) demonstrated how as Neptune moves outward
a small body like Pluto on an initially circular orbit could be captured into the 3:2 MMR,
leading to its orbital eccentricity rising to its current Neptune crossing value. In this scenario
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Neptune migrated from a nearly circular, low inclination orbit at � 23 au to its current orbital
position at 30 au (Malhotra, 1995). During this migration, Neptune’s MMRs swept though
an initially dynamically cold disk that extended to � 50 au, capturing the orbits of some of
these objects onto its resonances (Malhotra, 1993, 1995; Hahn & Malhotra, 2005). Many
planetesimals within this disk would have been scattered by Neptune’s motion through the
disk, ending up on orbits with higher eccentricities and semi-major axes. This scenario
can explain the structure of the hot population and resonances, perturbed and captured
respectively during Neptune’s migration. It can also explain the cold population, as the
members of this original disk that remained relatively unperturbed by Neptune’s migration.
It can not explain the significant mass drop-off within the Kuiper belt that corresponds with
Neptune’s 2:1 MMR.

Levison & Morbidelli (2003) proposed that the original disk only extended to 30 au, and
that all of the objects with the Kuiper belt were implanted there by Neptune’s migration. In
this scenario the cold classicals would have originated at < 30 au, and been pushed out to
their current positions during Neptune’s migration as part of the 2:1 resonance. As the planet
slowly migrates, these objects would be progressively released throughout the disk, on low
inclinations due to the 2:1 resonance not exciting inclinations (Malhotra, 1995). This can
explain why Neptune stopped migrating at its current position, it hit the edge of the disk
and had no more material to move to aid its migration (Gomes et al., 2004). Unfortunately,
with the hot and cold population forming in the same area this can not longer explain the
differences between the hot and cold populations outlined in Sections 1.1 and 1.2.

An alternative way to destroy the proto-Kuiper belt and capture many of its objects
onto MMRs is known as the Nice model (Tsiganis et al., 2005; Morbidelli et al., 2005;
Stephens & Noll, 2006; Nesvorný et al., 2007; Levison et al., 2008). This model was the
first to successfully explain many features of the Solar System, such as the current orbital
architecture of the giant planets (e.g. Tsiganis et al., 2005) and the existence of the Trojans
populations of Jupiter and Neptune (Morbidelli et al., 2005). Within the Nice model, the outer
planets start out in a compact multi-resonant configuration, on near-circular and co-planar
orbits from � 5.5 au to � 14 au (Morbidelli et al., 2005; Levison et al., 2008). A massive
disk of planetesimals extended beyond this to � 34 au, with the planetesimals in the inner
regions of this disk acquiring planet-scatering orbits over relatively short time-scales. This
leads to the giant planets migrating slowly within the disk, and Jupiter and Saturn eventually
crossing their mutual 2:1 MMR, exciting their eccentricities to greater than what they have
today (Tsiganis et al., 2005; Morbidelli et al., 2007). This jump in the eccentricities of
Saturn and Jupiter in turn effected the eccentricities of Uranus and Saturn to the extent that
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their orbits approached each other, leading to a phase of planetesimal scattering and violent
encounters within the disk. This caused both of the ice giants to scatter outwards, increasing
their eccentricities to greater than the values they have today. As a consequence of Neptune’s
excited eccentricity, members of the massive planetesimal disk were shifted into the region
of the current day Kuiper belt (Morbidelli et al., 2005; Tsiganis et al., 2005; Morbidelli
et al., 2007; Levison et al., 2008). Over time, the orbits of the giant planets are damped by
interactions with the planetesimal disk in the form of dynamical friction (Tsiganis et al.,
2005). As the planets then circularise due to this dynamical friction the scattered and resonant
populations of the Kuiper belt are formed. In this scenario the cold classical objects form
further out, in the region beyond Neptune’s 2:1 MMR, and so remain relatively unperturbed
throughout the giant planet’s migrations. Resulting from the combination of observations
and all of these early models and theories came the consensus that the primordial Kuiper
belt consisted of a massive planetesimal disk that existed at . 30 au that was scattered onto
the orbits of the current day hot population during the migration of Neptune, and the cold
population that formed at > 40 au and so survived Neptune’s migration relatively unharmed.
In this case there is a gap in mass between the end of the massive planetesimal disk at � 30 au
and the cold population formation region, allowing Neptune to stop its migration at � 30 au.

Following this, Nesvorný (2015a) performed numerical simulations of the formation of
the Kuiper belt, attempting to solve the issue of too narrow a distribution of inclinations
that was prevalent within the hot population in previous models. They make use of a slow
migration of Neptune from 20 au to 30 au, and find that migrations that take place over
less than 10 Myr do not have sufficient time for the various dynamical processes to raise
the inclinations in their modelled Kuiper belt to the desired values. This slow, long range
migration of Neptune allows the various other orbital properties of the Kuiper belt to remain
consistent, while allowing for a wider inclination distribution. Building on this, Nesvorný
(2015b) introduces the concept of a ‘jump’, or sudden change in semimajor axis, in Neptune’s
migration due to an interaction with another planet in order to explain the so-called ‘kernel’
within the dynamically cold Kuiper belt. This kernel is a concentration of objects at ' 44
au with eccentricities of � 0.05 and inclinations < 5� , that has been observed by Petit et al.
(2011). In Figure 1.8 we show a schematic of this hypothetical primordial outer Solar System.
By introducing a discontinuous jump in Neptune’s otherwise smooth migration at ' 28 au,
the planetesimals that were swept up in Neptune’s 2:1 MMR are released at ' 44 au and
would remain there to this day.

An issue with previous models of the formation of the Kuiper belt is what is known as the
resonance overpopulation problem. Previous models (e.g. Hahn & Malhotra, 2005; Levison
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Fig. 1.8 Schematic of the primordial Outer Solar System before giant planet migration, with the four
named giant planets and an additional ice giant. The massive planetesimal disk from which the Kuiper
Belt originated is represented by the grey circles in and around Neptune. The red circles represent the
original cold classical TNOs, at a greater distance from the Sun than the planetesimal disk. The edges
and positions of these disks is dependent on the Kuiper Belt formation theory, several of which are
outlined in the text.

et al., 2008; Morbidelli et al., 2008) note that the MMRs are overpopulated by several factors,
when compared to the observations. Although solving this overpopulation problem within
the resonances was not the main aim of the Nesvorný (2015b) simulations, they did find that
the resonant populations were reduced due to the fact that any bodies that were captured
in Neptune’s migrations pre-jump, were released post-jump. So although the resonance
populations were getting closer to the observed proportions, they were still overpopulated.

Nesvorný & Vokrouhlický (2016) combined these two previous models with the addition
of massive planetesimals to the disk for Neptune to scatter off. In Figure 1.9 we show the
simulated populations from this dynamical model, both before and after Neptune’s migration.
The addition of these massive planetesimals in the disk causes 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 observations when their simulations contained 1000-4000 Plutos in their pre-Neptune
migration disk. This dynamical model reduces the populations of resonant objects, while
reproducing most of the known fine structure within the orbits of the ensemble of discovered
TNOs to date.

Building on the previous dynamical models, Nesvorný et al. (2020) explored the pos-
sibility of Neptune migrating, with the addition of an extended primordial disk. Although
previous models of Neptune migration had disks that ended at � 30 au in order for Neptune
to halt its migration at its current position of 30 au, Nesvorný et al. (2020) proposed the if
the disk beyond 30 au had a low enough mass then Neptune would still halt migrating on its
current orbit. They investigate the form of the density drop-off in the planetary disk profile.
They find that both the exponential and truncated power-law profiles of the original disk are
capable of producing the modern Kuiper belt, under differing dynamical constraints. My
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Fig. 1.9 Simulated Kuiper belt population from the model of Nesvorný & Vokrouhlický (2016),
containing those particles with post-Neptune migration semimajor axes < 250 au. The left column
shows the orbits of the objects in the primordial disk, while the right column show the object’s orbits
post-Neptune migration.

thesis work involves combining some of these dynamical models with observed colours of
the Kuiper belt to investigate the origin positions of different TNO surfaces.

1.4 T H E S I S OV E RV I E W

This Chapter gave a general introduction to the Kuiper belt, and the relevant features and
investigations into the planetesimals contained within it. Chapter 2 gives an overview of the
Kuiper belt surveys used in this work, along with describing the optical photometry pipeline
developed during this PhD. Chapter 3 is formed from Buchanan et al. (2022) (published in
PSJ in January 2022, modified to fit the framework of this thesis) and details the investigation
of a colour transition within the Solar System’s primordial disk. Chapter 4 describes a further
exploration of colour transitions in the Kuiper belt, discussing two dynamical models of
Neptune’s migration along with an making estimate of the true fraction of different surfaces
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within the Kuiper belt. In Chapter 5 we discuss our investigation into two TNOs with
potentially interesting surface compositions, along with potential spectral variability revealed
by Col-OSSOS. Finally in Chapter 6 concludes the thesis and discussed future avenues for
research into TNO surfaces that would aid in constraining the formation scenario of the outer
solar system.



2
O S S O S / C O L - O S S O S

Wide-field and broadband surveys play a pivotal role in systematically mapping and charac-
terising objects within the Kuiper belt, offering critical insights into the dynamical, compo-
sitional, and evolutionary processes that have shaped the outer solar system. By efficiently
scanning large swaths of the sky and capturing multi-wavelength data, these surveys enable
the identification of previously unknown Kuiper Belt objects and provide essential data for
constraining the size distribution, orbital dynamics, and surface properties of these bodies.
Moreover, they facilitate the discovery of rare and unique objects, such as distant planetesi-
mals and potential targets for future space missions. In this way, wide-field and broadband
surveys not only contribute to our comprehension of Kuiper Belt dynamics and origins but
also serve as essential tools for advancing our understanding of the broader solar system’s
history and evolution.

2.1 O S S O S

Wide field optical surveys are an important tool in the study of the outer solar system, by
surveying large swaths of the sky we can discover new Trans-Neptunian Objects (TNOs)
and characterise the orbits of known TNOs. To date, the Outer Solar System Origins Survey
(OSSOS) has found the largest number of TNOs in a single survey. The full results of
the survey are summarised in Bannister et al. (2018) and the original design of the survey
outlined in Bannister et al. (2016). OSSOS used the MegaCam imager on the Canada France
Hawai‘i Telescope (CFHT), with a pixel scale of 0.184". This wide-field large sky survey
took place from 2013 to 2017.

OSSOS acquired observations that were grouped into eight regions on the sky called
‘blocks’, each with their own recorded biases and characterisation limits. The observing
blocks used in OSSOS were made up of pointings of the 0.9 deg2 MegaCam field of view,
and each observing block is � 20 deg2. In these groupings the fields were arranged in such a

19
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Observing Block Centre R.A. Centre Declination Limiting r mganitude
ST 0h30m +5°00’ 24.93 - 25.12
L 0h55m +4°00’ 24.42
H 1h29m +12°58’ 24.67

CD 3h15m +16°30’ 24.78 - 25.15
P 13h30m -7°45’ 24.80
E 14h50m -12°32’ 24.09
M 15h30m -12°20’ 24.87
O 15h58m -12°19’ 24.40

Table 2.1 Summary of the centre postion of each observing block in OSSOS. The full observing
block information can be found in Bannister et al. (2018) Table 1. Blocks ST and CD have a range of
limiting magnitudes as these are each the combination of two blocks.

way as to be easily queued in a single night while covering a large enough area to reduce
the loss of observing objects across multiple observations. The centre positions for each
observing block are summarised in Table 2.1. These blocks were positioned on the sky so as
to prioritise targeting TNOs on the 3:2 MMR. Each of the fields in a block were observed
with a triplet of r-band exposures over a time of � 2 hours. The MegaCam filters R.9601
and R.9602 were used, which are similar to the SDSS r-band, along with the wide band filter
GRI.MP9605. In total, OSSOS surveyed 155 deg2 of the sky up to a limiting r magnitude of
24.1-25.2 (dependent on the observed block).

Previous surveys of the Kuiper Belt have faced a significant challenge known as ephemeris
bias (Jones et al., 2006). This bias arises when the orbit of a discovered TNO is inaccurately
estimated, leading to difficulties in successfully re-observing the TNO later on. To mitigate
this bias, it is crucial to estimate the TNO’s orbit and conduct follow-up observations to
confirm its accuracy, a process often referred to as tracking the orbit. Unfortunately, these
follow-up observations are often not well-documented, making it difficult to determine if
a TNO was lost due to a lack of follow-up or unsuccessful attempts. Confirming the orbit
through follow-up observations is of great importance as it enables the characterisation of
the TNO’s orbit. A fully characterised TNO orbit is essential for studying the dynamics of
the outer Solar System and identifying the TNO’s dynamical class. OSSOS successfully
addressed these challenges, presenting 838 TNO discoveries that were free from ephemeris
bias and had fully characterised orbits. The extensive tracking of OSSOS TNOs and their
orbits allowed the division of their discoveries into a number of dynamical classes. The final
sample classifications are shown in Figure A.1 and summarised in Table A.1. In Figure 2.1
we plot the orbits of the OSSOS sample.
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(a)

(b)

Fig. 2.1 OSSOS sample from Figure A.2 limited to semimajor axis less than 100 au and inclination
less than 45� in order to see the finer detail. The points are coloured based on their OSSOS dynamical
classification, as described by the legend. Figure (a) shows eccentricity vs. semimajor axis, while
Figure (b) shows inclination vs. semimajor axis. The orbit of Neptune lies at � 30 au.

As previously mentioned, the discovery of a TNO does not guarantee its successful
recovery. To accurately determine the orbit of a TNO and fully characterise it, the estimation
of its ephemeris must be precise enough to enable tracking and recovery at a later time.
OSSOS accomplished fully characterised orbits for 838 TNOs, with only 2 TNOs falling
below their specified characterisation limit (shown in Table 2.1). This impressive achievement
means that 99.8% of the TNOs were tracked and had their arcs classified comprehensively.
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Furthermore, OSSOS extensively documented the observational biases associated with its
observations. The detection of a TNO is contingent upon it being within the survey’s detection
limit and within the observed field. Consequently, not all TNOs have an equal likelihood
of being detected. A faint TNO on a highly eccentric orbit, for example, is less likely to
be detected compared to a bright TNO on a nearly circular orbit. Moreover, an object on a
highly elongated orbit spends most of its time near aphelion, but the detection bias favors
its detection near perihelion. By thoroughly recording pointing histories (i.e., telescope
pointing directions and durations), as well as detection limits and tracking fractions, OSSOS
effectively quantified these observational biases for the survey. Leveraging this wealth of
documented biases and pointing histories, the project developed a survey simulator (Lawler
et al., 2018a). This simulator can simulate synthetic planetesimals following specified orbits
and adjust them to reflect what OSSOS would have detected. Consequently, it enables
direct comparisons between dynamical models and OSSOS observations. Additionally, the
survey simulator can be employed to debias OSSOS detections by exploring the true intrinsic
populations underlying the observed detections.

2.2 C O L - O S S O S

The Colours of the Outer Solar System Origins Survey (Col-OSSOS) was designed to take
optical and NIR broadband observations of a brightness limited sample of OSSOS targets.
This allows the exploration of differing taxonomic classes within the Kuiper belt, subdivided
by dynamical class. Using the 8.1m Gemini North Telescope, Col-OSSOS surveyed the sky
from 2014 - 2022. In total, (g � r) and (r � J) colours were observed for 102 TNOs.

From OSSOS, Col-OSSOS selected objects with r � band magnitudes < 23.6 and
measured near-simultaneous colours of these TNOs in g-, r- and J-band broadband filters.
The main aim of the survey was to achieve precise surface colours of all TNOs in the sample,
with homogeneous signal-to-noise in all filters. The Col-OSSOS targets were those from E,
H, L, O, S, and T OSSOS observing blocks with discovery triplet magnitude r < 23:6 mag.
H and L observing blocks are originally published in Schwamb et al. (2019). E, O, S and T
blocks (as well as updates to H and L blocks) are published in Fraser et al. (2023). The full
Col-OSSOS sample is shown in Table A.2, with colour measurement uncertainties of � 0.03
mag for (g � r) for nearly all objects in the sample.
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2.2.1 Observing Strategy

The Col-OSSOS dataset was acquired using the Gemini Multi-Object Spectrograph (GMOS,
Hook et al., 2004) and Near Infrared Imager (NIRI, Hodapp et al., 2003) at the Gemini North
facility. GMOs has a 5.50x 5.50FOV, and these observations were obtained in a 1x1 binning
mode. For the observations that took place between 2014-2016 the pixel scale was 0.0747",
and after the installation of new Charge Coupled Devices (CCDs) in 2017 the pixel scale
was 0.0807". The NIRI observation had a 119.9" x 119.9" FOV with a 0.116" pixel scale.
The targets were observed siderealy with exposure times of 300s so as to minimise trailing
caused by the object’s motion. On GMOS the r_G0303 (l = 6300Å, d l = 1360Å) and
g_G0301 (l = 4750Å, d l = 1540Å) filters were used, which are similar to the SDSS r and
g bands. For NIRI the MKO J filter (l = 12500Å, coverage of 11500 � 13300Å) was used.
The tranmission curves for these filters are shown in Figure 2.2.

Fig. 2.2 Transmission curves for the GMOS g_G0301 in green, r_G0303 in red, and NIRI MKO J in
purple.

The Col-OSSOS optical and near-infrared observations were taken sidereally in a rgJgr

sequence so as to account for any rotational lightcurve effects. Cumulative signal-to-noise
ratios of � 25 in g and r and � 20 in J were required. The full observing sequences typically
took 1:5 � 3 hours, though some less bright TNOs took as much as 5 hours for a full sequence.
Although the individual GMOS exposures were 300 seconds, and the NIRI were 120 seconds,
the number of exposures in each filter were adjusted in order to achieve the required SNR.
Additionally, some of the Col-OSSOS targets were visited 2 - 3 times for a number of reasons.
Some observing sequences were interrupted due to conditions worsening, and the required
image quality being lost. These objects were revisited at a later time. Alternatively, the
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observations of some TNOs were intentionally split between 2 - 3 visits as multiple shorter
sequences are easier to schedule.

2.2.2 Reductions and Photometry

The Gemini Image Reduction and Analysis Facility (IRAF) package was used to reduce the
raw images. In this reduction the master calibration files created by Gemini were used. This
consisted of master bias frames produced on the corresponding observation night, and master
twilight flat field frames produced within a couple of weeks of the observation. The GMOS
observations were adjusted for CCD amplifier gain, bias-subtracted, and then divided by the
master twilight flat field.

As the telescope was tracked sidereally the TNOs appear as slightly elongated sources in
the observations. A trailed source photometry package called TRIPPy (Fraser et al., 2016) is
used. This allows the use of a pill-shaped aperture for the aperture photometry of the TNO,
and reduces the loss of signal due to trailing. As TRIPPY has the capability of measuring
both point spread function (PSFs) and trailed point spread functions (TSFs) this package was
used to measure the instrumental magnitude of both the TNO, and the background standard
star’s instrumental magnitudes that were used to measure the photometric zeropoints of each
image. Originally the TNO magnitudes were calibrated to the Sloan Digital Sky Survey
(SDSS, Fukugita et al., 1996; Padmanabhan et al., 2008) magnitudes (Schwamb et al., 2019),
but in later years the updated pipeline (Fraser et al., 2023) calibrates to the Pan-STARRS
photometric system (Tonry et al., 2012).

As Col-OSSOS was observing TNOs as dim as 23.6 r magnitude, the majority of its
TNOs are � 100 km to � 250 km in size (assuming an albedo of 6% � 12%). These small
TNOs generally have rotation periods of 6 � 15 hours (e.g. Thirouin et al., 2016; Thirouin &
Sheppard, 2018, 2019a). Any changes in brightness due to lightcurve variation needs to be
accounted for when calculating photometric colours. In Col-OSSOS, TNOs were observed
near-simultaneously in consecutive filters within a continuous sequence shorter than the
typical TNO rotation period. This allowed for the approximation of lightcurve variations as a
linear change in magnitude. By applying a linear fit to the observing sequence, lightcurve-
corrected colours were calculated. Figure 2.3 illustrates the rgJgr sequence observations
of 2014 UL225, including the linear brightness fit, corrected magnitudes in the r-band, and
residuals. By simultaneously fitting the linear brightness change and various colours, the
surface colours could be determined independently of lightcurve effects. Unlike the common
approach of correcting colours independently for each filter, our method considered all
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observed filters and the symmetric rgJgr sequence, accounting for linear variability across
the entire sequence. It is important to note that this method assumes a linear lightcurve effect,
and deviations from this approximation may lead to inaccurate colour measurements.

Fig. 2.3 Col-OSSOS photometry, fitted light curve, and colours for 2014 UL225. The observed r� ,
g� , and J � band measurements are shown by circles, with the colours corresponding to the filter as
shown in the legend. The r band corrected colours, calculated with the fitted colours, are plotted as
squares with colours again corresponding to the filter.

2.2.3 Col-OSSOS Results

The final Col-OSSOS sample consists of 102 TNOs with near-simultaneously measured
optical and NIR colours. The colours are presented in Table A.2 and plotted in Figure 2.4,
and the OSSOS derived dynamical classification distribution is shown in Table 2.2. In Figure
A.3 we show the brightness distributions of the Col-OSSOS TNOs, both apparent in r�

band and absolute H magnitude. Schwamb et al. (2019) proposed that the first release of the
Col-OSSOS dataset showed a bifurcation in the surface colours, split into neutral surfaces at
(g � r) < 0:75 and red surfaces at (g � r) � 0:75.

The combination of precise colours and well-characterised detections within this survey
has provided avenues for much future work. Pike et al. (2017) used Col-OSSOS data
along with with additional z� band observations, and presented a possible separation of
cold classical TNO surfaces from the dynamically excited population in (r � z) colours.
Marsset et al. (2019) showed that there is a preference for optically redder surfaced TNOs
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Fig. 2.4 Optical and NIR colours of the full Col-OSSOS dataset with 102 TNOs. The shapes and
colours of the point show the dynamical classifications, as described in the legend.. The solar colours,
with g � r = 0:45 and r � J = 0:97, is shown by the yellow star.

Hot Classical Cold Classical Resonant Scattered Detached Centaur
Jupiter

Coupled
21 29 37 8 3 3 1

Table 2.2 The numbers of TNOs of each dynamical class within Col-OSSOS, as discovered and
characterised by OSSOS.

at lower inclinations. Fraser et al. (2023) proposes that TNO surfaces can be split into just
two categories, called brightIR and faintIR, based on a new projection of the optical-NIR
colours. Following this, Pike et al. (2022) investigated the distribution of these surface types
within Neptune’s resonances and Marsset et al. (2022) show that the orbital inclination of
brightIR TNOs is correlated with the optical colours, suggesting a possible compositional
gradient in the primordial Kuiper Belt. Additionally, in Chapter 3 we make comparisons
between a dynamical model of the early origin of the Kuiper Belt Col-OSSOS observations
to investigate the origin position of different surface colours. In Chapter 4 we further this
investigation with additional models. Finally, in Chapter 5 we use the precise colours of
Col-OSSOS to investigate unique TNO surfaces, as well as the phenomena of possible
surface composition variation on TNOs.
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2.3 P H OT O M E T RY P I P E L I N E

Col-OSSOS has achieved an unprecedented level of precision in determining TNO surface
colours. However, the existing photometry pipeline, written in python2 and customised
for the author’s (Wes Fraser) specific computer system, poses challenges for reproducing
the obtained colours. Furthermore, it is crucial to independently validate the colours of
the survey prior to the full publication. As part of my PhD work, I have developed an
optical photometry pipeline specifically designed to measure the colours of TNOs observed
by GMOS. While the original pipeline in Col-OSSOS was optimised to achieve colours
with very small uncertainties, my version of the pipeline is more generalised, ensuring
accurate measurements but with slightly larger uncertainties expected. This pipeline serves
the purpose of independently verifying the survey’s colours before their publication.

2.3.1 Instrumental Magnitude

The first step in the photometry pipeline is to identify and catalogue the various sources of
light in the image in the image. This is accomplished using SExtractor (Bertin & Arnouts,
1996). We used this software to identify any sources with at least 2 pixels above the detection
threshold of 2� standard deviation of background noise. This source catalogue was then
trimmed to only contain isolated sources (at least 30 pixels from nearest other source, so as
to avoid contaminating sources in any background brightness calculation) with peak counts
less than 70,000 to avoid saturating the detector. Finally, from this source catalogue we
manually pick out any well-isolated stars with SNR > 200 for use in the point spread function
(PSF) generation on the image. This generated PSF for each image is used to estimate the
associated aperture corrections. These aperture corrections are used to adjust for the fact we
do not use the same aperture for both the background stars (point sources) and the TNO we
are observing (trailed point source).

The TNO of interest can be identified from the source catalogue based on its position
taken from JPL Horizons ephemeris service1 for the time of the observation. We then find the
SExtractor source closest to this position, and manually check that the source lines up with
the TNO position. In some cases the SExtractor catalogue trimming conditions needed to be
adjusted, for example a cosmic ray in close proximity to the TNO means that the allowed

1 https://ssd.jpl.nasa.gov/horizons.cgi

https://ssd.jpl.nasa.gov/horizons.cgi
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distance between sources should be reduced. From TNO positions over one hour the rate at
which the TNO is travelling across the CCD is calculated, as shown in Equation 2.3.1. The
angle that the TNO is moving across the CCD can also be calculated from the associated
pixel positions, as shown in Equation 2.3.2.

rate =
q

cos2(dec1)(ra2 � ra1)2 + ( dec2 � dec1)2 � 3600 (2.3.1)

The rate is measured in arcseconds per hour, ra1 and dec1 are measures in degrees and
represent the position of the object at the beginning of the observation while ra2 and dec2

are the position at the end of the observation.

angle = a = arctan2
�

y2 � y1

x2 � x1

�
� 180 (2.3.2)

The angle is measured in degrees, anticlockwise from the right horizontal, as shown in
Figure 2.5. x1 and y1 are the pixel position at the start of the observation while x2 and y2

are the pixel position at the end of the observation. Using the associated rate and angle, the
previously calculated TRIPPy PSFs can then be convolved along a line with trail length and
angle equal to that of the trailed TNO and so create the trailed PSF (TSF) and measure the
instrumental magnitude of the TNO. Figure 2.5 shows and example TRIPPy trailed aperture.

2.3.2 Instrumental Zeropoints and Calibrated Magnitudes

In addition to measuring the brightness of the TNO in the GMOs image (called the instru-
mental magnitude), we must calibrate this to a photometric system so as to allow accurate
comparison with other objects. We therefore measure the instrumental magnitudes of a
number of background stars in the image that are part of the Pan-STARRS photometric
system (Tonry et al., 2012).

A list of Pan-STARRS stars within the image is identified by querying the Vizier database
(Ochsenbein et al., 2000) within the limits of the CCD. To ensure that there are no galaxies
within our list from Pan-STARRS we apply the condition that the difference between the
Kron magnitude and aperture magnitude is less than 0.3. We aim for at least 10 standard stars
with SNR > 200, however for a couple of images with worse seeing we work with as few
as 6 standard stars with SNR > 200. Their instrumental magnitudes are calculated similarly
to that of the TNO, using the appropriate aperture corrections. As the standard stars are not
trailed, a round aperture can be used for these sources. With this instrumental magnitude we
can calculate the zeropoint for each of these standard stars.
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Fig. 2.5 Example TRIPPY photometric aperture and sky box. On the left we show Figure 2 from
Fraser et al. (2016), with the angle, radius, and length of the trailed aperture labelled. On the right
we show the photometric aperture and sky box for an image of 2014 UL225. Due to the low rate
of motion across the sky the elongation of the aperture is difficult to visually distinguish for 2014
UL225. The pill aperture radius 1.2 Full Width Half Maximum (FWHM) is shown in white, and the
background was measured outside pill aperture, beyond a radius of 4 FWHM. The x and y axes show
pixel positions and the box is of width and height 12 FWHM.

Zstar; f = mPS;star; f � minst;star; f (2.3.3)

Zstar; f is the instrumental zeropoint for the standard star in filter f , mPS;star; f is the Pan-
STARRS magnitude in filter f and minst;star; f is the instrumental magnitude in filter f . The
instrumental zeropoint of the image is then taken as the weighted mean of each individual
standard star zeropoint. From this we can then calculate the calibrated magnitude of the TNO
for that frame of the observation.

mTNO; f = Zimage; f + minst;TNO; f (2.3.4)

Here mTNO; f is the calibrated magnitude of the TNO, Zimage; f is the instrumental zero-
point and minst;TNO; f is the instrumental magnitude of the TNO.

For accurate photometry our last step was to account for the photometric colour terms.
These allow us to take into account the colour sensitivity of the specific detector that we
are using, and remove these systematic errors. The colour term is calculated by observing
many stars with a range of colours and performing a least squares linear fit to the variation
of instrumental zeropoint of the star (Schwamb et al., 2019; Fraser et al., 2023). Fraser
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et al. (2023) calculated the colour terms for Col-OSSOS using a large number of stars across
Col-OSSOS frames, so we use their colour terms.

m f = mTNO; f � C f � (g � r) (2.3.5)

C f is the colour term for filter f . Between Gemini and Pan-STARRS the colour terms
are Cg = 0:019 � 0:005, Cr = 0:047 � 0:004, Ci = 0:198 � 0:016 and Cz = 0:096 � 0:012.
mTNO; f is the calibrated magnitude calculated from equation 2.3.4 while the (g � r) colour
is calculated for the calibrated magnitudes, as outlined in Section 2.3.3 below. m f is the
measured magnitude of the TNO, after all of the corrections and calibrations.

2.3.3 Lightcurve Corrected Colours

As described in Section 2.2.2, our approach for Col-OSSOS observations involved assuming
that any lightcurve effects remained linear throughout the observation period. Given that
the consecutive filter observations for each object typically spanned 1:5 � 3 hours, which
is considerably shorter than the typical rotation period of a TNO (e.g., Thirouin et al.,
2016; Thirouin & Sheppard, 2018, 2019a), we performed a linear fit in the r � band to
capture the change in brightness across the observations. We conducted a simultaneous
fitting procedure for each observation, mapping its measured filter magnitude onto this linear
trend of varying brightness. By quantifying the difference in magnitudes observed through
different broadband filters (e.g., g � band or i � band), we obtained a measure of the surface
colour of the TNO. Since each colour was evaluated relative to the linear slope, it remained
independent of any brightness changes resulting from rotational effects. Figure 2.6 presents
an example of one of these linear lightcurve fits. To estimate the uncertainties associated
with the colours, we generated 2000 iterations of TNO magnitudes in each filter by scattering
them within a Gaussian distribution according to the specified uncertainties and performed
the colour calculations for each iteration.

2.3.4 Photometry Pipeline Comparison

To validate the accuracy of my photometry pipeline and ensure consistency with Col-OSSOS
measurements, the final step involved comparing the output magnitudes obtained in each
filter. For this purpose, I utilised the observations of 2014 UL225 taken on 2021 January 1
as the test dataset. This optical follow-up to the original Col-OSSOS observation consisted
of additional optical filters and so provided an excellent opportunity to test the optical
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Fig. 2.6 Example of observed photometry, fitted light curve, and colours for 2014 UL225. The
observed r� , g� , z� and i� band measurement from my photometry pipeline are shown by circles,
with the colours corresponding to the filter as shown in the legend. The magnitudes corrected to
r� band, calculated with the fitted colours and my photometry pipeline, are plotted as squares with
colours again corresponding to the filter. The grey squares show the corrected magnitudes from the
main Col-OSSOS photometry pipeline for reference. The bottom part of the plot shows the fitting
residuals from 2000 fitting iterations, as explained in Section 2.3.3.

photometry pipeline. It comprised 17 exposures in the optical g-, r-, i-, and z-bands. A
magnitude was deemed ‘consistent’ if the magnitude measured by Col-OSSOS fell within
the magnitude uncertainties determined by my pipeline. The results of this comparison are
presented in Table 2.3.

The findings indicate that my pipeline yields magnitudes that align with those obtained
by the main Col-OSSOS pipeline. All magnitudes from my pipeline are within 2s of those
from the main Col-OSSOS pipeline, and the majority are within 1s . Consequently, I have
successfully validated the complex Col-OSSOS optical photometry pipeline by independently
replicating its results using my own pipeline. It is worth noting that my pipeline produces
slightly larger magnitude uncertainties compared to Col-OSSOS, as the primary objective of
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Filter MJD
Magnitude from

my pipeline
Magnitude from main
Col-OSSOS pipeline

Difference from main
Col-OSSOS pipeline

r_G0303 59218.297 23:201 � 0:036 23:208 � 0:024 � 0:007 � 0:043
g_G0301 59218.302 23:617 � 0:047 23:615 � 0:032 0:002 � 0:057
g_G0301 59218.306 23:582 � 0:047 23:584 � 0:032 � 0:002 � 0:057
g_G0301 59218.310 23:613 � 0:049 23:606 � 0:033 0:007 � 0:059
z_G0304 59218.315 23:108 � 0:085 23:093 � 0:057 0:015 � 0:102
z_G0304 59218.320 23:023 � 0:074 23:025 � 0:050 � 0:002 � 0:089
i_G0302 59218.324 23:106 � 0:049 23:110 � 0:033 � 0:004 � 0:059
i_G0302 59218.329 23:064 � 0:047 23:068 � 0:031 � 0:004 � 0:056
r_G0303 59218.333 23:374 � 0:045 23:378 � 0:030 � 0:004 � 0:054
i_G0302 59218.338 23:106 � 0:046 23:106 � 0:030 0:000 � 0:055
z_G0304 59218.342 23:308 � 0:113 23:311 � 0:075 � 0:003 � 0:136
z_G0304 59218.347 23:493 � 0:118 23:489 � 0:079 0:004 � 0:141
g_G0301 59218.351 23:701 � 0:075 23:703 � 0:050 � 0:002 � 0:090
g_G0301 59218.356 23:642 � 0:068 23:653 � 0:045 � 0:011 � 0:082
g_G0301 59218.360 23:967 � 0:114 23:972 � 0:076 � 0:005 � 0:137
g_G0301 59218.365 23:842 � 0:124 23:837 � 0:083 0:006 � 0:149
r_G0303 59218.369 23:310 � 0:071 23:299 � 0:047 0:010 � 0:084

Table 2.3 Comparison between final magnitudes from my optical photometry pipeline with those
from the main Col-OSSOS photometry pipeline. The exposure time for each observation was 300
seconds.

Col-OSSOS was to achieve the most accurate possible colour measurements. Nonetheless,
the uncertainties obtained from my pipeline remain within the same order of magnitude.
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P RO B I N G I C E L I N E / C O L O U R T R A N S I T I O N S W I T H I N T H E
K U I P E R B E LT ’ S P RO G E N I T O R P O P U L AT I O N S

Note, this chapter was conducted as part of my PhD (2019-2023) and first appeared as a
published article with the full details of the citation as below:
Laura E. Buchanan et al., "Col-OSSOS: Probing Ice Line/Color Transitions within the Kuiper Belt’s

Progenitor Populations", Planetary Science Journal, 3, Issue 1 (2022), 9

This chapter uses content from the published article, with some emendations and changes of
phrase used to better elaborate the work and provide additional supporting material.

The objective of this Chapter is to explore the possible locations of any volatile ice line
transitions that may have triggered colour 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 3.1 we discuss these observed surface colours in
the Kuiper belt, and the proposed primordial disk conditions that caused them. Section
3.2 contains a description of the Col-OSSOS photometry observations. In Section 3.3 we
describe how we created a comparison sample of Col-OSSOS observations that could later
be compared with the colour simulations. Section 3.4 describes the dynamical model by
Nesvorný & Vokrouhlický (2016) used in this work. In Section 3.5 we explain the colour
simulations, while Section 3.6 details the results of these simulations.

3.1 C O L O U R T R A N S I T I O N S I N T H E K U I P E R B E LT

Observations of the optical/near-infrared colours of non-dwarf planet Trans-Neptunian
Objects (TNOs) reveal a bimodal colour 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 3.1 we plot the g � r and r � J colours of the sample of

33
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Fig. 3.1 Optical and near-infrared (NIR) colours of Col-OSSOS E, H and L observing blocks. The
object 2013 UQ15 (orange circle) is dynamically consistent with the Haumea collisional family. The
solar colours, 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 colours at (g � r) = 0:75.

TNOs targeted by Col-OSSOS that are presented by Schwamb et al. (2019). Within the
colour distribution we categorise those TNOs with (g � r) magnitude � 0:75 as ‘neutral’
surfaces, and ‘red’ surfaces as those with (g � r) 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. As summarised in Section 1.3, cold classical TNOs show optically very red
surface colours (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 colours.
They are assumed to have formed in 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 colours shown in Figure 3.1 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 colours 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 colours
for the Kuiper Belt’s hot population. These include Dalle Ore et al. (2013) which presents a
taxonomy for TNOs based upon their albedo and colours. Dalle Ore et al. (2013) suggest
that the TNOs can be split into five taxonomic classes and that these taxa show a lack
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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 coloured surfaces present in the dynamically
excited population making up two well defined groups of objects, and the very red coloured
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
TNO surfaces. They suggest that the bifurcation in colours 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 colours.

In this chapter we consider a single dominant surface transition that created the distinct
red and neutral surface colours of the dynamically excited objects that we see today. A
schematic of this primordial outer solar system is shown in Figure 3.2 and we examine not
only the position of the colour changing surface transition, but also the order of surface
colours 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 colour
variations in the early planetary disk, and 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 (Nesvorný & Vokrouhlický, 2016),
along with Col-OSSOS photometry (Schwamb et al., 2019) of objects within the dynamically
excited TNOs 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 Origin Survey (OSSOS, Bannister et al., 2018), which has a well-measured
detection efficiency and pointing strategy. This afforded the unique opportunity to explore
the true frequency of surface colours within the Kuiper belt. The precision of the colours
measured by Col-OSSOS, combined with the well-characterised discovery survey OSSOS
enables the accurate investigation of the primordial colour distributions. Figures 6 and
7 in Nesvorný 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 (Nesvorný &
Vokrouhlický, 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
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Fig. 3.2 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 Nesvorný & Vokrouhlický (2016), with
Neptune being the outermost planet. The primordial planetesimal disk from which the dynamically
hot population originated is represented by the grey boxes, and ranges from 24 au to 30 au. It is split
into the inner and the outer primordial disk.

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 Nesvorný’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 TNOs and
the dynamically hot TNOs. 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 colour ratio in the disk. In contrast, we decided to test the inner neutral /
outer red disk due to the colours of Neptune’s Trojans. Neptune’s Trojans, believed to have
been captured onto Neptune’s orbit during Neptune’s migration, have predominantly neutral
coloured surfaces (Parker et al., 2013; Jewitt, 2018). Additionally the higher inclinations and
eccentricities of neutral coloured 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 Nesvorný 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 TNO
surface colours. In this inner neutral / outer red, if the colour transition were far enough out
in the disk it could potentially still support the origin scenario for the ‘blue binaries’.
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3.2 C O L O U R O B S E RVAT I O N S

The observations used for the primordial colour investigations in this Chapter were taken
from Col-OSSOS (Schwamb et al., 2019). Col-OSSOS selected objects from OSSOS with
r � band magnitudes < 23.6 and measured near simultaneous colours of these TNOs in g-, r-

and J-band optical and near-infrared filters. They achieved colour 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. 1h35m, decl. +13°28’) and L
(centered at R.A. 0h54m, decl. +3°50’) observing blocks that are published in Schwamb et al.
(2019), along with E (centered at R.A. 14h50m, decl. -12°32’) block (published in Fraser
et al., 2023). E, H and L blocks were used as they provide the most ‘complete’ colour sample
(minimising the fraction of the sample with unknown colours). Since the release of Schwamb
et al. (2019) some of the Col-OSSOS photometry values have been slightly revised due to
minor updates to the software pipeline; these updated values are presented in Table A.2. 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. (2023) for E block.

Figure 3.1 shows the (g � r) and (r � J) colours that were measured by Col-OSSOS for
these three observing blocks. The resulting bimodal colour distribution in the hot population
and consistently optically very red surfaces for the cold classicals was in agreement with
previous colour surveys (e.g. Fraser & Brown, 2012; Peixinho et al., 2012, 2015; Fraser et al.,
2015; Petit et al., 2017). In Table A.2 we summerise the orbital parameters, along with the
colours of the TNOs in the E, H and L block Col-OSSOS sample. In Figure 3.3 we show the
orbital parameters of these TNOs.

3.2.1 Potential Correlation in Neutral Class

Schwamb et al. (2019) report a tentative anti-correlation in the neutral coloured objects (those
TNOs with (g � r) < 0:75) of their sample in (g � r)=(r � J) colour space. We performed a
Spearman rank statistic test on the colours of our E, H and L block targets. We removed the
Haumea collisional family member (2013 UQ15) from the colour 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
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Fig. 3.3 Barycentric orbital parameters, derived from Bannister et al. (2018), of TNOs with Col-
OSSOS surface colours presented in this Chapter. One TNO at a= 150 au in H Block is omitted for
better resolution. The 1s uncertainties are smaller than the size of the plot symbol. The colours of the
points represent the object’s surface colours (as defined in Section 3.1), with red colours indication
red surfaces and blue indicating neutral surfaces.

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 colour 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, 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) colour space.

3.3 C O L - O S S O S C O M PA R I S O N S A M P L E

The Col-OSSOS observations outlined in Section 3.2 could not be directly compared with the
simulation outputs we discuss in Section 3.4.1. For any comparisons between the two to be
accurate we had to ensure consistent treatment of both the observed and the simulated TNOs.
Here we summarise 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’.
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3.3.1 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 TNOs to decide what would have been
detected. Col-OSSOS selected any OSSOS targets with magnitudes brighter than Hr of 23.6
to observe for colour 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 colour as ‘unknown’.

As mentioned in Section 3.1, we split the Col-OSSOS colours into red and neutral
surfaces based on their (g � r) magnitude (red surfaces with (g � 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 � r) magnitude the colour of this object could still be
characterised and so it was kept within the comparison sample.

3.3.2 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 colours (Brown et al., 2007a;
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.

3.3.3 Dynamical Cuts

In this work we were investigating the hot population TNOs that were implanted onto their
current orbits by interactions with Neptune. In order to investigate the red and neutral
surfaces of the hot population TNOs, we wanted our sample made up of those TNOs that
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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 TNOs on hot classical, scattering and detached
orbits.

We ensured that there were no TNOs on cold classical orbits in either the comparison
sample or in the simulated TNO population. Although cold classical TNOs 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 TNOs
and scattering disk objects, overlap. OSSOS strove to dynamically classify their observed
TNOs accurately. However, as the dynamical model did not classify the synthetic TNOs
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 TNOs as those
on classical orbits with inclinations less than 5� , and therefore remove all OSSOS defined
low inclination classical TNOs. By applying this definition we were also able to remove any
simulated TNOs on the same orbits, as described in Section 3.4.1.

Objects in strong MMRs are likely to include objects with cold classical surfaces captured
during planetary migration (Thirouin & Sheppard, 2019b), so removing objects trapped in
MMRs is necessary to understand the colour 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 TNOs in the main MMRs (3:2,
5:2, 4:3, 5:3, 7:4 and 2:1, Nesvorný & Vokrouhlický, 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 TNOs 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 TNOs their surfaces may
undergo thermal processing that would change their surface colours. 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
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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).

3.3.4 Comparison Sample Statistics

After the various limits outlined above we were left with 20 TNOs, making up our comparison
sample of Col-OSSOS observations. The resulting sample is shown in Figure 3.4, where
we show the observed g� , r� , and J� band colours of the sample, along with their corre-
sponding observing block. This comaprisons sample is also shown in Table 3.1, including
the red/neutral colour class assigned based on their (g � r) magnitude as described in Section
3.3.1. It is made up of 13 hot classical TNOs, 6 scattering TNOs and one detached TNO. In
Figure 3.5 we plot the orbital elements of the comparison sample objects. This left us with a
total of 9 red surfaced TNOs, 10 with neutral surfaces and 1 object with unknown surface
colours. These numbers are summarised in Table 3.2.

Fig. 3.4 Col-OSSOS photometry of observed non-resonant, non-Centaur, dynamically excited objects
in E, H and L observing blocks. The red/neutral colour split is placed at a (g � r) magnitude of 0.75.
The colour distribution of objects before these cuts in E, H and L blocks is shown in Figure 3.1. The
star shows solar colours.
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MPC OSSOS ID Classification Mean mr Hr a (au) e i (� ) (g � r) (r � J)
2002 GG166 o3e01 sca 21.5� 0.09 7.73 34.42 0.590 7.71 0.59� 0.01 1.5� 0.05
2001 FO185 o3e23PD cla 23.37� 0.08 7.09 46.45 0.118 10.64 0.86� 0.02 1.87� 0.07
2013 GO137 o3e29 cla 23.46� 0.08 7.09 41.42 0.091 29.25 0.77� 0.03 1.73� 0.06
2013 GP136 o3e39 det 23.07� 0.07 6.42 150.24 0.727 33.54 0.77� 0.02 1.63� 0.07
2013 GG138 o3e44 cla 23.26� 0.09 6.34 47.46 0.028 24.61 1.09� 0.03 1.85� 0.08
2013 HR156 o3e49 sca 23.54� 0.09 7.72 45.72 0.188 20.41 0.58� 0.03 ...� ...
2013 GM137 o3e51 cla 23.32� 0.23 6.90 44.10 0.076 22.46 0.6� 0.04 1.19� 0.13
2013 UR15 o3l01 sca 23.06� 0.06 10.89 55.82 0.719 22.25 0.67� 0.02 1.64� 0.09
2013 SZ99 o3l15 cla 23.54� 0.13 7.65 38.28 0.017 19.84 0.59� 0.02 1.54� 0.08

2010 RE188 o3l18 cla 22.27� 0.05 6.19 46.01 0.147 6.76 0.68� 0.02 1.43� 0.08
2013 UM171 o3l29PD cla 23.56� 0.09 7.29 42.48 0.079 12.99 ...� ... ...� ...
2013 SA100 o3l79 cla 22.81� 0.04 5.77 46.30 0.166 8.48 0.66� 0.02 1.4� 0.05
2014 UQ229 o4h03 sca 22.69� 0.21 9.55 49.90 0.779 5.68 0.94� 0.02 2.0� 0.06
2014 UK225 o4h19 cla 23.23� 0.06 7.43 43.52 0.127 10.69 0.98� 0.02 1.68� 0.06
2014 UL225 o4h20 cla 23.03� 0.07 7.24 46.34 0.199 7.95 0.56� 0.03 0.77� 0.13
2014 UH225 o4h29 cla 23.31� 0.06 7.30 38.64 0.037 29.53 0.53� 0.02 1.63� 0.06
2014 UM225 o4h31 sca 23.25� 0.06 7.21 44.48 0.098 18.30 0.79� 0.01 1.53� 0.06
2007 TC434 o4h39 sca 23.21� 0.05 7.13 129.94 0.695 26.47 0.67� 0.02 1.5� 0.06
2001 RY143 o4h48 cla 23.54� 0.08 6.80 42.08 0.155 6.91 0.89� 0.03 1.89� 0.07
2014 UN228 o4h75 cla 23.37� 0.11 7.46 45.87 0.173 24.02 0.62� 0.06 1.35� 0.19
1 This object do not have Col-OSSOS observations.

Table 3.1 Objects from Col-OSSOS E, H and L Blocks that will be compared with the simulations.



3.4. DYNAMICAL MODEL OF NEPTUNE'S MIGRATION 43

Fig. 3.5 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 coloured surfaces ((g � r) < 0:75), red triangles are the objects with red
coloured surfaces ((g � r) � 0:75) and the grey square represents the TNO within the sample with no
Col-OSSOS observations.

Observing Block Neutral Red Unknown
E 3 4 0
H 4 4 0
L 4 0 1

Total 11 8 1
Table 3.2 Summary of the numbers of red, neutral and unknown coloured surfaces among the sample.

3.4 DY N A M I C A L M O D E L O F N E P T U N E ’ S M I G R AT I O N

In order to create our simulated Kuiper belt population we took the orbital parameters of
synthetic TNOs from Nesvorný & Vokrouhlický (2016), and applied a colour 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 Nesvorný (2015b) widened the inclination distribution of the
resulting Kuiper belt, while Neptune’s migration ‘jump’ in Nesvorný (2015a) aids in the
creation of the cold classical kernel. The addition of massive planetesimals to the disk in
Nesvorný & Vokrouhlický (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., 2009; Petit et al., 2011) observations they
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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 3.6 shows the pre- and post-Neptune migration disk for this model, with the
synthetic TNOs coloured 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 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 coloured 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 TNOs immediately after the period of giant planet migration
were recorded. We could therefore create a synthetic Kuiper belt hot population with colours
that corresponded to the original locations of these objects within the primordial Kuiper belt.

3.4.1 Dynamical Cuts

As mentioned in Section 3.3.3, 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 3.3.3 to the synthetic
post-Neptune migration disk. We removed the major MMRs identified by Nesvorný &
Vokrouhlický (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
TNOs using the same conditions as Section 3.3.3. 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 TNOs out of the original
� 4200.

3.5 C O L O U R S I M U L AT I O N S

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 3.1, we assumed that
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Fig. 3.6 An example simulated Kuiper belt population from the model of Nesvorný & Vokrouhlický
(2016) after the dynamical cuts outlined in Section 3.4.1. This example has an inner red / outer neutral
primordial disk, and colour transition at 26 au. The red points represent redder surfaced TNOs, while
the blue points represent neutral surfaced TNOs. The left column shows the objects in the primordial
disk, while the right column show the objects post-Neptune migration from the model of Nesvorný &
Vokrouhlický (2016).

there was a dominating colour transition that caused the bimodal colour distribution that is
seen in the Kuiper belt today. We applied colours to the simulated Kuiper belt of Nesvorný
& Vokrouhlický (2016), based on where the synthetic TNOs originated before Neptune’s
migration. This simulated a dominant colour 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 colour transition position out through the
pre-Neptune migration disk we investigate possible initial disk layouts produced the Kuiper
belt colours observed by Col-OSSOS.
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3.5.1 Building the Synthetic TNO Population

After the dynamical cuts outlined in Section 3.4.1, the Nesvorný & Vokrouhlický (2016)
synthetic population contained � 3500 simulated TNOs.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. Nesvorný & Vokrouhlický (2016) tracked their synthetic TNOs 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 Nesvorný &
Vokrouhlický (2016) model in order to increase the number of synthetic objects. In order to
calculate how many synthetic objects were needed we generated possible Hr distributions,
which we compared with the Hr 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 Nesvorný & Vokrouhlický (2016).

We generated absolute magnitudes and derived brightnesses using the OSSOS survey
simulator. Previous work has shown that the Hr magnitude distribution of hot population
TNOs within the Kuiper belt follows a broken exponential with a sharp transition (e.g.
Fraser et al., 2014b; Shankman et al., 2016; Lawler et al., 2018b). The bright end of this Hr

magnitude distribution has a more steep slope than the faint end, with the break between these
at a Hr magnitude of 7.7 (Lawler et al., 2018b) as shown in Figure 3.7. We use the divot case
of the Hr 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 colour distributions
in the hot population has been identified, we made the assumption that the red and neutral
surfaced objects followed the same Hr magnitude distribution. Previous works (e.g. Brucker
et al., 2009; Lacerda et al., 2014b; Fraser et al., 2014a) have identified a difference in albedos
for red and neutral surface coloured TNOs. However, we are working exclusively in Hr

magnitude and as stated earlier the same power law slopes have been observed to describe
both the red and neutral coloured brightness distributions. The bright end of the Hr magnitude
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distribution (with Hr < 7:7) followed Equation 3.5.1, with the exponential slopes derived
from Lawler et al. (2018b).

Fig. 3.7 The left plot shows the cumulative Hr magnitude distribution. It follows the broken exponen-
tial outlined by Equations 3.5.1 and 3.5.2. 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 Hr magnitude distribution in black. In grey is the cumulative Hr magnitude
distribution of 50 simulated Kuiper belt populations, biased by the OSSOS survey simulator.

N(� Hr) = A10a1(Hr� H0) (3.5.1)

Where N(� Hr) is the cumulative number of objects at Hr magnitude Hr, H0 = 3:6 is a
normalisation constant with value equal to the brightest Hr magnitude for OSSOS detections,
A is a scaling factor equal to the number of objects at H � H0, and a1 = 0:9 (Fraser et al.,
2014b). The magnitude distribution after the break is described by Equation 3.5.2.

N(> Hr) = A10a1(HB� H0) + B10a2(H� HB) � B (3.5.2)

B = cA
a1

a2
10(a1(HB� H0)) (3.5.3)

Where HB is the break in the Hr magnitude distribution (HB = 7:7; Lawler et al., 2018b),
the contrast value c = 0:85, and a2 = 0:4 (Fraser et al., 2014b). We chose a Hr 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 3.5.1 and 3.5.2 (Brown, 2008). The limit of 11
was chosen due to there being few OSSOS TNOs (and no Col-OSSOS TNOs) with absolute
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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 c were adjusted until the simulated distribution (after
being run through the OSSOS survey simulator) best matched the observed Hr distribution
from the non-resonant, non-Centaur, dynamically excited objects in OSSOS. As shown in
Figure 3.7, the cumulative numbers of objects with increasing Hr magnitude were compared
between the observations and the biased simulations. A Kolmogorov-Smirnov (KS) test was
used to identify the best matching Hr 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 TNOs gave us ‘observed’ TNOs with a Hr distribution consistent with that observed
by OSSOS.

Once we found the Hr distribution that best matched what OSSOS observed, we assigned
these brightnesses to our synthetic TNOs. The semimajor axes, eccentricities and inclinations
were taken directly from the Nesvorný & Vokrouhlický (2016) particles, after the dynamical
cuts described in Section 3.4.1. Values for the longitude of node, the argument of pericenter,
and the mean anomaly were also generated for the simulated TNOs. 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 randomised over � 4 billion years (Brasser et al.,
2006a). Surface colours also needed to be allocated to the simulated TNOs. The colours 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 3.6. The mean (g � r) and
(r � J) magnitudes were taken from the red and neutral coloured 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 (g � r) = 0:6 and (r � J) = 1:4 and for the red
surfaced objects they are (g � r) = 0:9 and (r � J) = 1:6.

3.5.2 Running the Colour 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 TNOs
within the OSSOS observing fields. From this we selected the synthetic TNOs 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 colours. The
‘virtual Col-OSSOS’ was then compared with the Col-OSSOS comparison sample outlined
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in Section 3.3. By creating numerous virtual colour surveys for each initial disk layout, we
worked out what fraction of these colour simulations matched the numbers of each surface
colour 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 3.3, 2013
UM17 in L block has unknown surface colours. We therefore allowed for two scenarios for
this object: in scenario A the unknown surface was neutral coloured, while in scenario B
it was red. In Table 3.3 we summarise 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 colour 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 colours due to these Poisson errors are summarised in Table 3.3.

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 TNOs consistent with our Col-OSSOS comparison sample. The total number of TNOs
in E, H and L observing blocks is given in Table 3.3, and all three observing blocks had to
have total number of TNOs 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 colour simulations until we had 40,000 cases with this total number
of TNOs matching. Of these 40,000 cases that matched the total number of TNOs, we then
investigated how many of them also had a total number of each surface colour within the
Poisson limits on the Col-OSSOS comparison sample (given in Table 3.3). Again, these
numbers of each surface colour had to be matched in all observing block simultaneously. We
used this to work out what percentage of our colour simulations matched the Col-OSSOS
comparison sample. We repeated this for each position (in steps of 0.5 au) for the colour
transition in the initial disk, and each colour 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.
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Observing Block Neutral Red Total

E 3+ 5
� 2 4+ 5

� 3 2 � x � 17
H 4+ 5

� 3 4+ 5
� 3 2 � x � 18

LA 5+ 6
� 3 0+ 3

� 0 2 � x � 14
LB 4+ 5

� 3 1+ 4
� 1 1 � x � 14

Table 3.3 Summary of the numbers of red, neutral and unknown coloured surfaces among the
comparison sample, along with their associated Poisson errors. In scenario A (LA) the unknown
surface colours are assumed to be neutral coloured, and in scenario B (LB) they are assumed to be red.
In the column ‘Total’ we show the ranges that the total number of TNOs could have in each scenario
(where x is the number of TNOs), in each observing block.

3.6 R E S U LT S A N D D I S C U S S I O N

In Figure 3.8 we show the fraction of colour simulations that are consistent with the Col-
OSSOS observations as a function of colour transition distance, ranging from 24 au to � 30
au for both potential colour 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 3.8 the results from each colour 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 colour distributions to be viable.

Based on our results we found the transition distance to be 27 � 3 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

� 3 au.
As mentioned in Section 3.1 ‘blue binaries’ are proposed to have formed at � 38 au

(Fraser et al., 2017), separately from both the cold classical TNOs and the dynamically hot
TNOs. 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 colour
transition position for our inner neutral / outer red is not consistent with the origin scenario
of the ‘blue binaries’ within Fraser et al. (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
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Fig. 3.8 Shows how the percentage of simulations matching the colour 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 colours 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 grey shaded region shows the region that the simulations cannot be
ruled out to a 95% confidence level.

suggests that transition positions beyond 30 au could be possible in the potential case that
the initial disk extended beyond 30 au.

Nesvorný et al. (2020) have also explored possible colour 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 coloured surfaces of Neptune’s trojans, and proposed a colour
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 colour transition between � 38
and 42 au based on the lack of red surface TNOs at higher eccentricities. Both of these works
find that the inner neutral / outer red disk are consistent with the modern day Kuiper belt
colours, in agreement with our findings. However, as alternate disk models were used, a
direct comparison in possible colour 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 colour/inclination distribution.
Marsset et al. (2019) showed that colour and inclination in the Kuiper belt are correlated,
with higher inclined TNOs tending to have more neutral surface colours. Therefore we
performed a two dimensional Kolmogorov Smirnov test on the colour and inclination, so



3.7. CONCLUSIONS 52

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
TNOs the colours were either a (g � r) value of 0.9 for red TNOs, or 0.6 for neutral coloured
TNOs. The inclinations assigned were simply the inclinations from the dynamical model for
the simulated TNOs, and the observed inclinations for the Col-OSSOS comparison sample.

We performed 2D KS tests for the most likely colour 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 colour distribution when biased by the OSSOS survey simulator.
We then created a ‘supersample’ of the orbital inclinations and surface colours 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.

These 2D KS tests provided a statistical measure of the maximum difference between the
colour simulations and the Col-OSSOS comparison sample in colour/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 colour and inclination distributions
neither of the initial disk layouts can be ruled out.

3.7 C O N C L U S I O N S

In this Chapter we used a dynamical model of the Kuiper belt’s formation through Neptune’s
migration (Nesvorný & Vokrouhlický, 2016) to investigate the location of a dominant colour
changing ice line in the primordial Kuiper belt. We compared these colour 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 colours of Neptune’s Trojans, Parker et al., 2013; Jewitt, 2018). Assuming that the
distribution from Nesvorný & Vokrouhlický (2016) was accurate, we find that both inner red
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/ 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

� 3 au, to a 95% confidence level. For an inner red / outer neutral primordial
disk the ice line is located at 27+ 3

� 3 au, to a 95% confidence level. A 2-dimensional KS
test was used to investigate the correlation between inclination and surface colour in the
simulations, and confirmed that neither initial disk layout can be ruled out based on these
colour 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 TNO surfaces presents a potential limitation to this
work. As discussed in Section 3.5.1, we assume that the red and neutral surfaced TNOs
follow the same Hr magnitude distribution. Previously, it has been show that the red and
neutral coloured TNOs have differing surface albedos (e.g. Brucker et al., 2009; Lacerda et al.,
2014b; Fraser et al., 2014a). This could potentially influence the the conversion between our
absolute Hr magnitudes and the sizes of the TNOs.

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 analysed sample of Col-OSSOS
colours was unable to rule out this scenario. Recent works have explored dynamical models
with a low mass disk extension beyond 30 au (e.g. Nesvorný et al., 2020; Ali-Dib et al.,
2021)). In the case of the inner neutral / outer red disk, the most probable colour 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 colour
transition positions that produce the modern day Kuiper Belt colours. 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’
TNOs can be produced. Consequently, we cannot rule out either of our initial disk layouts
based on their ability to produce the ‘blue binary’ TNOs. Nesvorný (2015a) suggest that the
low inclination hot classical TNOs (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
colour 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 colour surveys and
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dynamical models to further investigate possible colour transition positions in these different
scenarios.



4
F U RT H E R E X P L O R AT I O N O F C O L O U R T R A N S I T I O N S I N T H E
K U I P E R B E LT

4.1 I N T RO D U C T I O N

Small (r mag > 22), dynamically excited Trans-Neptunian Objects (TNOs) exhibit a bimodal
distribution of surface colours (Fraser & Brown, 2012; Peixinho et al., 2012, 2015; Fraser
et al., 2015; Schwamb et al., 2019), split into redder and more neutral coloured surfaces. The
dynamically excited TNOs formed further into the Solar System than they are today, and
then were emplaced onto their current orbits by a period of giant planet migration in the early
Solar System (Tsiganis et al., 2005; Morbidelli et al., 2005; Stephens & Noll, 2006; Nesvorný
et al., 2007; Levison et al., 2008). It is hypothesised that the colour distribution originated
from the primordial disk that gave rise to the Kuiper belt, potentially through a surface
colour changing ice line (Fraser & Brown, 2012; Dalle Ore et al., 2013). In Chapter 3, we
examined the origin positions of different TNO surfaces using the partially complete Colours
of the outer Solar System Origins Survey (Col-OSSOS, Schwamb et al., 2019), together
with the dynamical model of Nesvorný & Vokrouhlický (2016). At this time there were
60 TNOs with coloured measured by Col-OSSOS, with one observing block only partially
complete. Building on this foundation, in this chapter we have conducted a more extensive
investigation of these colour/surface transitions in the primordial Solar System by utilising
the fully complete Col-OSSOS survey and multiple dynamical models. All Col-OSSOS
observing blocks are now complete (all TNOs within brightness limit have measured colours),
making up a total of 102 TNOs. We adopt an alternative statistical method, using Binomial
statistics rather than matching the exact observed number of each surface.

Additionally, Col-OSSOS has since introduced new, alternative compositional classifi-
cations of brightIR and faintIR (Fraser et al., 2023). This surface definition uses the solar
reddening line to categorise TNO surfaces based on their spectral slopes, with brightIR TNOs
brighter in the NIR wavelengths than faintIR. In this chapter, we examine the position of
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the surface colour-changing line in the primordial Kuiper belt in the context of both the
red/neutral surface classifications and the brightIR/faintIR classifications. Furthermore, we
explore both the dynamical model from chapter 3 (Nesvorný & Vokrouhlický, 2016) as well
as the implications of an extended primordial disk (Nesvorný et al., 2020), which has a lower
mass extension beyond the � 24 au to � 30 au disk explored in Chapter 3. Finally, we use the
Canada-France Ecliptic Plane Survey (CFEPS, Petit et al., 2011) L7 model of the Kuiper
belt to investigate the intrinsic fractions of red/neutral and brightIR/faintIR surfaces in the
Kuiper belt. This final investigation uses an estimate of the intrinsic Kuiper belt today to
probe the different surface ratios within the dynamically excited populations, independent of
our explorations of the different surface origin positions.

The objective of this chapter is to investigate the configuration of the primordial popula-
tion that is the parent to the dynamically hot Kuiper belt before Neptune’s migration. This
chapter focuses on the location of the split in differing surfaces in the primordial disk, as
well as the ordering of these surfaces. While Chapter 3 used the Col-OSSOS observations to
set the expected number of each surface type and looked for configurations that matched this
accepted value, this chapter takes a different approach. We instead use Binomial statistics to
predict the probability of the observed outcome, using the models to provide the predicted
outcome and calculating the probability of the observed outcome based on this prediction.
This has the advantages of allowing for non-integer expectation values, and a more accurate
estimation of the correct number. We assign colours to simulated TNOs in the pre-Neptune
disk base on their initial positions. By shifting the position of the surface changing line in
the initial disk (or the intrinsic ratio of colours/surfaces), we can calculate the probability of
each of these cases producing our observed numbers.

The complete Col-OSSOS, along with using Binomial probabilities allows us to take a
new look at the colour distributions within the dynamically excited TNOs. As Col-OSSOS
TNOs were discovered in a fully characterised survey with an accompanying survey simulator
we can bias the simulated TNOs in the migration models to what Col-OSSOS would have
observed. We initially investigate the origin positions of different surfaces in the Kuiper
belt in Section 4.2. In Section 4.2.1 we summarise the dynamical models used in this
work, followed by the dynamical cuts made for accurate comparison with the Col-OSSOS
observations in Section 4.2.2. In Section 4.2.3 we outline the Col-OSSOS observations used
to compare with the models, and the subsamples we use for comparison with each model. In
Section 4.2.5 we describe the colour simulations we have performed and in Section 4.2.6 we
discuss the results of these simulations. In Section 4.3 we discuss our investigation of the
intrinsic ratios of different surfaces within the Kuiper belt.



4.2. COLOUR SIMULATIONS 57

4.2 C O L O U R S I M U L AT I O N S

This chapter employs two dynamical models of the Kuiper belt’s through the migration of
Neptune (Nesvorný & Vokrouhlický, 2016; Nesvorný et al., 2020) in order to study colour
transitions in the primordial disk. Our aim is to examine the radial position of a surface
changing line in the primordial Kuiper belt, and how it relates to the colours and surface types
observed in the Kuiper belt today. We provide a summary of each model and describe the
specific dynamical criteria employed to ensure accurate comparisons with the Col-OSSOS
observations. Additionally, we present the methodology employed in the colour simulations
and discuss the outcomes of these simulations. Our analysis encompasses the transition
positions for both red/neutral surface colours and a separate investigation of brightIR/faintIR
surfaces.

In this investigation, we use two distinct dynamical models, namely Nesvorný & Vokrouh-
lický (2016) and Nesvorný et al. (2020). The former model enables us to examine surface
transition lines spanning approximately � 24 au to � 30 au, while the latter model offers an
alternative migration scenario with potential transition positions ranging from � 24 au to � 55
au. We step the colour/surface transition through the range of transition positions for each
migration model, so the post-Neptune migration simulated TNOs have surfaces assigned
based on their starting positions. To ensure consistent and reliable comparisons between
the simulation results and the dynamically excited populations observed in Col-OSSOS,
we apply a set of dynamical constraints to both the dynamical models and the observed
TNOs. By utilising the OSSOS survey simulator, we can directly compare the simulated
TNOs with the observations from Col-OSSOS, allowing us to determine the most plausible
compositions of the primordial disk that could give rise to the observed Kuiper belt. We use
binomial probabilities to assess the likelihood of attaining the observed outcomes using the
simulated surface populations. Through adjusting the position of the surface transition within
the pre-Neptune migration disk, we investigate the optimal location that best reproduces the
colours observed by Col-OSSOS in the present-day Kuiper belt.

In Chapter 3, we explored the presence of an inner red / outer neutral disk as well as an
inner neutral / outer red disk. Potential observational evidence of the former is the presence
of ‘blue binaries’, neutral-coloured TNO binaries that are believed to have formed at � 38
au (Fraser et al., 2017), implying that neutral-coloured TNOs formed further out in the disk.
The latter is based on the fact that the majority of known Neptune Trojan colours at the time
were neutral (16 out of 17 were neutral Parker et al., 2013; Jewitt, 2018), consistent with the
notion that neutral objects formed further inward. Since that work was conducted, there has
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been a significant increase in the number of known Neptune Trojan colours. Specifically,
Bolin et al. (2023) measured the colours of an additional 15 Neptune Trojans and discovered
four more red surfaces, implying that a closer in transition from red to neutral is needed to
account for the distribution of surface colours in the Neptune Trojans. Bolin et al. (2023)
suggest that a transition inward of 30 � 35 au is necessary to account for this distribution,
although they only discussed the inner neutral / outer red disk. These observations aid us
in interpreting the results of our simulations, and the criteria needed to be consistent with
observations has developed since the work in Chapter 3.

4.2.1 The Migration Models

The two dynamical models we use in this work are Nesvorný & Vokrouhlický (2016) and
Nesvorný et al. (2020), these are N-body simulations of the migration of Neptune through a
planetesimal disk. Although they both have similar conditions for the migration of Neptune,
the planetesimal disks from which their simulated Kuiper belts originate differ. For the
Nesvorný & Vokrouhlický (2016) migration model the initial disk spans between � 24 au and
� 30 au. We therefore refer to this migration model as the condensed disk model. For the
Nesvorný et al. (2020) migration model there is a similar condensed disk between � 24 au
and � 30 au, with the addition of an extended disk from � 30 au and � 50 au. We therefore
refer to this model as the extended disk model.

4.2.1.1 Condensed Disk Model

In Chapter 3, we utilised the simulated orbital parameters presented by Nesvorný & Vokrouh-
lický (2016). Here we use the same dynamical model (now referred to as the condensed
disk model), which involved an N-body simulation depicting the formation of the Kuiper
belt. This simulation accurately tracked the trajectories of the simulated TNOs from their
initial positions to their ultimate orbits. The dynamical model is fully described in Chapter 3
and consists of five giant planets and a slow migration of Neptune, where the migration is
grainy due to scattering with massive planetesimals throughout its migration. As previously
discussed in Chapters 1 and 3, this particular model of Kuiper belt formation demonstrates
a reasonable level of accuracy in replicating the characteristics of the current Kuiper belt.
Notably, it effectively addresses the issue of overpopulated resonances that had plagued
earlier dynamical models. The initial disk in this model spanned approximately 24 au to 30
au, and in Figure 4.1 a visual representation of the simulated TNOs pre- and post-Neptune
migration is presented.
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Fig. 4.1 The simulated orbits from the condensed disk model (Nesvorný & Vokrouhlický, 2016), the
left column showing the orbit before Neptune’s migrations, and the right column showing the orbits
post-migration.

4.2.1.2 Extended Disk Model

The extended disk model is a further development of the condensed disk model. It consists
of a similar disk between � 24 au and � 30 au, and then an extension beyond this with a
lower density of simulated TNOs. This model allows investigations with TNOs that formed
at further out distances, while keeping the density beyond 30 au low enough that Neptune’s
outward migration stops at its current orbit. In this simulation Neptune starts at 24 au and
migrates outwards for 0.5 Gyrs. The first stage of this has an e-folding exponential migration
timescale (t ) of 10 Myrs, then has a ‘jump’ in its migration of 0.4 au before continuing
outwards with t of 30 Myrs to its current orbit at 30.11 au. The primordial disk is made
up of 2 � 106 simulated TNOs, with a total disk mass of 20 MEarth. Within this disk are
2000 Pluto-mass particles, throughout its migration Neptune interacts with these causing a
‘graininess’ and aiding in reducing the number of TNOs that are left in the MMRs. There
are a number of disk profiles tested by Nesvorný et al. (2020) (exponential, truncated, and a
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hybrid of the two), and in this case we are using the truncated disk profile as it best matches
the orbital structure within the Kuiper belt for this migration timescale. This profile is shown
in Figure 4.2 where the surface density S is arbitrarily normalised to 1, and the profile is
described by S µ 1

rg . Here r is the radial distance through the disk and g = 2. Beyond 30
au there is a step down in surface density parameterised by the contrast c (where S µ 1

c
1
rg ),

equal to 1000 for this work (from Nesvorný et al., 2020). The significant drop in disk density
at 30 au is essential to ensure that Neptune stops its migration on an orbit of � 30 au, while
the low mass extension means that there is material in the initial disk that extends to near the
cold classical formation region.

Fig. 4.2 The truncated disk profile for the initial population used with the Nesvorný et al. (2020)
migration model.

4.2.2 Dynamical Cuts to the Model

For this work we are only investigating TNOs that were emplaced onto their current orbits
by the migration of Neptune. We also want to ensure that we make accurate comparisons
between the model and observations, therefore we employ consistent dynamical criteria for
both, guaranteeing that any synthetic TNOs within our generated populations would have
also been detectable by Col-OSSOS. Therefore, we outline below how and why we remove
the cold classical TNOs, those on MMRs and the centaur populations, along with any TNOs
further out that will have significantly evolved orbits beyond the end of Neptune’s migration.
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Although the majority of the dynamical cuts to the condensed and extended disk models are
identical, we treat the MMR differently. This is discussed in Sections 4.2.2.1 and 4.2.2.2.

Due to an overlap in inclination space for hot and cold classical TNOs, we remove any
simulated TNOs on classical orbits with inclinations below 5� . A more modern definition for
cold classical orbits uses a ‘free inclination’ cut of 6� , where the free inclination is the orbit’s
inclination relative to a local forced precession pole (Huang et al., 2022). As the orbital
plane of TNOs precess due to interactions with the giant planets the ecliptic inclination varies
slightly in time, while the free inclination is more stable due to being measured relative
to the precession pole. Although these free inclinations are available for the observations,
they cannot be accurately computed for the simulated TNOs. This would require significant
further integrations of the orbits in order to calculate their distances from the n18 secular
resonance (Huang et al., 2022). Therefore, we are using the ecliptic inclinations which have
historically been used to define the cold classicals. Using the classical belt orbits defined
by Gladman et al. (2008), we categorise classical TNOs as those with semimajor axis range
37.37 au < a < 55.1 au and eccentricities below 0.24. We therefore remove any synthetic
TNOs within these limits, with inclinations less than 5� .

Accurately tracing the origin position of TNOs on the major MMRs is not reliably achiev-
able. Their orbital evolution in the 4 Gy since the end of Neptune’s migration takes away
the ability to accurately trace the origin positions of TNOs on major MMRs. Additionally,
cold classical TNOs can be captured onto the MMRs, and therefore contaminate the surface
populations (Thirouin & Sheppard, 2019b). Accordingly we remove the major MMRs from
both the simulations and the observations. The different treatments for MMR removal are
covered in Sections 4.2.2.1 and 4.2.2.2.

Centaur TNOs have shorter dynamical lifetimes, and so have likely significantly evolved
in their orbits since the end of Neptune’s migration (Volk & Malhotra, 2013). Additionally,
centaurs pass closer to the sun on their orbits, and so their surfaces can undergo processing
and therefore may no longer be primordial (Peixinho et al., 2020). We therefore define
a centaur orbit classification, based on that of Gladman et al. (2008) and remove these
orbits from both the simulations and the observations. For this adapted definition we use
a semimajor axis less than that of Neptune, aphelion distance > 11 au. Finally we include
the condition that the simulated TNOs must have semimajor axis less than 250 au and a
perihelion distance < 45 au. TNOs with orbits beyond these limits have likely significantly
evolved since the end of Neptune’s migration (Schwamb et al., 2010).
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4.2.2.1 Condensed Disk Model MMRs

The final orbits of the simulated TNOs in the condensed disk model were forward integrated.
Therefore the TNOs on the major MMRs could be identified. As in Chapter 3, we remove
the simulated TNOs on the 3:2, 5:2, 4:3, 5:3, 7:4, and 2:1 MMRs identified by Nesvorný &
Vokrouhlický (2016).

4.2.2.2 Extended Disk Model MMRs

The final orbits of the extended disk model have not been forward integrated and so the
MMRs have not been dynamically identified. We instead use a semimajor axis cut for
the three strongest MMRs. These MMRs are reasonably isolated, allowing us to remove
the simulated TNOs that would potentially be on MMR orbits without significantly losing
additional non-resonant TNOs. For each of these MMR we used the semimajor axis centre of
the MMR, removing any simulated TNOs within � 0:5 au of it. Therefore, for the 3:2 MMR
this is 39.45 � 0.5 au, for the 2:1 MMR this is 47.8 � 0.5 au, and for the 4:3 MMR this is
36.5 � 0.5 au, as shown in Figure 4.3.

Fig. 4.3 The final simulated orbits from Nesvorný et al. (2020), limited between 34 au and 55 au so
that the finer details can be seen. The 3:2, 2:1 and 4:3 MMRs (as defined based on their semimajor
axes) are highlighted. Other resonances may be present but are not highlighted.
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4.2.3 Col-OSSOS Comparison Sample

Following the work in Chapter 3 the full set of Col-OSSOS have been obsereved (Fraser
et al., 2023). Therefore we can now explore all six observing blocks of Col-OSSOS, rather
than just the three used in Chapter 3. Additionally, the incomplete observing blocks we
used in Chapter 3 are now complete. Follow-up observations of the missing targets were
completed in the years since, and are published in Fraser et al. (2023). This means that we
now have a total of 102 Col-OSSOS TNOs, rather than the 60 TNOs with measured colours
at the time of Chapter 3. The full Col-OSSOS observing technique, along with the TNOs
observed by the survey are covered in Chapter 2. In this section we will summarise the subset
of TNOs that we use for comparison with the dynamical models. We refer to these subsets of
the observarions as the condensed disk comparison sample and the extended disk comparison
sample. As in Section 4.2.2 the majority of the treatments are the same, with the differences
in MMR treatment covered in Sections 4.2.3.1 and 4.2.3.2.

As mentioned in Section 4.2.2 we aim to keep the treatment of the observations consistent
with the simulated populations we are comparing against. In particular, we use the OSSOS
Survey Simulator (Lawler et al., 2018a) to bias the simulated TNOs to what OSSOS could
have detected. As Col-OSSOS observed OSSOS targets with apparent r � band magnitudes
brighter than 23.6 within the E,L,H,O,S and T observing blocks we limit the survey simulator
outputs to these same conditions. Additionally, as Col-OSSOS was selecting targets as
OSSOS was still observing two of the TNOs within Col-OSSOS ended up with r � band

detection magnitudes greater than 23.6. As we are applying a 23.6 magnitude cut to the
simulations, we apply the same to the observations and so remove these two TNOs from the
observed sample.

Within Col-OSSOS 19 TNOs had multiple colour measurements. This occurred for a
variety of reasons and is covered in greater detail in Chapter 5. Only one of these TNOs
changed between the red and neutral classes, 2013 JE64. However, the initial observation of
this TNO was significantly impacted by a bright background star and therefore unreliable,
so we use the follow-up optical photometry to classify the TNO as neutral coloured. For
the rest of the repeat observed TNOs we simply use their initial photometry, as they do not
change colour/surface classes between observations. Finally, we have a single member of the
Haumea collisional family within Col-OSSOS (Pike et al., 2017). These are the remaining
fragments of a long ago collision with the dwarf planet Haumea (Brown et al., 2007a; Schaller
& Brown, 2008; Snodgrass et al., 2010; Trujillo et al., 2011; Carry et al., 2012; Fraser &
Brown, 2012; Proudfoot & Ragozzine, 2019). They are distinguished based on their neutral



4.2. COLOUR SIMULATIONS 64

surface colours, water ice rich surfaces and clustered orbital properties. As the surface of
this TNO is the result of a collision and is not primordial we remove 2013 UQ15 from the
observed sample.

In addition, we must make dynamical cuts to this comparison sample. This is to ensure
that we are only comparing dynamically excited TNOs that were emplaced onto their current
orbits by the migration of Neptune. By removing these TNOs via an orbital cut rather than
simply using the OSSOS dynamical classifications it allows us to use the same limits with
the dynamical models. We remove any dynamically cold TNOs by applying a 5� inclination
cut to those TNOs in the classical belt (semimajor axis range 37.37 au < a < 55.1 au and
eccentricities below 0.24). In order to remove the single centaur observed by Col-OSSOS we
use a definition adapted from the Gladman et al. (2008) centaur definition (semimajor axis
less than that of Neptune, aphelion distance > 11 au). Finally, we remove those TNOs with
final semimajor axis greater than 250 au and perihelion distance > 45 au. TNOs with orbits
beyond these limits have likely significantly evolved since the end of Neptune’s migration
(Brasser & Schwamb, 2015).

In Figure 4.4 we show the colours of the condensed disk comparison sample (after the
MMR cuts in Section 4.2.3.1). In Table A.3 we show the colours and orbits of the TNOs
along with their corresponding comparison sample. In Table A.3 we show the colours of
orbits of the TNOs along with their corresponding comparison sample. Finally in Table 4.1
we summarise the total numbers numbers of each surface type per observing block in the
comparison sample, containing a total of 37 TNOs. This is made up of 3 detached TNOs, 19
hot classicals, and 15 scattered TNOs.

In Figure 4.5 we show the colours of the Col-OSSOS comparison sample for the extended
disk migration model (after the MMR cuts in Section 4.2.3.2), with their colours and orbits
in Table A.3. Finally in Table 4.1 we summarise the total numbers numbers of each surface
type per observing block in the comparison sample, containing a total of 40 TNOs. This is
made up of 3 detached TNOs, 18 hot classicals, 15 scattered TNOs and 4 of the unremoved
MMRs.

4.2.3.1 Condensed Disk Model MMRs

For removing MMR TNOs for the condensed disk model comparison sample we can use the
OSSOS MMR dynamical classifications of the observations. Within the discovery survey for
these TNOs (OSSOS) they have multiyear arcs and therefore have been accurately classified
into their specific MMRs. Additionally, the final orbits of the simulated TNOs were forward
integrated, and those TNOs on the major MMRs were identified (Nesvorný & Vokrouhlický,
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Fig. 4.4 Col-OSSOS photometry of observed non-resonant, non-Centaur, dynamically excited objects
for comparison with the Nesvorný & Vokrouhlický (2016) dynamical model. The red/neutral colour
split is placed at a (g � r) magnitude of 0.75. The star shows solar colours.

Fig. 4.5 Col-OSSOS photometry of observed non-resonant, non-Centaur, dynamically excited objects
for comparison with the Nesvorný et al. (2020) dynamical model. The red/neutral colour split is
placed at a (g � r) magnitude of 0.75. The star shows solar colours.
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Condensed Disk Model
Comparison Sample

Extended Disk Model
Comparison Sample

Observing Block Neutral Red faintIR brightIR Neutral Red faintIR brightIR
E 3 5 1 7 4 4 0 8
L 5 1 2 4 5 1 2 4
H 4 5 3 6 5 5 3 7
O 6 0 0 6 6 1 0 7
S 3 3 3 3 3 3 3 3
T 0 3 3 0 0 3 3 0

Total 20 17 11 26 23 17 11 29
Table 4.1 Summary of the numbers of red and neutral coloured surfaces among the the comparison
sample for the condensed and extended disk models.

2016). We therefore remove the TNOs on MMRs that are also identified by Nesvorný &
Vokrouhlický (2016); the 3:2, 5:2, 4:3, 5:3, 7:4, and 2:1 MMRs. Although other less major
resonances within Col-OSSOS are identified (e.g. 9:1, 11:4 etc.) we categorise these TNOs
as scattered for this work. These high order MMRs are unlikely to be contaminated with
cold classicals as they did not sweep through that region during the Neptune migration phase.
Additionally, their inclination distributions are indistinguishable from that of the scattering
populations.

4.2.3.2 Extended Disk Model MMRs

When comparing with Nesvorný et al. (2020) we use a semimajor axis cuts for the MMRs,
and we only remove the 3:2, 2:1 and 4:3 MMRs. These are the three most isolated and
populated resonances, with least contamination from non-resonant TNOs. For the 3:2 MMR
we remove and TNOs with 39.45 � 0.5 au, for the 2:1 MMR we remove within 47.8 � 0.5
au, and for the 4:3 MMR we use 36.5 � 0.5 au. Within these limits we successfully remove
all of the TNOs on each of these MMRS, and only a single additional non-resonant TNO
from Col-OSSOS removed from the sample. In addition, the four TNOs on the 5:2, 5:3 and
7:4 MMRs are kept within the Nesvorný et al. (2020) comparison sample.

4.2.4 Building the Simulated Population

The dynamical models provide us with the final values for semimajor axis, eccentricity, and
inclination of the simulated TNOs. However, to effectively utilise the OSSOS survey simu-
lator and make a meaningful comparison with Col-OSSOS, we need more comprehensive
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information, including the complete orbits, Hr magnitudes, and positions of the simulated
TNOs. Therefore, it is necessary to generate distributions for the orbital angles, such as
longitude of ascending node, argument of pericenter, and mean anomaly, as well as for the
Hr magnitudes. We need a large number of simulated TNO detections in each observing
block, however we must avoid modifying the final orbits of the simulated TNOs, namely their
semimajor axis, eccentricity, and inclination, as these values depend on the initial positions
of the TNOs. Therefore, we address this challenge by artificially increasing the number of
simulated TNOs. This involves duplicating the final orbits obtained from the dynamical
model and subsequently randomly assigning orbital angles and apparent magnitudes from
the relevant distributions to these duplicated orbits.

In Chapter 3, we provided a detailed description of how the Hr magnitude distribution was
generated. This distribution, derived from the complete OSSOS survey, remains applicable
to the current study. However, there is a difference in our approach compared to Chapter 3.
Instead of creating a single extensive distribution of simulated TNOs, we opt to draw multiple
smaller distributions. This strategy helps conserve computational resources, especially when
a significant number of simulated TNOs is required to achieve 1000 detections in each
observing block. Furthermore, rather than scaling the Hr distribution according to the total
number of TNOs in the simulated Kuiper belt we normalise the distribution and treat it as a
probability distribution for drawing samples.

This distribution is a broken exponential with a sharp transition (Fraser et al., 2014b;
Shankman et al., 2016; Lawler et al., 2018b). The bright end of this distribution has a steeper
slope than the faint end, with the break at a Hr magnitude of 7.7 (Shankman et al., 2016;
Lawler et al., 2018b). The full generation of this distribution is described in Chapter 3,
with the final cumulative distribution given below. The Hr distribution follows Equation
4.2.1 at the bright end, where Hr < 7:7. Here N(� H) is the cumulative number of TNOs
at magnitude H, H0 = 3:6 is a normalisation constant with value equal to the brightest Hr

magnitude for OSSOS detections, and a1 = 0:9 (Fraser et al., 2014b).

N(� H) = 10a1(Hr� H0) (4.2.1)

The faint end of the Hr magnitude distribution follows Equation 4.2.2. Here HB is the
magnitude at the break in the distribution (HB = 7:7; Lawler et al., 2018b), the contrast value
c = 0:85, and a2 = 0:4 (Fraser et al., 2014b).
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N(� H) = c10a1(HB� H0) + B10a2(H� HB) � B (4.2.2)

B = c
a1

a2
10a1(HB� H0)

The Hr magnitudes that we generate range between 3 < H < 11. Brighter than Hr

magnitude of 3 the distribution changes due to nearing the sizes dwarf planets (which have
different compositions and brightnesses than smaller TNOs Brown, 2008). Additionally,
within OSSOS no TNOs were observed brighter than Hr � 3. For the faint end cut-off,
within Col-OSSOS there were no TNOs with Hr dimmer than 11 and few within OSSOS.
We therefore limited our simulated TNOs to Hr magnitudes less than 11 so as to reduce the
needed computing time.

For the orbital angles of the simulated TNOs (longitude of ascending node, argument
of pericenter, and mean anomaly) we draw randomly from a uniform distribution between
0� and 360� . These angles have been uniformly randomised by planetary effects over the
past � 4 billion years since the end of Neptune’s migrations (Brasser et al., 2006b). Along
with the absolute Hr magnitudes and the orbits from the condensed disk model (Nesvorný
& Vokrouhlický, 2016) or the extended disk model (Nesvorný et al., 2020) we can fully
simulate the modelled Kuiper belt population.

4.2.5 Running the Colour Simulations

After creating the various distributions we then created simulated populations to input into
the OSSOS survey simulator (Lawler et al., 2018a). In order to create a large number of
simulated ‘detections’ we created large numbers of the simulated TNOs; using the orbits from
the dynamical models after the dynamical cuts in 4.2.2 and drawing the orbital angles and
absolute magnitudes from the distributions in Section 4.2.3. This is essentially a simulation
of OSSOS, and so by limiting the brightnesses to mr < 23:6 and only including detections
in the Col-OSSOS observing blocks (E, L, H, O, S and T) we can simulate the selection of
the Col-OSSOS targets. Finally, we assign red/neutral colours or brightIR/faintIR surfaces
to the simulated TNOs based on their pre-Neptune migration positions. For each transition
positions we ran the simulations until we had 1000 Col-OSSOS detections in each Col-
OSSOS observing block.

To determine the most plausible scenario consistent with the observed surface properties
of the Kuiper belt from Col-OSSOS, we employ Poisson probabilities. These probabilities
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are calculated for each individual observing block and are denoted as P(r), they quantify
the likelihood of the observed data aligning with the predictions generated by the colour
simulations. Equation 4.2.3 describes the probability.

P(r) =
n!

(n � r)!r!
pr(1 � p)(n� r) (4.2.3)

In this equation, the variable n represents the total number of simulated TNOs, while
r corresponds to the number of TNOs with a specific surface characteristic (either red or
faintIR) within a particular observing block. The term p = Nr=N signifies the ratio of
TNOs with the specific surface characteristic (either red or faintIR) within the Col-OSSOS
comparison sample observing block, where Nr denotes the count of TNOs with the specified
surface characteristic. To determine the overall probability across all Col-OSSOS observing
blocks, we simply multiply the individual Poisson probabilities together.

The combined probability, denoted as P(r)combined , represents the combination of the
individual Poisson probabilities from each observing block. The intention behind calculating
the individual probabilities for each observing block and subsequently combining them was
to ensure that no single block exerted a dominant influence on the overall signal due to their
distinct characteristics. Consequently, the resulting P(r)combined values tend to be relatively
small, as we are multiplying probabilities that are individually less than 1. However, since
our focus is on investigating the peak, the specific magnitudes of these low probability values
are inconsequential. Alternatively, we could have computed a total Poisson probability by
considering the total number of surfaces in the Col-OSSOS comparison sample, instead
of combining the individual block probabilities. This approach would have yielded higher
probabilities; however, it would have sacrificed valuable information by neglecting the
constraints imposed by the individual block pointings in our results.

4.2.6 Results and Discussion

Figure 4.6 plots the Poisson probabilities obtained from the simulations of the red/neutral
condensed disk model, plotted against the red/neutral transition position in the primordial
disk. For the inner neutral/outer red initial disk, we determine that the transition position
is 27:7+ 0:7

� 0:8 au, with the peak of the distribution serving as the best-fit value. To establish
the upper and lower limits, we calculate the transition position values corresponding to the
95% limit of the area under the curve. Similarly, for the inner red/outer neutral disk, we find
that the colour transition position is 27:1+ 0:8

� 0:8 au. To precisely define the boundaries of the



4.2. COLOUR SIMULATIONS 70

region encompassing the peak of the distribution, we conduct additional simulations with a
step size of 0.1 au. This process allows us to accurately narrow down the edges of the region
surrounding the peak.

Fig. 4.6 How the Poisson probability changes with the position of the synthetic ice line position in the
primordial planetesimal disk. The initial disk ranges from 24 to 30.36 au. The left panel shows the
results for the inner neutral, outer red primordial disk, and the right panel shows the results for the
inner red, outer neutral primordial disk. The grey shaded region shows the 95% area under the curve.

Additionally, we have assigned brightIR and faintIR surfaces (from Fraser et al., 2023) to
the initial disk, in order to investigate where in the primordial Solar System these surfaces
originated. Figure 4.7 shows the results of these simulations. Similar to the red/neutral
surfaces we take the peak in the distribution as the most likely transition position, and 95%
area limits to find the 95% confidence limits. This results in a transition position of 28:7+ 0:3

� 1:0

au for the inner brightIR / outer faintIR primordial disk, and 26:3+ 0:8
� 0:8 au for the inner faintIR

/ outer brightIR disk.
In Figure 4.8 we show the red/neutral binomial probabilities of the Nesvorný et al.

(2020) extended disk migration model, as a function of the colour transition position in
the primordial disk. We find that for the inner neutral / outer red initial disk the transition
position is 30:0+ 1:1

� 1:2 au, using the peak of the distribution as the best fit value 95% area under
the curve limits to find the uncertainty. Similarly, we find that for the inner red / outer neutral
disk the colour transition position is 28:6+ 1:1

� 1:2 au. In the region of the distribution peak we ran
additional simulations with a 0.1 au step size in order to accurately narrow down the edges
of the region.
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Fig. 4.7 How the Poisson probability changes with the position of the synthetic ice line position in the
primordial planetesimal disk. The initial disk ranges from 24 to 30.36 au. The left panel shows the
results for the inner brightIR / outer faintIR primordial disk, and the right panel shows the results for
the inner faintIR / outer brightIR primordial disk. The grey shaded region shows the 95% area under
the curve.

Additionally, we investigate the brightIR / faintIR formation positions. Figure 4.9 shows
the results of these simulations. Similar to the red/neutral surfaces we take the peak in the
distribution as the most likely transition position, and use the 95% area under the curve to
find the limits. This results in a transition position of 31:5+ 1:1

� 1:2 au for the inner brightIR /
outer faintIR primordial disk, and 26:9+ 1:4

� 1:1 au for the inner faintIR / outer brightIR disk.
In addition to finding the most probable transition position, we have observational

constraints that we can discuss in the context of the transition position. First we have the
‘blue binaries’, these are wide binaries with neutral coloured surfaces and brightIR categorised
surfaces. Simulations suggest that they could not survive a long migration without losing
their binarity. Therefore, Fraser et al. (2017) suggest that these binaries would have formed
at � 38 au. Nesvorný et al. (2022) further investigate this however, and find that all but the
widest of these ‘blue binaries’ can survive a push out from < 30 au. This implies that all
of our inner red / outer neutral and inner faintIR / outer brightIR simulations are consistent
with the formation of the ‘blue binaries’. Additionally, the inner neutral / outer red extended
disk model simulations are also consistent with the theorised formation positions of the ‘blue
binaries’.

The colours exhibited by Neptune Trojans provide an additional constraint on the forma-
tion locations of different TNOs. In a recent study, Bolin et al. (2023) examined the surface
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Fig. 4.8 How the Poisson probability changes with the position of the synthetic ice line position in
the primordial planetesimal disk. The initial disk ranges from 24 to 50 au, however we only show
24 au to 34 au here so as to zoom in on the transition area. The left panel shows the results for the
inner neutral / outer red primordial disk, and the right panel shows the results for the inner red / outer
neutral primordial disk. The grey shaded region shows the 95% area under the curve.

colours of the largest known sample of Neptune Trojans. Their analysis revealed that 27 out
of 32 Neptune Trojans displayed neutral-coloured surfaces. To account for the presence of a
significant number of red-surfaced TNOs with orbits interior to Neptune, Bolin et al. (2023)
proposed that the transition position between an inner neutral and outer red primordial disk
should be situated within the range of 30 au to 35 au. This finding aligns with the outcomes
of all our simulations that feature an inner neutral and outer red configuration. However,
since the colours of the Neptune Trojans have not been measured in the J � band, we are
unable to assess the consistency of the brightIR/faintIR simulations with the observed colours
of the Neptune Trojans. Additionally Bolin et al. (2023) do not comment on an inner red /
outer neutral disk configuration so we cannot compare these simulations with their work.

Lastly, it is known that neutral-coloured TNOs, as well as brightIR TNOs, exhibit higher
inclinations and eccentricities compared to their counterparts (Marsset et al., 2019; Ali-Dib
et al., 2021; Marsset et al., 2022). Furthermore, Nesvorný et al. (2020) demonstrated that in
the extended disk model, TNOs situated on interior orbits acquire greater inclinations during
Neptune’s migration than those formed further out. This suggests that the configurations of
inner neutral/outer red and inner brightIR/outer faintIR primordial disks are more likely to
yield orbits consistent with the observed characteristics of each colour class. To investigate
this for our work specifically, we conduct a 2-dimensional Kolmogorov-Smirnov (2DKS)
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Fig. 4.9 How the Poisson probability changes with the position of the synthetic ice line position in the
primordial planetesimal disk. The initial disk ranges from 24 to 50 au, however we only show 24 au
to 34 au here so as to zoom in on the transition area. The left panel shows the results for the inner
brightIR / outer faintIR primordial disk, and the right panel shows the results for the inner faintIR /
outer brightIR primordial disk. The grey shaded region shows the 95% area under the curve.

test. In this statistical analysis, we perform the test for the most probable transition position
in each initial disk arrangement. For each scenario, we generate a supersample of orbital
inclinations and surface colours using the simulated Col-OSSOS TNOs (made up of 6000
simulated TNOs), enabling a comparison between the Col-OSSOS comparison sample and
the corresponding model to establish a critical value for the 2DKS test. Subsequently, from
our supersample, we draw subsamples of the same size as our Col-OSSOS comparison
sample and execute 2D KS tests between these subsamples and the supersample. These
2D KS tests provide a statistical measure of the maximum difference between the colour
simulations and the Col-OSSOS comparison sample in colour/inclination space.

In the case of the condensed disk model, we observe that 14.8% of the subsample versus
supersample tests resulted in a D statistic lower than that of the comparison sample versus
supersample test for the inner neutral / outer red initial disk. Similarly, for the inner red /
outer neutral configuration, 14.0% of the tests exhibited a lower D statistic compared to the
comparison sample versus supersample test. Based on these findings, neither of these disk
layouts can be rejected according to our investigation. Likewise, we find that 12.8% of the
inner brightIR / outer faintIR tests and 11.2% of the inner faintIR / outer brightIR tests had
a D statistic lower than the comparison sample versus supersample test. Thus, we cannot
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reject the hypothesis that these samples were drawn from the same distribution, implying that
Neptune is efficiently scattering objects throughout the Kuiper belt irrespective of distance.

For the extended disk model we find 16.0% of the subsample versus supersample tests
had D statistic less than the D statistic in the comparison sample versus supersample test for
the inner neutral / outer red intial disk. For the inner red / outer neutral 13.8% had D statistic
less than the comparison sample versus supersample test. Therefore neither of these disk
layouts can be rejected based on this investigation. Similarly we find that 13.0% and 14.8%
of the inner brightIR / outer faintIR and inner faintIR / outer brightIR respectively had D
statistic less than the comparison sample versus supersample test. Therefore we again cannot
reject the hypothesis that they were drawn from the same distribution.

4.3 E S T I M AT I N G T H E T RU E C O L O U R F R AC T I O N I N T H E K U I P E R B E LT

After investigating the origins of various surface types in the Kuiper belt through dynamical
models, we proceed to analyse the proportions of different surface types using model of the
true population of the Kuiper belt today. This model is based on the Canada-France Ecliptic
Plane Survey (CFEPS) and represents the underlying distribution of orbits in the Kuiper
belt (Petit et al., 2011). To compare with the Col-OSSOS observations, we apply colour
ratios (red and neutral) or surface ratios (brightIR and faintIR) to the intrinsic Kuiper belt
model and incorporate biases using the OSSOS survey simulator. This enables us to establish
meaningful comparisons between the model and the Col-OSSOS dataset.

In this study, we utilise the orbits generated by the CFEPS L7 model and assign colours
to the TNOs based on a chosen ratio. Specifically, we focus on analysing the dynamically
hot simulated TNOs. By employing the OSSOS survey simulator, we simulate the detection
of coloured TNOs while applying the 23.6 r-band magnitude threshold used in Col-OSSOS.
This allows us to compare the colours observed by Col-OSSOS with those generated by the
intrinsic colour simulations. To determine the best match, we calculate Poisson probabilities
that assess the likelihood of the observed colours aligning with the simulated colours.

4.3.1 CFEPS L7 Model

The CFEPS L7 model provides estimations of the intrinsic populations within the Kuiper
belt, encompassing the classical, scattering, detached, and resonant populations. Initially
introduced in Petit et al. (2011), the model resonant populations were further refined in
Gladman et al. (2012). The intrinsic model was designed to align the bulk of its orbital
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properties with those found in the CFEPS orbit catalogue. It should be noted that, due to
limitations in survey detectability, the model’s accuracy might be compromised in areas with
low detectability. Nevertheless, it currently stands as the most precise known model of the
intrinsic Kuiper belt and has been widely employed in various previous studies. Utilising the
CFEPS L7 model, we have access to the complete orbits, orbital angles, and Hg magnitudes
of the simulated TNOs.

4.3.1.1 Dynamical Cuts

Although both the hot and cold classical TNOs are included in this model, the absolute
magnitude distribution for their cold classical TNOs is different than that of the hot population.
It has since been found that this distinction is inaccurate (Petit et al., 2023), and therefore
the H magnitude for the cold classicals in this model is incorrect. However, as our previous
work was solely examining the hot population, we have removed the cold classicals from this
model. Consequently, the incorrect H magnitude distribution for the cold classicals does not
impact our current investigation and we simply compare the dynamically hot population as
in Section 4.2. Therefore we remove the simulated TNOs in the classical region (semimajor
axis range 37.37 au < a < 55.1 au, eccentricities below 0.24) with inclinations below 5� .

4.3.2 Col-OSSOS Comparison Sample

For accurate comparisons between the model and the observations via the survey simulator
we must again make create a Col-OSSOS comparison sample. We only include TNOs with
mr < 23:6, as this is the same discovery magnitude cut that we apply to the L7 model. For
all but 2013 JE64 of the repeat observations we use the initial optical colour measurement
to categorise their surfaces. For 2013 JE64 we use the follow-up optical photometry to
categorise the TNO as neutral colours, due to the initial observation being impacted by a
bright background star and therefore unreliable. We also remove the Haumea collisional
family member from the sample (2013 UQ15) as this TNO’s surface colour is the result of a
collision and is therefore not primordial. We remove the cold classical TNOs as with the L7
model. This involve taking TNOs within the classical belt of semimajor axis range 37.37 au
< a < 55.1 au and eccentricities below 0.24, and removing those with inclinations below 5� .
We summarise the Col-OSSOS comparison sample for the L7 model in Table 4.2.



4.3. ESTIMATING THE TRUE COLOUR FRACTION IN THE KUIPER BELT 76

Observing Block Neutral Red faintIR brightIR
E 8 5 1 12
L 5 3 3 5
H 14 6 6 14
O 7 5 3 9
S 6 3 3 6
T 0 4 4 0

Total 40 26 20 46
Table 4.2 Summary of the numbers of different surfaces among the the Col-OSSOS comparison
sample for the L7 model.

4.3.3 CFEPS L7 Synthetic Colour Simulations

After the dynamical cuts in Section 4.3.1.1 we can input the simulated TNOs into the OSSOS
survey simulator. This biases the intrinsic Kuiper belt populations with its colour ratio to the
TNOs OSSOS would have detected. We assign red and neutral colours to the TNOs based on
the colour ratio that we’re investigating. For the (g � r) values we use the mean (g � r) for
the red and neutral groups in the L7 comparison sample of Col-OSSOS TNOs. Therefore we
use (g � r) = 0:896 for the red TNOs, and (g � r) = 0:628 for the neutral coloured TNOs.

Similarly to our investigation in Section 4.2, we run the simulations until we have a
total of 1000 ‘detections’ with mr < 23:6 in each observing block. Although the L7 model
uses Hg absolute magnitudes, we set the survey simulator detection filter to r � band and
provide the surface colours so that the discovery magnitude (mr) can be adjusted to r � band.
Following the completion of our 1000 ‘detections’, we proceed to calculate the frequency of
simulated TNOs exhibiting red or faintIR surfaces. Utilising Equation 4.2.3, we determine the
Poisson probability associated with this intrinsic colour ratio, which signifies the likelihood
of producing the observed colours observed by Col-OSSOS.

4.3.4 Results and Discussion

In Figure 4.10, we present the variation of Poisson probabilities in relation to the ratio of
different surface types in the Kuiper belt. The peak of the distribution represents the most
probable intrinsic colour ratio that could account for the observed colours in the Col-OSSOS
data. Similar to the methodology outlined in Section 4.2.6, we determine the limits on this
result by calculating the bounds that encompass 95% of the area under the curve.
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Fig. 4.10 How the Poisson probability changes with the surface ratio in the Kuiper belt. The left panel
shows the results for the red/neutral ratios, and the right panel shows the results for the brightIR/faintIR
ratios. The grey shaded region shows the 95% area under the curve.

Our analysis reveals that the red-to-neutral surface ratio ranges from 0.33:1 to 0.82:1,
with the peak value occurring at a ratio of 0.54:1 (35:65 in Figure 4.10). Previous studies
(Schwamb et al., 2019; Wong & Brown, 2017) have reported a slightly lower red-to-neutral
ratio of 0.1-0.3:1. However, it is important to note that these prior investigations examined
the colour ratio within a size limit rather than a magnitude limit. Considering that neutral-
coloured TNOs generally have lower albedos than those with redder colours, it is expected
that the red-to-neutral ratio will be higher when working within an magnitude regime. We
find that the faintIR:brightIR ratio varies between 0.18:1 to 0.54:1, with the peak at 0.25:1,
as can be seen in Figure 4.10.

4.4 C O N C L U S I O N S

In conclusion, we have investigated the surface colours and ratios of TNOs in the Kuiper
belt, exploring the origins and distributions of different surface types. By utilising dynamical
models we investigated the origin positions of different surface types in the early solar system.
With the intrinsic Kuiper belt model based on CFEPS, we were able to study the surface
colour ratios and compare them with the observations from Col-OSSOS.

In our investigation of different promortial disk compositions we found a range of
scenarios that are consistent with the colours observed by Col-OSSOS today. For both the
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condensed disk and extended disk models we found that none of our investigated disk layouts
could be ruled out based on purely our investigations. However, if we take into account
further observational factors such as the ‘blue binaries’ or Neptune Trojans we can comment
about the likelihood of specific disk layouts. For instance, in the condensed disk model, the
inner red / outer neutral disk configuration is unlikely to be consistent with the formation
of the observed ‘blue binaries’. Additionally, both inner red / outer neutral disks align well
with the proposed colour constraints for Neptune Trojans as suggested by Bolin et al. (2023).
Finally, neutral coloured and brightIR TNOs are found at higher inclinations than their
counterparts (Marsset et al., 2019; Ali-Dib et al., 2021; Marsset et al., 2022). To further
investigate the correlation between inclination and surface colour, we employed a 2D KS
test on the simulations, which confirmed that no initial disk layout can be definitively ruled
out based on these colour simulations. It is however important to note that Nesvorný et al.
(2020) showed that simulated TNOs that started on interior orbits gained higher inclinations
than those that formed further out. Additionally, Fraser et al. (2023) propose that the TNO
surfaces are made up of solely brightIR and faintIR, including the cold classical TNOs that
are predominantly faintIR and formed further out in the early solar system. Together these
might suggest that the inner neutral / outer red and the inner brightIR / outer faintIR are more
likely configurations of the primordial disk. Overall, our findings demonstrate that there
exist multiple viable scenarios for the composition of primordial disks that can explain the
observed colours of TNOs in the Col-OSSOS survey. While certain disk layouts may be less
likely when considering additional observational constraints, a range of possibilities remains
open.

It is worth noting that our study was based on the best available models and data at
the time. While we took into account potential limitations, such as the accuracy of the
intrinsic Kuiper belt model and the distinction between hot and cold classical TNOs, further
advancements in observations and modeling may refine our understanding of the Kuiper
belt’s surface colours and their origins.

Additionally, we examined the colour ratios within the Kuiper belt by applying a colour
ratio to a model of the intrinsic orbit distribution (CFEPS L7 model) and biasing it with the
OSSOS survey simulator. Our results showed that the most likely red:neutral colour ratio is
0.54:1, though ranging from 0.33:1 to 0.82:1. These findings suggest a higher red:neutral
ratio than previously reported studies, which focused on colour ratios within specific size
limits rather than absolute magnitude regimes. We also investigated the faintIR:brightIR
colour ratio, and found the most likely ratio to be 0.25:1, ranging from 0.18:1 to 0.54:1.



5
O U T LY I N G S U R FAC E S A N D S P E C T R A L VA R I AT I O N I N T H E
K U I P E R B E LT

The content of this chapter is adapted from work which is being prepared for submission. It
has been modified to fit within the confines and structure of this thesis, with the majority of
the introduction and methods moved to the appropriate chapters. Some sections have been
expanded.

5.1 I N T RO D U C T I O N

The Colours of the Outer Solar System Origins Survey (Col-OSSOS, Schwamb et al., 2019;
Fraser et al., 2023) presents an opportunity to explore spectral variability on a sample of
small TNO surfaces. This survey took optical and NIR photometry of a sample of 101
TNOs with the Gemini North Telescope. In order to meet the targeted signal-to-noise ratio
(SNR) and observing sequence requirements of the Col-OSSOS observations some targets
ended up with repeated full or partial sequences. Additionally, we revisited some TNOs
with a separate optical follow-up (and additional optical broadband filters) as we identified
their surface colours as outside the typical distribution of TNO colours. This allows us the
opportunity to investigate photometric variation across multiple epochs for a sub-sample
sample of Col-OSSOS TNOs, an excellent opportunity to investigate the phenomena within
a fully calibrated survey. The chapter is structured as follows; in Section 5.2 we describe the
sample of TNOs investigated in this work, and in Section 5.3 we present the observations of
these TNOs. In Sections 5.4.1 and 5.4.2 we show and discuss optical follow-up observations
of 3 TNOs from Col-OSSOS. In Section 5.4.3 we discuss spectral variability within our
sub-sample of TNOs.

79
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MPC Designation OSSOS ID Classification Epoch Filter Sequences Repeat Sub-group
2013 GJ137 o3e04 res rg, rgJgr, rgJgr Interrupted
2013 GY136 o3e09 res rgJugr, rgzizgr Follow-up
2001 FO185 o3e23PD cla rg, rg, rgJgr Interrupted
2013 GV137 o3e43 cla rg, rgJgr Interrupted
2013 GQ136 o3e45 cla rgz, rgr, rgJgr Interrupted
2013 GW137 o3e54 cla rgr, rgJgr Interrupted
2013 UN15 o3l63 cla zrgJgrz, rzJr Interrupted
2013 SA100 o3l79 cla zrgJgrzu, rgizJzgr Interrupted
2013 JK64 o3o11 res rgrgJ, rgJuJgr Interrupted
2013 JE64 o3o18 res rgJg, rgzirzgr Follow-up
2013 JR65 o3o21 cla rgJg, rgzirzgr Follow-up

2014 UX228 o4h18 res rguJgr, rgzizgr Follow-up
2014 UL225 o4h20 cla urgJgr, rgzirizgr Follow-up
2014 UN228 o4h75 cla rgJgr,rgJgr,rgJgr Split
2015 RU277 o5s07 res rgJgr, rgJgr Split
2004 PB112 o5s16PD res zrg, rgJgr Interrupted
2015 RO281 o5s21 cla rgJgr,rgJgr Split
2015 RB281 o5s36 cla rgJgr, rgJgr Split
2003 SP317 o5t34PD res rgJr,rgJgr Split

Note: The TNO classifications are abbreviated.
Table 5.1 Targets investigated in this work. The Epoch Filter Sequences column describes the
broadband filters used in each visit.

5.2 TA R G E T S

In this work we are studying a sample of 19 TNOs with multiple optical colour measurements,
9 of which also have repeated NIR colours. These TNOs are a sub-sample of the TNOs
investigated by Col-OSSOS, a broadband colour survey of the Kuiper belt with precise
optical/NIR colours (Schwamb et al., 2019; Fraser et al., 2023). The 19 TNO are made up of
8 on Mean Motion Resonances (MMRs), 6 hot classicals, and 5 cold classicals. In Figure
5.1 we show the optical/NIR colours of the 19 TNOs, with the full Col-OSSOS colours in
the background as context for ‘normal’ TNO colours. There was a variety of reasons for the
repeated observations within our sample, outlined below and summarised in Table 5.1. We
therefore split our sample into three sub-groups, the ‘Interrupted’ group, the ‘Split’ group
and the ‘Follow-up’ group.

Our Interrupted group are made up of Col-OSSOS observations that were interrupted
mid-sequence, and therefore had to be revisited. In order to account for lightcurve variations
across the observing time (as described in Section 5.3) Col-OSSOS observations required an



5.2. TARGETS 81

Fig. 5.1 Optical and near-infrared (NIR) colours of the targets in this work. The plot points correspond
to the different TNOs, and are described in the figure legend. The solar colours, with g � r = 0:45 and
r � J = 0:97, are shown by the yellow star. Dashed lines join repeat observations of single TNOs. The
upper plot shows the full sample of 19 TNOs, for those which repeat only the optical measurement
the same (r � J) colour is used and the lack of measurement is indicated by absent vertical error bars.
The lower plot show optical and NIR colours for the 9 TNOs with repeat measurements in NIR. In the
backgroud of both plots we show the full Col-OSSOS colours greyed out.
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uninterrupted rgJgr optical/NIR sequence. Additionally, they needed observing conditions
sufficient for a Signal-to-Noise Ratio (SNR) of at least 20 across all the filters. Therefore, if
the observing conditioned worsened and cause a SNR < 20 the observations were stopped,
and the TNO revisited on a later date. The Split group is made up of TNOs whose observations
were intentionally split into multiple shorter sequences. This allowed Col-OSSOS to meet
the SNR requirements within smaller time windows of ideal observing conditions.

Additionally, from the precise colour sample of Col-OSSOS we identified 4 TNOs
with surface colours outside the typical TNO colours, and chose to re-observe these TNOs
with additional broadband filters and they make up the Follow-up group. These objects lie
outside of the typical distribution of TNO surface colours, and their ‘outlying’ colours can be
identified on Figure 5.1 as the four leftmost points (and in Table 5.1 as follow-up targets).
The low (g � r) colour (closest to solar within Col-OSSOS) of these TNOs may indicate
new surface types within the Kuiper Belt. Using the Gemini North telescope in Hawai’i we
have taken additional optical photometry these objects in the g� , r� , i� , and z� band filters.
2013 GY136 and 2014 UX228 are investigated in Schwamb et al., in prep., while 2013 JR65
and 2014 UL225 are explored in Sections 5.4.1 and 5.4.2 of this work. Additionally, 2013
JE64 was contaminated in its initial observation by a nearby bright star. This necessitated
repeat observations of this TNO to confirm its optical surface colour and it is also discussed
in Section 5.4.2.

5.3 O B S E RVAT I O N S A N D DATA R E D U C T I O N

The Col-OSSOS observations (making up the Interrupted and Split groups in Section 5.2) took
place between 2014 and 2022, and a full explanation of the data reduction and photometry
can be found in Schwamb et al. (2019) with updated pipeline in Fraser et al. (2023). For
our follow-up optical observations (making up the Follow-up group of TNOs in Section 5.2)
we use the same Gemini Multi-Object Spectrograph (GMOS, Hook et al., 2004) used for
the Col-OSSOS optical observations, with a 5.50x 5.50FOV and pixel scale of 0.0807". We
used 1� 1 binning along with slow-readout-speed. For 2013 JK64 and 2013 JE64 the images
were bias-subtracted, flat-fielded and fringe-framed where appropriate using Gemini-IRAF
(Gemini Observatory & AURA, 2016). For 2014 UL225 the Gemini-DRAGONS package
(Labrie et al., 2019) was used to reduce the images to science-ready frames. We observed the
follow-up targets siderealy, using exposure times of 300s so as to reduce trailing due to the
motion of the TNOs. These optical observations were taken in a rgzirizgr sequence so as to
account for any rotational lightcurve effects.
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Photometric measurements were made with the TRIPPy software package (Fraser et al.,
2016), where we used a pill shaped aperture adjusted to the trailed TNO source. This
minimises the background contribution to the total flux in the photometric aperture. The
zeropoint magnitudes for each from were calculated using the Panoramic Survey Telescope
and Rapid Response System (Pan-STARRS Tonry et al., 2012) catalogue, and so the pho-
tometric magnitudes of the TNOs are relative to the Pan-STARRS survey. Additionally, as
each TNO observations took place over less than the typical rotation period of a TNO (6 � 15
hours, Thirouin et al., 2016; Thirouin & Sheppard, 2018, 2019a) any lightcurve variation
was assumed to be linear over this time period. Therefore, to calculate the TNO colours
relative to r � band we can simultaneously fit these colours and the linear slope. With this
linear correction to the brightness variation the colours are calculated independent of varying
lightcurve. An example of this linear lightcurve fit is shown in Figure 5.2. The resulting
photometry is given in Table A.4 in Appendix A. In Table 5.2 we show the resulting TNO
colours, and in Figure 5.1 we plot the (g � r) and (r � J) colours.

Fig. 5.2 Example of observed photometry for object 2014 UL225. The observed r� , g� , i� and
z � band measurements are shown by circles, with the colours corresponding to the filter as shown
in the legend. The r � band corrected colours, calculated with the fitted colours, are plotted as
squares with colours corresponding to the filter. The straight line shows the linear fit to the r � band
corrected colours while the vertical dashed lines connect same observations. The lower panel shows
the residuals of the linear fit to the r � band, with a dashed horizontal line at 0.
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MPC Designation OSSOS ID mr a e i (g � r) (r � i) (r � z) (r � J)

2013 GJ137 o3e04 23.39 39.49 0.266 16.87
0.776 – – –
0.621 – – 1.657
0.601 – – 1.693

2013 GY136 o3e09 22.94 55.53 0.414 10.87
0.513 – – 1.191
0.512 0.266 0.394 –

2001 FO185 o3e23PD 23.37 46.44 0.118 10.63
0.838 – – –
0.981 – – –
0.861 – – 1.866

2013 GV137 o3e43 23.42 43.79 0.082 3.19
0.922 – – 1.275
0.947 – – –

2013 GQ136 o3e45 23.59 48.72 0.173 2.03
1.006 – 0.483 –
1.078 – – –
1.029 – – 1.350

2013 GW137 o3e54 23.61 42.86 0.062 5.01 0.949
– – –

– – 1.892

2013 UN15 o3l63 23.62 45.13 0.054 3.36
1.050 – 0.486 1.324
1.087 – 0.746 1.875

2013 SA100 o3l79 22.81 46.29 0.166 8.47
0.638 – 0.396 1.678
0.659 0.130 0.388 1.405

2013 JK64 o3o11 22.94 55.24 0.408 11.07
0.900 – – 1.917
1.055 – – 1.861

2013 JE64 o3o18 23.56 47.78 0.285 8.33
0.954 – – 1.472
0.694 0.333 0.512 –
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MPC Designation OSSOS ID mr a e i (g � r) (r � i) (r � z) (r � J)

2013 JR65 o3o21 23.51 46.19 0.189 11.70
0.450 – – 1.593
0.570 0.280 0.440 –

2014 UX228 o4h18 23.11 36.35 0.166 20.66
0.497 – – 1.488
0.552 0.314 0.523 –

2014 UL225 o4h20 23.03 46.34 0.198 7.95
0.556 – – 0.769
0.458 0.214 0.240 –

2014 UN228 o4h75 23.37 45.87 0.172 24.02
0.623 – – 1.351
0.595 – – 1.760
0.585 – – 1.267

2015 RU277 o5s07 23.52 39.33 0.249 16.27
0.581 – – 1.254
0.625 – – 1.232

2004 PB112 o5s16PD 22.99 107.51 0.671 15.43
0.744 – 0.470 –
0.824 – – 1.422

2015 RO281 o5s21 23.17 43.85 0.169 2.37
0.983 – – 1.242
0.947 – – 1.549

2015 RB281 o5s36 23.58 43.25 0.053 2.20
0.766 – – 1.475
1.004 – – 1.522

2003 SP317 o5t34PD 23.48 45.95 0.169 5.08
0.917 – – 1.324
0.999 – – 1.051

Table 5.2 TNO optical and NIR colours studied in this work.
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5.4 R E S U LT S A N D D I S C U S S I O N

5.4.1 2014 UL225

The measured colours of Col-OSSOS are presented in Figure 5.1. Among the observed
TNOs, 2014 UL225 stands out as a significant outlier from the neutral cloud with a unique
surface. It exhibits solar-like colours, with the lowest (r � J) NIR colour and one of the
lowest optical (g � r) colours in the entire Col-OSSOS sample. Only one other TNO,
2013 UQ15, lies in a similar colour space to 2014 UL225 and is a member of the Haumea
collisional family (e.g., Brown et al., 2007a; Schaller & Brown, 2008; Snodgrass et al., 2010;
Trujillo et al., 2011; Carry et al., 2012; Fraser & Brown, 2012; Proudfoot & Ragozzine,
2019). The Haumea family is composed of collisional fragments of the dwarf planet Haumea,
characterised by neutral optical surface colours, strong water ice absorption features, and
clustered orbital properties. In order to investigate the surface properties of 2014 UL225
further, we obtained additional griz photometry to examine whether its surface reflectance is
flat and featureless across these wavelengths (similar to the Haumea family) or the result of a
broadband absorption feature breaking the linear slope expected between r� and J� band.

In Figure 5.3 we plot the normalised reflectance of 2014 UL225, with both the orig-
inal grJ observations and the follow-up griz observations. The normalised reflectance is
calculated as RF;r = 10� 0:4[(MF � Mr)� (MF � Mr)Sun] (Doressoundiram et al., 2008), where RF;r

is the reflectance in filter F normalised to r � band. (MF � Mr) is the TNO colour while
(MF � Mr)Sun is the corresponding solar colour. We see a decrease in reflectance at the NIR
J � band wavelengths, atypical for the average TNO surface (Brown, 2012). TNOs tend to
show reflectance that increases with wavelength (for the redder surfaced objects), remains
flat across the wavelengths we examine (for more neutral coloured objects), or somewhere in
between depending on the balance of materials making up its composition (Barucci et al.,
2005a; Merlin et al., 2017). Those TNOs with lower J � band reflectance tend to show flat
reflectance across the optical wavelengths due to a higher balance of water ice (with flat
reflectance until NIR absorption bands at 1200+ nm) to organic materials (such as tholins
with a red optical slope) (Brown, 2012; Fraser & Brown, 2012; Merlin et al., 2017). In our
follow-up griz photometry we see an increase in reflectance with wavelength, along with
a possible break in the linearity of the reflectance at � 600 nm. When examining the two
sets of photometry for this object it is important to bear in mind that they were not measured
simultaneously, and therefore may probe different areas on the TNOs surface. We consider
three possible scenarios that may cause the unusual surface colour and reflectance of this
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TNO; a collisional origin within the Haumea Collisional Family, an alternative collisional
origin, or a variable mixture of either water ice or methane with organic tholins.

Fig. 5.3 The reflectance of both 2014 UL225 observations, normalised to r � band at 630 nm. The
lower panel shows the bandpasses of the various broadband filters used.

As the Haumea Collisonal Family are the only TNOs that lie in the same optical/NIR
colour space as 2014 UL225, we explored the possibility of 2014 UL225 being within the
Haumea collisional Family. Members of this collisional family are identified by more than
just their surfaces compositions (in Figure 5.4 we show the reflectance of Haumea Family
Member 2013 UQ15, and it can be identified in Figure 5.1 as the greyed out point close to
solar colours), they also have clustered orbital properties and relatively low ejection velocities
from Haumea’s collision (Brown et al., 2007b; Proudfoot & Ragozzine, 2019; Pike et al.,
2020). For 2014 UL225 the minimum escape velocity (Dv) is 1554 m/s, significantly outside
the typical Haumea family limit of 150 m/s (Proudfoot & Ragozzine, 2019). Although the
orbits of TNOs can change due to a transport in semimajor axis during resonant capture
(known as resonant diffusion) and so move the orbits of TNOs away from the Haumea
collisional family (as happened to Haumea itself, Brown et al., 2007b; Ragozzine & Brown,
2007), 2014 UL225 is too far from any MMRs for this to have occurred. Additionally, the
follow-up photometry of 2014 UL225 is not consistent with the flat reflectance in the optical
of the Haumea collisional family. This redder spectral slope, together with the high ejection
velocity rule out the possibility of 2014 UL225 being a typical member of the Haumea
Collisional Family. However, Haumea was originally believed to be a larger, differentiated
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body with a surface crust. Proudfoot & Ragozzine (2019) suggest that this crust would have
a large Dv, so (although unlikely) we cannot fully rule 2014 UL225 having once been part of
the surface / icy mantle intercept of the original Haumea.

Fig. 5.4 The reflectance of the the Haumea collisional family 2013 UQ15 observations, normalised to
r � band at 630 nm. A water ice spectrum (Fernández-Valenzuela et al., 2021) is shown with the teal
line. The lower panel shows the bandpasses of the various broadband filters.

Alternatively, 2014 UL225 could possibly be a member of a previously undiscovered
collisional family within the Kuiper belt. As with the Haumea collisional family, the water
ice on 2014 UL225 may have come from a larger, differentiated body (with a layer of pure
water ice) being broken up in a collision. If we assume the existence of pure water ice on the
surface of 2014 UL225, and as the only known small TNOs with water ice on their surface
are from the Haumea Collisional Family, it is a plausable inference that the water ice on
2014 UL225 can be attributed to fragmentation of a larger parent body. Within the asteroid
belt there are a number of collisional families (e.g., Bendjoya & Zappalà, 2002), and though
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we expect more than a single collisional family within the Kuiper belt they are not as easily
identified by orbital elements alone (Chiang, 2002; Chiang et al., 2003). Therefore, it is
possible that 2014 UL225 originated within a collisional family that has since been dispersed
from its origin position.

Finally, it is possible that this more water rich surface type makes up a small population
within the Kuiper belt. Although mid-sized TNOs (� 500 � 1000 km) tend to have deeper
water ice absorption on their surfaces, it is much less common on smaller TNOs (Hr > 4,
Brown, 2012) like 2014 UL225 with Hr of 7.24. Additionally, these smaller TNOs have
been surveyed at NIR wavelengths significantly less than optical wavelengths (Hainaut et al.,
2012). It is possible that a population of these TNOs with a greater quantity of surface water
ice exist within the Kuiper belt, but do not normally stand out as unique surfaces within
optical colour surveys. To investigate the composition responsible for the surface properties
of 2014 UL225, comparisons were made between its photometry and the spectra of water ice
and a water ice/titan tholin mixture. We used a simple geometric mixture of the pure water
ice with titan tholins from Roush & Dalton (2004), and adjusted the ratio between the two
until the resulting spectra roughly matched the 2014 UL225 photometry. The results indicate
that a higher water ice content can account for the low J � band reflectance observed, while
a higher tholin content can explain the redder optical slope during the optical follow-up. This
suggests that the surface of 2014 UL225 may be a heterogeneous blend of tholins and water
ice. In Figure 5.5 we show the separate spectra of tholins, water ice and methane, along
with the 2014 UL225 photometry for comparison. It can be seen that although the tholin
reflectance increases with wavelength (similar to the optical photometry of 2014 UL225),
both the methane and water ice have absorption bands within the J � band filter bandpass
and so could contribute to the lower reflectance at longer wavelengths of 2014 UL225. It
is worth considering that 2014 UL225’s surface composition may be more complex than a
simple mixture. The non-linear trend observed in the follow-up photometry could suggest the
presence of carbonaceous material on its surface, similar to 2005 EW95 (Seccull et al., 2018)
or 2013 GY136 and 2014 UX228 (Schwamb, in prep.). Nevertheless, due to the limitations
of the available data, it is not feasible to make a definitive conclusion, and additional full
spectra would be necessary for a proper surface characterisation of this object. In particular,
future NIR spectra with JWST or optical spectra with the Extremely Large Telescope (ELT)
would be especially valuable.

Though the specific cause behind its surface type cannot be definitively determined, 2014
UL225 clearly stands out as a unique surface amongst the 100 TNOs surveyed by Col-OSSOS.
From a single detection we can not measure a full size distribution of a TNO with this surface
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Fig. 5.5 The reflectance of the the 2014 UL225observations, normalised to r � band at 630 nm is
shown in the top panel. In th middle panel we show an ice tholin spectrum from Poch et al. (2016),
while in the lower panel we show an amorphous water ice spectrum along with a methane spectrum
(Fernández-Valenzuela et al., 2021). The lowest panel shows the bandpasses of the various broadband
filters.
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Fig. 5.6 Histogram of the estimated population sizes capable of producing a single Col-OSSOS
detection. The median population, along with the 95% confidence limits are shown by the solid and
dashed black lines.

type, however due to the well calibrated discovery survey (OSSOS, Bannister et al., 2018)
we can make a rough estimate for its intrinsic population within the Kuiper belt. We used the
dynamically hot classicals within the L7 model of the Kuiper belt (Kavelaars et al., 2009;
Petit et al., 2011; Gladman et al., 2012), as 2014 UL225 is a hot classical TNO. We assign
a size distribution that follows the broken power law based on Fraser et al. (2014a), with a
break position of 7.7, a bright end slope of ab = 0:8 and a faint end slope of a f = 0:5. Using
the OSSOS Survey Simulator (Lawler et al., 2018a) we bias the model to what OSSOS could
have detected, with a magnitude limit of mr < 23:6 to ensure the simulated TNO would be
bright enough to be detected by Col-OSSOS. Additionally, we include the condition that
the simulated TNO must have been within the Col-OSSOS observation blocks. We ran the
survey simulator until it detected 1 TNO within these limits, to simulate a population of
which only a single TNO was detected by OSSOS and observed by Col-OSSOS. This lead to
an estimate of 2104+ 8817

� 2036 TNOs of this surface type in the outer solar system, predicting that
there is a small number of TNOs with this distinctive surface within the Kuiper belt.

5.4.2 2013 JR65

The precise colours of Col-OSSOS provide an opportunity to identify other TNOs with
unique surfaces, in addition to 2014 UL225. Among these, 2013 JR65 stands out with
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near-solar optical colours in the initial Col-OSSOS measurement (Figure 5.1). Several
small TNOs exhibit a neutral optical colour similar to that of 2013 JR65, without the low
NIR colours of 2014 UL225. Together with 2014 UX228 and 2013 GY136 (Schwamb in
prep., included in Figure 5.1), 2013 JR65 forms a small sample of ‘ultra-neutral’ surfaces in
Col-OSSOS. The surfaces of both 2014 UX228 and 2013 GY136 are potentially similar to
carbonaceous Ch-type asteroids, as defined by the classification scheme of DeMeo & Carry
(2013). Furthermore, spectroscopic observations of TNO 2005 EW95 (with similar neutral
optical surface colour) reveal a phyllosilicate C-type asteroid-like surface. With the similar
surface colour, it is likely that 2013 JR65 would have a similar surface to these other neutral
coloured TNOs. However, the initial grJ photometry did not provide sufficient information
to distinguish this, so we re-examined the TNO with griz optical photometry to better explore
the � 500 � 900 nm wavelength range where this can be distinguished.

Figure 5.7 displays the reflectance of 2013 JR65 from both visits. In the initial Col-
OSSOS reflectance, a shift in gradient between the gr reflectance slope and the rJ slope is
discernible, although the precise wavelength at which this shift occurs cannot be determined
except that it lies within the 600 nm to 1200 nm range. In the follow-up photometry, the
spectral slope shift is less pronounced, but we can see that it occurs at approximately 600
nm or somewhere within the range of the r � band filter (� 580 nm � � 700 nm). Moreover,
2013 JR65 exhibits differences in optical colours between the two observations, which
will be discussed in Section 5.4.3. A broadband absorption was found by Seccull et al.
(2018) at these wavelengths on TNO 2005 EW95 and was associated with aqueously altered
hydrated silicates found on some asteroids. There have been numerous tentative detections
of this absorption on TNOs, usually with an additional absorption feature at � 700 nm (e.g.,
Fornasier et al., 2004; de Bergh et al., 2004). These tentative detections were not found in
the follow-up spectra, and spectral variability was suggested as the likely cause (Fornasier
et al., 2009; Merlin et al., 2017). Seccull et al. (2018) was the first to definitively detect
this optical absorption on a TNO. On asteroids, this feature is associated with low-albedo
C-type asteroids (DeMeo & Carry, 2013). Shared compositional characteristics between the
Kuiper belt and asteroid belt are potentially informative, as it indicates objects forming of
similar compositional material in similar areas of the primordial solar system. The Grand
Tack model of solar system formation has the carbonaceous asteroids being formed in the
giant planet region (Walsh et al., 2011, 2012). During the period of planetary migration these
objects are then injected into the outer asteroid belt, or scattered out into the Kuiper belt.
Therefore, similar surfaces between the asteroid and Kuiper belts can potentially provide
observational evidence of this theory.
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Fig. 5.7 The reflectance of both 2013 JR65 observations, normalised to r � band at 630 nm. The
lower panel shows the bandpasses of the various broadband filters used.

The identification of the source of potential broadband optical absorption features in
TNOs is challenging in the absence of spectra. In this regard, if we assume that TNOs with
similar colours have similar surfaces, we might suggest that the surface of TNO 2013 JR65
has aqueously altered hydrated silicates, given the observed potential absorption at � 600
nm. In particular, spectral variability of 2013 JR65 may indicate a similarity with TNO 2003
AZ84 (Fornasier et al., 2004), which exhibited potential phyllosilicate detection only in some
of its observations, with variability suggested as the cause (Fornasier et al., 2009). Notably,
although the surface of 2013 JR65 stands out as intriguing, further observations and analyses
using spectroscopic data are essential to confirm the cause of its features.

5.4.3 Colour Variation

Within the Kuiper belt, surface variation has previously been observed to a high precision
on small TNOs by Fraser et al. (2015). The precise repeat colours of Col-OSSOS allows an
opportunity to look for variations in colour on an expanded sample of TNOs. In Figure 5.1
we show the full optical repeated colours for our sample of 19 TNOs, along with the repeated
NIR colours for 9 TNOs. The majority of our sample show consistent measurements between
return visits, however we do have a small sub-sample that show variation in either their
optical or NIR colours. Table 5.3 summarises this colour varying sub-sample, made up of 1
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MMR TNO, 3 hot classicals and 2 cold classicals. In the left panel of Figure 5.8 we present
the four TNOs that show variation > 2s in their optical (g � r) colours. In the right panel of
Figure 5.8 we show the TNOs varying > 2s in NIR (r � J) colour. Additionally, 2013 UN15
varies in its (r � z) colour by > 2s in addition to its (r � J) variation. We see TNOs showing
colour variation within both the red and neutral colour clouds (neutral surfaces defined as
those with (g � r) < 0:8 and red surfaces (g � r) � 0:8, as in Schwamb et al., 2019), with 3
neutral colours TNOs showing variation (two with outlying surface colours as discussed in
Sections 5.4.1 and 5.4.2), and 3 red TNOs. Additionally, 2015 RB281 spans the majority of
the neutral colour range in its variation. Furthermore, for those varying objects in Table 5.3
none cross between the red and neutral colour classes.Finally, within our colour precision,
no TNOs varying in optical colour also vary in NIR (or vice versa). For the sub-sample of
repeats with g, r and J measurements we can look in variation in the newer brightIR/faintIR
surface composition classes of Fraser et al. (2023). Again, we find that none of our TNOs
change compositional class.

Fig. 5.8 Optical and near-infrared (NIR) colours of the colour varying TNOs in this work. The left
panel shows the 4 TNOs with varying optical colour, while the right panel shows those with varying
NIR colour. Dashed lines join repeat observations of single TNOs. TNOs with variation greater than
3 sigma are highlighted in blue. The solar colours, with g � r = 0:45 and r � J = 0:97, are shown by
the yellow star.

The observed colour variations of TNOs may result from various factors, including
influences of the observing times and techniques. We review and eliminate each of these
potential factors and demonstrate that the colour variation observed in Table 5.3 is indeed due
to surface variations of the TNOs. We have not measured the magnitude simultaneously in
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MPC Designation OSSOS ID Classification D r mag Hr Varying Colour Significance

2013 UN15 o3l63 ccla 0:463 � 0:136 7.00
0:551 � 0:167 (r � J) > 3s
0:260 � 0:143 (r � z) > 2s

2013 SA100 o3l79 hcla 0:267 � 0:064 5.77 0:273 � 0:154 (r � J) > 2s
2013 JK64 o3o11 res 0:000 � 0:106 7.69 0:154 � 0:079 (g � r) > 2s
2013 JR65 o3o21 hcla 0:104 � 0:065 7.53 0:120 � 0:045 (g � r) > 3s

2014 UL225 o4h20 hcla 0:052 � 0:308 7.24 0:098 � 0:053 (g � r) > 2s
2015 RB281 o5s36 ccla 0:023 � 0:507 7.36 0:238 � 0:077 (g � r) > 3s

Note: The TNO classifications are abbreviated with ccla = cold classical, hcla = hot classical, res = MMR with Neptune.
D r mag is the variation in r magnitude between TNO observations.

Table 5.3 Varying sample of TNOs, defined as those TNOs with a change in colour greater than 2s .
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each broadband filter, which could introduce the influence of the rotational lightcurve on the
colour measurements. A significant difference in the TNOs r magnitude between visits may
indicate a a particularly high amplitude lightcurve. This or a fast rotating TNO may break our
assumption of linearity across the observing time and therefore influence the TNO’s colour
measurement. Furthermore, the TNOs were observed on different dates, thus spanning a
range of phase angles. This angle between the Sun, observer, and the observed TNO will
effect the measured brightness of the TNO, with the object appearing brighter at lower phase
angles. As the effect of phase angle varies with wavelength, this could also contribute to the
discrepancies in colours observed on different dates. Despite these possible complicating
factors, we work to show that surface variation is the primary cause of the observed colour
variations.

In analysing the measured colours of the Col-OSSOS dataset, we take steps to mitigate the
potential effects of lightcurve variation. Because the observations occur over a duration that
is typically shorter than the 6 � 15 hours rotational period of a TNO (Thirouin et al., 2016;
Thirouin & Sheppard, 2018, 2019a), we measure colours relative to a linear fit of brightness
variation during the observing period, as described in Schwamb et al. (2019). It is important
to note that this method relies on the assumptions that the lightcurve is linear during the
observing period and that all filters are equally affected by lightcurve variation. We carefully
assessed the fitted lightcurves to rule out any potential issues by examining individual
lightcurves, along with the residuals of the fits. As an example, we show a lightcurve of one
of the optically varying TNOs in Figure 5.9 and show the lightcurves of the whole varying
sample in Figures A.4, A.5, A.6, A.7 and A.8. We conducted a thorough visual examination
of the fitted lightcurves to ensure the absence of any discernible non-linear variation and
found that all the variations in our sample were linearly well-fitted. Moreover, we evaluated
the lightcurve fitting parameters, including the slope, intercept, and mean of residuals, of our
sample in comparison to the larger Col-OSSOS dataset. We found that the fitted values of the
varying TNO lightcurves did not exhibit any outlying characteristics relative to the 102 TNOs
surveyed by Col-OSSOS. For the varying TNOs all were within three standard deviations of
the mean of the full dataset (and the majority within a single standard deviation), giving us
confidence that the varying TNOs were well within the distribution of values of the larger
Col-OSSOS dataset. This indicates that an incorrect lightcurve fit is unlikely to be the cause
of the varying colours.

Long-term lightcurve behavior of TNOs can be approximately studied with the available
data. However, it is worth noting that disentangling this lightcurve behavior from the phase
curves examined below is not possible within our data. To estimate the minimum lightcurve
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Fig. 5.9 Example of observed photometry for object 2015 RB281. The r � band corrected colours,
calculated with the fitted colours, are plotted as squares with colours corresponding to the filter. In
red we have the r � band magnitudes, g � band in green and J � band in white. The straight line
shows the linear fit to the r � band corrected colours while the vertical dashed lines connect same
observations.

amplitudes of the TNOs, we computed the difference in observed magnitude at different
epochs. Figure 5.10 displays the variation in average r-band magnitude for each epoch in
relation to the absolute magnitude Hr, with the Dr magnitude values also presented in Table
5.3. The range of Dr magnitudes we find varies from 0.000 to 0.463, with a mean value of
0:156 � 0:139. These brightness variations are all within or below 1s of the typical peak-to-
peak lightcurve amplitude for a TNO, which is around 0:2 � 0:4 (Trilling & Bernstein, 2006;
Benecchi & Sheppard, 2013; Showalter et al., 2021). This is consistent with the behaviour
expected for the lower limit values.

Finally, we investigate the phase angle range encompassed by our observations of these
objects. TNO phase curves exhibit linear variation until . 0:1� , at which point the brightness
surges due to the opposition effect (Belskaya et al., 2008). Furthermore, phase curves exhibit
different linear slopes in different broadband filters (Rabinowitz et al., 2007; Alvarez-Candal
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Fig. 5.10 The change in average r � band magnitude across epochs vs. the absolute magnitude. The
teal circles show the whole repeat sample, while the purple squares show the colour varying TNOs.

et al., 2019) so if we cover a wider range of phase angles between observations it may
introduce a change in colour due to these different phase curve slopes. (Rabinowitz et al.,
2007) show that the phase coefficient increases with wavelength (by 0:5 � 0:8 mag deg� 1

mm� 1), so this is more likely to influence the (r � J) colours than (g � r) due to wider
range of wavelengths. Figure 5.11 illustrates the phase angle for each visit of all the repeat
TNOs. We find that the majority of our varying sample span similar phase angle ranges to
the rest of the repeated TNO sample. Interestingly, 2015 RB281 which exhibits the largest
optical variation, only changes in phase angle by 0:027� . This minimal change in phase
angle makes it highly unlikely that the phase curve is causing the variation in colour for
this TNO. Additionally, the other TNOs varying in (g � r) colour all vary in phase angle by
< 0:42� , a similar range to the non-varying colour TNOs. Even if we assume that these TNOs
are experiencing the maximum change in phase coefficient with wavelength measured by
Rabinowitz et al. (2007) of 0.8 mag deg� 1 mm� 1 this would only introduce only a variation
of 0:003 � 0:052 in the (g � r) colour. This maximum variation introduced by phase is
significantly less than the corresponding variation in (g � r) colour for each of these TNO. It
is therefore unlikely that the phase angles are the cause of the optical variation of our TNOs.
Although most of these TNOs do not encompass low phase angles where the opposition
surge becomes apparent, our two TNOs with varying NIR colour do range to phase angles
< 0:15� . Additionally these two TNOs cover the largest range of phase angles within the
varying sample. Using the same estimate for variations due to phase angles we would find
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a maximum variation of 0:332 for 2013 SA100 (greater than its variation in (r � J) colour)
and 0:395 for 2013 UN15 (less than its variation in (r � J) colour). 2013 SA100 does have a
repeat measurement in (r � z) colour, however there is no measurable variation in the colour.
2013 UN15 varies in (r � z) colour and using the same values for the phase curve variation
we would predict a variation of 0:188, which is slightly lower than the measured variation.
This indicates that the variation in NIR colour for 2013 UN15 may be under the influence of
the phase curves, as the variation is increasing relative to the wavelength increase. It is also
worth noting that at J � band wavelengths TNO phase curve have undergone minimal study,
so we are extrapolating from work done in the 400 � 1000 nm wavelength range.

Fig. 5.11 Phase angle at each epoch for the repeat TNOs. The blue circles show the whole repeat
sample, while the orange squares show the colour varying TNOs.

After excluding alternative causes as the potential cause of the colour variations in our
TNOs, the most likely cause of the variations compositional differences across the TNOs
themselves. Different surface compositions in different patches on the TNOs can result in
measured colour variations. To further investigate the surface variations, we examined the
reflectance spectra of the TNOs. We limited our analysis to TNOs with colour variations
greater than 3s . The reflectances of 2013 UN15, 2013 JR65, and 2015 RB281, the three
TNOs exhibiting greater than 3s variation in either optical or NIR colour, are presented in
Figure 5.12.

For 2013 UN15 (top panel in Figure 5.12), we see a significant variation across the
J � band reflectance between the two epochs, and a slightly less significant variation in the
z � band. If not due to the changing phase angle this change in reflectance may be a result
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in differing amounts of tholins reflecting in different visits, Barucci et al. (2005a) suggest
that a higher ratio of amorphous carbon to Titan tholin on the TNO surface will flatten the
reflectance similar to seen in Figure 5.12. However, it is not possible to say for certain the
cause of the differently shaped spectra. It is possible that on different epoch we were seeing
different variations in the TNO’s compositional mixture, perhaps a thinner layer of tholin on
the second visit allows more amorphous carbon to be visible. Meanwhile, 2013 JR65 and
2015 RB281 both show variation in their g � band reflectance. Although it is again difficult
to pinpoint the cause of the different spectral shape, for 2013 JR65 we see a possible change
in spectral slope at optical wavelengths that is not present in the second visit. Such spectral
slope shapes have previously been associated with C-type asteroids (DeMeo & Carry, 2013),
and phyllosilicate-bearing carbonaceous asteroid-like surfaces within the Kuiper belt (Seccull
et al., 2018, Schwamb et al., in prep.). It is possible that we are seeing a more carbonaceous
part of the TNO’s surface in the first visit of 2013 JE65. For 2015 RB281 we see a slight
reddening below � 600 nm in the second Col-OSSOS visit. Again, this may be indicative of
a less organic rich surface (Barucci et al., 2005a) visible at different epochs.

This section has investigated the causes of colour variation observed in Col-OSSOS
TNOs, and ruled out potential effects from lightcurves and phase curves. Our findings
suggest that the compositional variation on the surfaces of the TNOs is the most likely
explanation for the colour variation. Furthermore, our sample does not exhibit any TNOs
transitioning between the major red and neutral surface types in the Kuiper belt (using the
(g � r) = 0:8 split of Schwamb et al., 2019), indicating that the two types have formed from
different materials at varying distances from the Sun. While we cannot determine the exact
cause of the compositional variation, it could be a property inherent to smaller TNOs and
their formations, or the result of resurfacing or collisions, this is in agreement with many
previous models of a surface-colour changing ice line being the original source of the red
and neutral surface colours of TNOs (e.g. Fraser & Brown, 2012; Nesvorný et al., 2020;
Buchanan et al., 2022). Finally, the variation in 2015 RB281 spanning the entire red surface
class suggests that the red surface class of TNOs is formed from a diverse range of red
materials, similar to the range of neutral materials making up the neutral class exemplified
by 2005 TV189 in Fraser et al. (2015).

5.5 C O N C L U S I O N S

The Col-OSSOS survey has provided valuable insights into the surface colours and composi-
tions of various TNOs, including 2014 UL225 and 2013 JR65. 2014 UL225 has a solar-like
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colour and an unusual reflectance feature in the near-infrared range. Although this TNO
shares a similar colour space with the Haumea Collisional Family, it does not meet the
orbital requirements or have the expected reflectance properties to be considered a typical
member of the family. Possible scenarios for its unusual surface colour and reflectance
include an alternative collisional origin, a variable mixture of water ice and organic tholins,
or a collisional origin within a different, as yet unidentified, family. Further observations of
2014 UL225 and similar objects will help to elucidate the nature of their surfaces and the
processes that have shaped their evolution. 2013 JR65 stands out as having near-solar optical
colours and an "ultra-neutral" surface, similar to other TNOs with potentially aqueously
altered hydrated silicates on their surfaces. For both of these TNOs follow-up spectra would
be extremely beneficial to fully identifying the cause of their interesting surfaces.

Moreover, the Col-OSSOS project has allowed for the identification of variations in
surface colour on a larger sample of TNOs than previously observed. Spectral variability
can be a crucial tool in differentiating between different surface composition models. While
spectral variability has been found in larger TNOs, it has been uncertain in smaller ones.
The majority of the repeated sample show consistent measurements between return visits,
however, a small sub-sample exhibits variation in either their optical or NIR colours. For
the optically varying TNOs, other potential factors such as lightcurve variations have been
eliminated, concluding that the colour variation is a result of surface variation on the TNOs
themselves. For the NIR varying TNOs, the variation may be due to the phase angle range
they were observed over. In the coming years, LSST is expected to observe phase curves for
a large number of TNOs, which would aid in removing phase effects in future observations.

Within our varying TNOs, none vary in both optical and NIR wavelengths.Furthermore,
none of them vary between the red and neutral groups, nor within the brightIR/faintIR. These
findings suggest that the redder and neutral coloured TNOs are made up of a wide range
of either red or neutral coloured materials. Furthermore, two of the six TNOs varying by
greater than 2s were identified as having interesting surfaces (2014 UL225 and 2013 JR65).
However, it is important to note that these TNOs were revisited specifically because they had
interesting surfaces, so this is not an unbiased sample. Overall, the Col-OSSOS project has
provided valuable insights into the surface properties of TNOs and has identified areas for
further investigation.
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Fig. 5.12 The reflectance of 2013 UN15, 2013 JR65 and 2015 RB281 observations at both epochs,
normalised to r � band at 630 nm. The lower panel shows the bandpasses of the various broadband
filters used.
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C O N C L U S I O N S A N D F U T U R E W O R K

6.1 T H E C O L O U R S O F T H E K U I P E R B E LT

The first major part of this PhD project involved studying the position of a surface transition
in the massive planetesimal disk from which the Kuiper Belt originated. Dynamically excited
Trans-Neptunian Objects (TNOs) show two clusters in the distribution in their broadband
surface colours, generally called the red and neutral surface types. It is believed that these
differing surfaces may be an indicator of where these objects formed in the early Solar System,
before their emplacement on their current orbits by to planetary migration. Therefore, this
bimodality suggests the presence of a surface change in the massive planetesimal disk from
which the dynamically excited TNOs formed, possibly a surface-colour changing ice line.
In Chapters 3 and 4, we explored radial colour distributions in the primordial planetesimal
disk and implications for the positions of ice line/colour transitions within the Kuiper Belt’s
progenitor populations. Within these chapters we combine dynamical models of the Kuiper
Belt’s evolution due to Neptune’s migration with precise surface colours measured by the
Colours of the Outer Solar System Origins Survey (Col-OSSOS) in order to examine the true
colour ratios within the Kuiper Belt and the ice lines within the primordial disk.

In Chapter 3 we used the partially complete Col-OSSOS along with the dynamical
model of Kuiper belt formation by Nesvorný & Vokrouhlický (2016) to investigate the radial
position of this transition along with the layouto of the colours. We found that an inner
neutral / outer red primordial disk with a colour transition at 28+ 2

� 3 au, or an inner red /
outer neutral transition position of 27+ 3

� 3 au best matched the Kuiper belt colours observed
by Col-OSSOS. The lack of distinction between the two disk layouts implies that Neptune
scatters the TNOs so thoroughly throughout its migration that much of their history is lost.

In Chapter 4 we worked significantly further on this, using the fully completed Col-
OSSOS along with two dynamical models. We investigated in the context of brightIR and
faintIR TNO surfaces (from Fraser et al., 2023) as well as the red and neutral coloured
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Transition Position
Disk Layout Condensed Disk Model Extended Disk Model

Inner Neutral / Outer Red 27:7+ 0:7
� 0:8 au 30:0+ 1:1

� 1:2 au
Inner Red / Outer Neutral 27:1+ 0:8

� 0:8 au 28:6+ 1:1
� 1:2 au

Inner brightIR / Outer faintIR 28:7+ 0:3
� 1:0 au 31:5+ 1:1

� 1:2 au
Inner faintIR / Outer brightIR 26:3+ 0:8

� 0:8 au 26:9+ 1:4
� 1:1 au

Table 6.1 Summary of the transition positions for the different scenarios investigated in Chapter 4.

surfaces. As mentioned in Chapter 4 we referred to the two migration models as the
condensed disk model (with a primordial disk that ended at � 30 au from Nesvorný &
Vokrouhlický, 2016) and the extended disk model (with a primordial disk that ended at � 55
au from Nesvorný et al., 2020). We summarise the resulting most likely transition positions
in Table 6.1.

In the red and neutral TNO surface colours scenario we found that the inner red initial
disks generally had a transition position interior to that of the inner neutral colours initial
disk. Additionally, we found that all red/neutral colour transitions were . 30 au. For the
brightIR and faintIR TNO surfaces scenario we found that the inner faintIR transition position
was always interior than the inner brightIR. In addition, although our simulations cannot
rule out any of the simulated planetesimal disks we explored we can use previous works
to comment on which disk layout may be more likely. While the majority of planetesimal
disk configurations are consistent with the formation of the ‘blue binaries’, the inner red /
outer neutral disk configuration for the condensed disk model is less likely as the neutral
coloured TNOs form too far interior to maintain their binarity throughout Neptune’s migration.
Additionally, both inner neutral / outer red disks have transition positions consistent with the
< 30 � 35 au that Bolin et al. (2023) propose is required to gain the observed number of red
surfaces among the Neptune Trojans. Finally, the cold classical TNOs have predominantly
faintIR surfaces suggesting that the inner brightIR / outer faintIR disk configuration is more
probable.

In Chapter 4 we also include an estimate of the true fraction of different surfaces within
the dynamically hot TNO populations. We find that when considering the red/neutral surface
colours the red:neutral colour ratio varies from 0.33:1 to 0.82:1. For the brightIR/faintIR
surface classifications the faintIR:brightIR ratio varies from 0.18:1 to 0.54:1.
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6.2 VA R I A B L E A N D O U T LY I N G S U R F AC E S I N T H E K U I P E R B E LT

The Col-OSSOS survey has significantly advanced our understanding of the surface colours
and compositions of various TNOs, including two notable objects, 2014 UL225 and 2013
JR65. An intriguing aspect of 2014 UL225 is its solar-like colour combined with an unusual
reflectance feature in the near-infrared range. Although this TNO shares some colour
characteristics with the Haumea Collisional Family, it does not meet the necessary orbital
criteria or fully exhibit the expected reflectance properties to be classified as a typical member
of that family. Possible explanations for its peculiar surface colour and reflectance include
an alternative collisional origin, a variable mixture of water ice and organic tholins, or a
collisional origin within a different, as-yet-unidentified family. Further observations of 2014
UL225 and similar objects will be crucial in unraveling the nature of their surfaces and the
processes that have shaped their evolution. On the other hand, 2013 JR65 stands out with
near-solar optical colours and an ‘ultra-neutral’ surface, similar to other TNOs that may
possess aqueously altered hydrated silicates. To gain a comprehensive understanding of these
intriguing surfaces, follow-up spectra of both 2014 UL225 and 2013 JR65 would be highly
valuable.

Col-OSSOS has not only provided insights into the surface properties of TNOs but
has also enabled the identification of surface colour variations among a larger sample than
previously observed. Spectral variability serves as a vital tool in discerning between different
surface composition models. While spectral variability has been observed in larger TNOs,
its presence in smaller ones has remained uncertain. Among the repeated sample, the
majority displayed consistent measurements between return visits; however, a small subset
exhibited variations in either their optical or NIR colours. For the optically varying TNOs,
other potential factors such as lightcurve variations have been ruled out, leading to the
conclusion that the observed colour variation originates from intrinsic surface variations on
the TNOs themselves. In the case of NIR varying TNOs, the variation may be attributed to
the range of phase angles over which they were observed. In the coming years, the anticipated
observations of phase curves by the LSST will contribute to mitigating the effects of phase
angles in future observations.

Interestingly, none of the varying TNOs exhibit variations in both optical and NIR
wavelengths, nor do they show variations between the red and neutral colour groups or
within the brightIR/faintIR categories. These findings suggest that the redder and neutral
coloured TNOs encompass a wide range of materials characterized by either red or neutral
colours. It is worth noting that two out of the six TNOs exhibiting variations greater than 2s
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were identified as having intriguing surfaces (2014 UL225 and 2013 JR65). However, it is
important to acknowledge that these TNOs were specifically revisited due to their interesting
surfaces, making this a biased sample. In summary, the Col-OSSOS project has not only
provided valuable insights into the surface properties of TNOs but has also highlighted
avenues for further investigation.

6.3 F U T U R E W O R K

The future direction of this research aims to deepen our understanding of Solar System
surfaces, particularly within the Kuiper belt, and their implications for planetary migration.
The advent of the Legacy Survey of Space and Time (LSST, LSST Science Collaboration
et al., 2009; Ivezić et al., 2019) in approximately 2025 provides an exciting opportunity for
a comprehensive investigation. With its wide-field observations and multiple broadband
filters (grizy), LSST offers unprecedented capabilities to study the surfaces of TNOs on a
scale that was previously unattainable. On a broader scale, the increased number of known
TNOs expected from LSST (by a factor of ten!), would allow for a continuation of the
investigation into the origins of different TNO surfaces. This expanded sample size would
provide a more comprehensive understanding of the distribution and characteristics of TNO
surfaces. On a smaller scale the abundance of TNO surface observations by LSST would
aid in the identification of outlier surfaces within TNO populations. As we observe a larger
variety of TNO surfaces, the likelihood of encountering unusual or atypical cases increases,
offering valuable insights into the diversity and peculiarities of these objects. Furthermore,
LSST’s ability to measure phase curves and lightcurves for the majority of TNOs would be
instrumental in furthering the identification of variable TNO surfaces. By ruling out phase
lightcurve effects and confirming surface variations as the cause of spectral changes, we can
gain deeper insights into the dynamic nature and evolution of TNO surfaces. Overall the
utilisation of LSST in future research endeavors would enable a multi-faceted approach to
the investigation of Solar System surfaces, allowing for both large-scale analysis of TNO
origins and detailed scrutiny of individual objects. The anticipated advancements in surface
characterisation and understanding of TNO variability would significantly contribute to our
knowledge of the Kuiper belt and its relationship to planetary migration.

With just the first 6 months of LSST observations, I could study the red / very red surfaces
of the TNO population. By investigating the colour ratio of TNO with a fully characterised
survey like LSST, we can make comparisons with dynamical models of Neptune’s migration
and then infer where different surface types formed in the early Solar System. The formation
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positions of different surfaces can then provide context on the compositions of different
surface colours, as different distances have different temperatures and surface processing.
Although only 6 months of observations will not be enough for fully secure orbits for the
whole population, the orbital inclinations of these discoveries will be known. Therefore, the
dynamically hot TNOs could be distinguished from the dynamically cold using an inclination
cut. The formation positions of different surfaces can be investigated by comparison with
different dynamical models, such as Nesvorný & Vokrouhlický (2016), Nesvorný et al. (2020)
and Kaib & Sheppard (2016). Applying different red/very red ratios to their pre-Neptune
migration disks, and using the LSST survey simulator to investigate if they are capable of
producing the colour ratio observed in the first 6 months of TNO data could help constrain
the position of the proposed colour transition present in the primordial disk.

Additionally, I can work on identifying interlopers located between the asteroid and
Kuiper belts. The gravitational influence of the giant planets during their early migration
likely caused some exchange of small bodies between these two regions. Notably, previous
studies conducted by Seccull et al. (2018) and Hasegawa et al. (2021) have already reported
discoveries of such contaminants. Investigating TNO/asteroid interlopers is crucial for
gaining insights into the dynamics of the early Solar System. The presence of interlopers
between the asteroid and Kuiper belts significantly affects the migration dynamics of Neptune.
Furthermore, TNOs within the asteroid belt are likely to have undergone distinct surface
processes compared to the majority of TNOs, given their closer proximity to the Sun.
Considering the limited knowledge we have about TNO surface compositions, studying
these objects, which are closer in and potentially exhibit different surface evolution, could
significantly contribute to the ongoing investigation in this field. As depicted in Figure
6.1, across the � 400 nm � � 900 nm covered by the LSST griz filters TNO contaminants
within the asteroid belt display steeper spectral slopes compared to typical asteroid surfaces
(Hasegawa et al., 2021). Conversely, asteroid contaminants in the Kuiper belt would be
characterised by less red surface colours and a change in optical slope around 500 nm, as
illustrated in Figure 6.2.

Further from this, there is limited study of TNOs with r mag > 23 due to difficulty
of studying surfaces at this faintness. We do not currently know if the surfaces of these
smaller TNOs follow the same trends as larger TNOs. With sheer number of TNOs to be
discovered by LSST we will be able to properly investigate those small sizes for the first
time. Particularly, the deep drilling fields (such as COSMOS, with deeper coverage and
more frequent sampling) should be investigated for these small TNOs, as they will observe to
much fainter magnitudes. I can compare the optical surface colours of these TNOs with those
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Fig. 6.1 Figure 1 from Hasegawa et al. (2021) The left plot shows the spectra of the very red spectral
slope main belt asteroids 203 Pompeja and 269 Justitia, and the typical spectral types of dark asteroids
from the Bus–DeMeo classification scheme (DeMeo et al., 2009). At wavelengths below � 900nm the
potential interlopers have a much steeper spectral slope than the comparison asteroid surfaces. The
right plot shows 203 Pompeja and 269 Justitia compared with outer solar system surface, showing
that the red asteroids have similar surfaces to TNOs.

measured by other colour surveys (such as Schwamb et al., 2019). It’s possible that smaller
TNOs will have had different formations and surface evolutions, and therefore show different
surface to those of larger TNOs. For example, with my previous work using Col-OSSOS
(in Chapter 5) we see variation in surface colour across different observation dates. As this
survey probes to smaller sized TNO colours (and to a higher precision) than other previous
colour surveys, this hints that smaller TNOs may be more likely to show spectral variation
than the larger ones.

Finally, Neptune Trojans have previously had limited investigation, due to the large sky
area needed to properly study this population. LSST will therefore provide an unprecedented
opportunity to investigate these Trojans, as the survey coverage (particularly the northern
ecliptic spur) well encompasses the Trojans (both leading and trailing the orbit of Neptune,
Schwamb et al., 2018). As mentioned in Chapter 4 the colours of Neptune Trojans can have
large potential implications for any formation scenarios of the Trojans, as dynamical models
need to be capable of emplacing multiple TNO surfaces (likely formed in different areas of
the outer Solar System) onto Trojan orbits. These objects can be initially identified within
the LSST discoveries by their on-sky motion (3.5 – 4.5 arcsec/hr as in Sheppard & Trujillo,
2010). The orbits of potential Neptune Trojans could then be forward integrated to ensure that
they lie on that 1:1 MMR with Neptune. Additionally, I could perform follow-up astrometry
(with e.g., the 8.1m Gemini North Telescope) to properly constrain the orbits of any targets of
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Fig. 6.2 Figure 3 from Seccull et al. (2018), showing the showing a comparison between the spectrum
of potential asteroid interloper 2004 EW95 (observed with X-Shooter and FORS2), and a typical TNO
spectra for 1999 OX3. Both 2004 EW95 and 1999 OX3 were of similar brightness when observed.

interest. It would potentially be interesting to see if we could identify a relationship between
surface colour and inclination (like in the rest of the TNO hot population, Marsset et al.,
2019) for the Neptune Trojans.
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A
A D D I T O NA L F I G U R E S A N D TA B L E S

Centaur
Cold

Classical Detached
Hot

Classical
Jupiter

Coupled Resonant Scattered

15 283 30 159 5 311 39
Table A.1 The numbers of TNOs of each dynamical class within Col-OSSOS, as discovered and
characterised by OSSOS. In addition there were two TNOs which could not be dynamically classified.

Fig. A.1 Histogram of the numbers of TNOs of each dynamical class that were discovered and
characterised by OSSOS. Two objects withing the sample are considered to be unclassified as their
orbits were not tracked within the OSSOS specifications. The dynamical classes are outlined in
Bannister et al. (2018).
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Fig. A.2 Eccentricity, inclination and semimajor axis of the full OSSOS sample. Figure 2.1 shows
more detail of the orbits, along with the associated dynamical classes.
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Fig. A.3 Left show the cumulative r magnitudes for the Col-OSSOS TNOs while right shows the
cumulative absolute Hr magnitudes.
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MPC OSSOS ID Classification Mean mr Hr a (au) e i (� ) (g � r) (r � J)

2002 GG166 o3e01 sca 21.5� 0.09 7.73 34.42 0.590 7.71 0.59� 0.01 1.5� 0.05
2013 GH137 o3e02 3:2 23.34� 0.14 8.32 39.44 0.228 13.47 0.71� 0.03 1.76� 0.1
2013 GJ137 o3e04 3:2 23.39� 0.16 8.25 39.50 0.267 16.87 0.62� 0.03 1.66� 0.09

2013 GW136 o3e05 2:1 22.69� 0.07 7.42 47.74 0.344 6.66 0.72� 0.02 1.7� 0.06
2013 GY136 o3e09 5:2 22.94� 0.05 7.32 55.54 0.414 10.88 0.51� 0.02 1.48� 0.07
2013 GS137 o3e16 cla 23.47� 0.14 7.44 43.87 0.100 2.60 1.01� 0.02 1.72� 0.08
2013 GR136 o3e19 7:4 23.4� 0.1 7.20 43.65 0.076 1.64 0.72� 0.03 1.47� 0.1
2001 FK185 o3e20PD cla 23.09� 0.22 6.82 43.24 0.039 1.17 0.83� 0.03 1.77� 0.08
2013 GQ137 o3e21 cla 23.4� 0.09 7.12 45.69 0.131 2.85 0.89� 0.02 1.87� 0.06
2013 GN137 o3e22 cla 22.97� 0.09 6.70 44.09 0.065 2.76 1.05� 0.01 1.74� 0.07
2001 FO185 o3e23PD cla 23.37� 0.08 7.09 46.45 0.118 10.64 0.86� 0.02 1.87� 0.07
2004 EU951 o3e27PD cla 23.1� 0.1 6.77 44.15 0.044 2.82 0.97� 0.02 ...� ...
2013 GX137 o3e28 cla 23.17� 0.1 6.82 43.29 0.059 4.13 0.98� 0.03 1.46� 0.08
2013 GO137 o3e29 cla 23.46� 0.08 7.09 41.42 0.091 29.25 0.77� 0.03 1.73� 0.06
2013 EM149 o3e30PD cla 22.99� 0.05 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 o3e34PD cla 23.57� 0.1 7.05 44.04 0.019 0.55 1.07� 0.03 1.71� 0.06
2013 GP137 o3e35 cla 23.48� 0.13 6.94 43.71 0.025 1.75 0.94� 0.03 1.27� 0.1
2004 HJ79 o3e37PD cla 23.37� 0.09 6.81 43.96 0.046 3.32 0.95� 0.02 1.6� 0.07

2013 GP136 o3e39 det 23.07� 0.07 6.42 150.24 0.727 33.54 0.77� 0.02 1.63� 0.07
2013 GV1371 o3e43 cla 23.42� 0.28 6.67 43.79 0.083 3.20 0.95� 0.06 ...� ...
2013 GG138 o3e44 cla 23.26� 0.09 6.34 47.46 0.028 24.61 1.09� 0.03 1.85� 0.08
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2013 GQ1361 o3e45 cla 23.59� 0.1 6.13 48.73 0.173 2.03 1.08� 0.02 ...� ...
2013 HR1561 o3e49 15:8 23.54� 0.09 7.72 45.72 0.188 20.41 0.58� 0.03 ...� ...
2013 GM137 o3e51 cla 23.32� 0.23 6.90 44.10 0.076 22.46 0.6� 0.04 1.19� 0.13
2013 GX136 o3e55 2:1 23.41� 0.13 7.67 48.00 0.252 1.10 0.73� 0.02 1.64� 0.07
2013 UR15 o3l01 sca 23.06� 0.06 10.89 55.82 0.719 22.25 0.67� 0.02 1.64� 0.09
2001 QF331 o3l06PD 5:3 22.71� 0.07 7.56 42.25 0.252 2.67 0.83� 0.02 1.58� 0.07
2013 US15 o3l09 4:3 23.24� 0.16 7.78 36.38 0.070 2.02 1.05� 0.02 1.49� 0.06
2003 SR317 o3l13PD 3:2 23.36� 0.08 7.66 39.43 0.166 8.35 0.65� 0.01 1.36� 0.06
2013 SZ99 o3l15 cla 23.54� 0.13 7.65 38.28 0.017 19.84 0.59� 0.02 1.54� 0.08

2010 RE188 o3l18 cla 22.27� 0.05 6.19 46.01 0.147 6.76 0.68� 0.02 1.43� 0.08
2013 SP99 o3l32 cla 23.47� 0.08 7.23 43.78 0.060 0.79 0.98� 0.02 1.61� 0.07
2013 UL15 o3l43 cla 23.05� 0.11 6.62 45.79 0.097 2.02 0.9� 0.03 1.48� 0.08
2013 UO15 o3l50 cla 23.2� 0.06 6.69 43.33 0.049 3.73 0.96� 0.02 1.7� 0.06
2006 QF181 o3l60 cla 23.29� 0.07 6.79 44.81 0.075 2.66 0.9� 0.02 1.54� 0.07
2013 UX18 o3l69 cla 23.42� 0.1 6.74 43.60 0.057 2.89 0.89� 0.01 1.66� 0.09
2013 SQ99 o3l76 cla 23.1� 0.06 6.35 44.15 0.093 3.47 0.97� 0.02 1.7� 0.07
2013 UQ15 o3l77 cla 22.93� 0.12 6.07 42.77 0.113 27.34 0.47� 0.03 0.94� 0.12
2013 SA100 o3l79 cla 22.81� 0.04 5.77 46.30 0.166 8.48 0.66� 0.02 1.4� 0.05
2014 UJ225 o4h01 cen 22.74� 0.12 10.29 23.20 0.378 21.32 0.63� 0.01 1.24� 0.1
2014 UQ229 o4h03 sca 22.69� 0.21 9.55 49.90 0.779 5.68 0.94� 0.02 2.0� 0.06
2014 UX229 o4h05 3:2 22.25� 0.04 8.04 39.63 0.335 15.97 0.65� 0.01 1.46� 0.09
2010 TJ182 o4h07 3:2 22.28� 0.02 7.68 39.65 0.276 9.50 0.56� 0.02 1.34� 0.06
2014 UV228 o4h09 3:2 23.48� 0.08 8.49 39.49 0.228 10.14 0.59� 0.02 1.46� 0.06
2014 UO229 o4h11 3:2 23.55� 0.07 8.25 39.45 0.161 10.09 0.73� 0.02 1.16� 0.08
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2014 UD229 o4h13 4:3 23.54� 0.07 8.18 36.39 0.145 6.85 0.69� 0.02 1.3� 0.08
2014 US229 o4h14 5:2 23.18� 0.08 7.95 55.26 0.398 3.90 0.63� 0.02 1.42� 0.07
2014 UX228 o4h18 4:3 23.11� 0.05 7.35 36.35 0.167 20.66 0.5� 0.02 1.49� 0.06
2014 UK225 o4h19 cla 23.23� 0.06 7.43 43.52 0.127 10.69 0.98� 0.02 1.68� 0.06
2014 UL225 o4h20 cla 23.03� 0.07 7.24 46.34 0.199 7.95 0.56� 0.03 0.77� 0.13
2014 UH225 o4h29 cla 23.31� 0.06 7.30 38.64 0.037 29.53 0.53� 0.02 1.63� 0.06
2014 UM225 o4h31 9:5 23.25� 0.06 7.21 44.48 0.098 18.30 0.79� 0.01 1.53� 0.06
2007 TC434 o4h39 9:1 23.21� 0.05 7.13 129.94 0.695 26.47 0.67� 0.02 1.5� 0.06
2014 UD225 o4h45 cla 23.09� 0.05 6.63 43.36 0.130 3.66 0.71� 0.02 1.25� 0.09
2001 RY143 o4h48 cla 23.54� 0.08 6.80 42.08 0.155 6.91 0.89� 0.03 1.89� 0.07
2014 UE225 o4h50 cla 22.67� 0.04 5.99 43.71 0.066 4.49 1.04� 0.02 1.82� 0.07
1995 QY9 o4h69PD 3:2 22.38� 0.06 7.68 39.64 0.263 4.84 0.74� 0.02 1.46� 0.06

2014 UF228 o4h70 3:2 22.7� 0.04 7.77 39.55 0.220 12.60 0.61� 0.02 1.38� 0.07
2001 RX143 o4h76PD 3:2 22.84� 0.06 6.42 39.34 0.296 19.24 0.84� 0.04 1.32� 0.11

Table A.2 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.
Note: The TNO classifications are abbreviated with cen = centaur, sca = scattering disk, det = detached, cla = classical belt, res= MMR with
Neptune.
1 These objects did not have Col-OSSOS observations at the time of Chapter 3 work.
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MPC OSSOS ID Classification Mean mr Hr a (au) e i (� ) (g � r) (r � J) Model Sample
2002 GG166 o3e01 sca 21.5� 0.09 7.73 34.42 0.590 7.71 0.59� 0.01 1.5� 0.05 N19,N20
2001 FO185 o3e23PD cla 23.37� 0.08 7.09 46.45 0.118 10.64 0.86� 0.02 1.87� 0.07 N19,N20

Note: The TNO classifications are abbreviated with cen = centaur, sca = scattering disk, det = detached, cla = classical belt, res= MMR with
Neptune. N19 refers to the TNO being a part of the Nesvorný & Vokrouhlický (2016) comparison sample while N20 referes to the TNO being
part of the Nesvorný et al. (2020) comparison sample.

Table A.3 Objects from Col-OSSOS E, H and L Blocks that will be compared with the simulations.
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MPC
Designation

OSSOS ID MJD
Gemini
Filter

Exposure
Time (s)

PanSTARS
Magnitude

2013 JE64 o3o18 58667.37501 r_G0303 300 23.6502
2013 JE64 o3o18 58667.37501 r_G0303 300 23.6502
2013 JE64 o3o18 58667.37959 g_G0301 300 24.4152
2013 JE64 o3o18 58667.37959 g_G0301 300 24.4152
2013 JE64 o3o18 58667.38407 g_G0301 300 24.2487
2013 JE64 o3o18 58667.38407 g_G0301 300 24.2487
2013 JE64 o3o18 58667.38867 z_G0304 300 23.2709
2013 JE64 o3o18 58667.38867 z_G0304 300 23.2709
2013 JE64 o3o18 58667.39315 z_G0304 300 23.2951
2013 JE64 o3o18 58667.39315 z_G0304 300 23.2951
2013 JE64 o3o18 58667.39763 z_G0304 300 23.1854
2013 JE64 o3o18 58667.39763 z_G0304 300 23.1854
2013 JE64 o3o18 58667.40220 i_G0302 300 23.4286
2013 JE64 o3o18 58667.40220 i_G0302 300 23.4286
2013 JE64 o3o18 58667.40669 i_G0302 300 23.4294
2013 JE64 o3o18 58667.40669 i_G0302 300 23.4294
2013 JE64 o3o18 58667.41128 i_G0302 300 23.5525
2013 JE64 o3o18 58667.41128 i_G0302 300 23.5525
2013 JE64 o3o18 58667.41589 r_G0303 300 24.0667
2013 JE64 o3o18 58667.41589 r_G0303 300 24.0667
2013 JE64 o3o18 58667.42053 z_G0304 300 23.5563
2013 JE64 o3o18 58667.42053 z_G0304 300 23.5563
2013 JE64 o3o18 58667.42501 z_G0304 300 23.6540
2013 JE64 o3o18 58667.42501 z_G0304 300 23.6540
2013 JE64 o3o18 58667.43412 g_G0301 300 24.5527
2013 JE64 o3o18 58667.43412 g_G0301 300 24.5527
2013 JE64 o3o18 58667.43860 g_G0301 300 24.4631
2013 JE64 o3o18 58667.43860 g_G0301 300 24.4631
2013 JE64 o3o18 58667.44308 g_G0301 300 24.5030
2013 JE64 o3o18 58667.44308 g_G0301 300 24.5030
2013 JE64 o3o18 58667.44766 r_G0303 300 23.8762
2013 JE64 o3o18 58667.44766 r_G0303 300 23.8762
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2013 JR65 o3o21 58665.34465 r_G0303 300 23.6955
2013 JR65 o3o21 58665.34465 r_G0303 300 23.6955
2013 JR65 o3o21 58665.34922 g_G0301 300 24.2356
2013 JR65 o3o21 58665.34922 g_G0301 300 24.2356
2013 JR65 o3o21 58665.35370 g_G0301 300 24.0570
2013 JR65 o3o21 58665.35370 g_G0301 300 24.0570
2013 JR65 o3o21 58665.35830 z_G0304 300 23.3873
2013 JR65 o3o21 58665.35830 z_G0304 300 23.3873
2013 JR65 o3o21 58665.36277 z_G0304 300 23.3270
2013 JR65 o3o21 58665.36277 z_G0304 300 23.3270
2013 JR65 o3o21 58665.36735 z_G0304 300 23.4545
2013 JR65 o3o21 58665.36735 z_G0304 300 23.4545
2013 JR65 o3o21 58665.37194 i_G0302 300 23.5522
2013 JR65 o3o21 58665.37194 i_G0302 300 23.5522
2013 JR65 o3o21 58665.37642 i_G0302 300 23.4168
2013 JR65 o3o21 58665.37642 i_G0302 300 23.4168
2013 JR65 o3o21 58665.38098 i_G0302 300 23.4325
2013 JR65 o3o21 58665.38098 i_G0302 300 23.4325
2013 JR65 o3o21 58665.38556 r_G0303 300 23.6751
2013 JR65 o3o21 58665.38556 r_G0303 300 23.6751
2013 JR65 o3o21 58665.39014 z_G0304 300 23.5175
2013 JR65 o3o21 58665.39014 z_G0304 300 23.5175
2013 JR65 o3o21 58665.39463 z_G0304 300 23.5044
2013 JR65 o3o21 58665.39463 z_G0304 300 23.5044
2013 JR65 o3o21 58665.39911 z_G0304 300 23.2725
2013 JR65 o3o21 58665.39911 z_G0304 300 23.2725
2013 JR65 o3o21 58665.40372 g_G0301 300 24.1382
2013 JR65 o3o21 58665.40372 g_G0301 300 24.1382
2013 JR65 o3o21 58665.40820 g_G0301 300 24.2149
2013 JR65 o3o21 58665.40820 g_G0301 300 24.2149
2013 JR65 o3o21 58665.41268 g_G0301 300 24.4159
2013 JR65 o3o21 58665.41268 g_G0301 300 24.4159
2013 JR65 o3o21 58665.41725 r_G0303 300 23.7024
2013 JR65 o3o21 58665.41725 r_G0303 300 23.7024
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2014 UL225 o4h20 59218.29694 r_G0303 300 23.2079
2014 UL225 o4h20 59218.30150 g_G0301 300 23.6154
2014 UL225 o4h20 59218.30598 g_G0301 300 23.5841
2014 UL225 o4h20 59218.31047 g_G0301 300 23.6061
2014 UL225 o4h20 59218.31506 z_G0304 300 23.0931
2014 UL225 o4h20 59218.31954 z_G0304 300 23.0253
2014 UL225 o4h20 59218.32411 i_G0302 300 23.1098
2014 UL225 o4h20 59218.32859 i_G0302 300 23.0680
2014 UL225 o4h20 59218.33317 r_G0303 300 23.3775
2014 UL225 o4h20 59218.33770 i_G0302 300 23.1057
2014 UL225 o4h20 59218.34226 z_G0304 300 23.3107
2014 UL225 o4h20 59218.34674 z_G0304 300 23.4890
2014 UL225 o4h20 59218.35134 g_G0301 300 23.7030
2014 UL225 o4h20 59218.35583 g_G0301 300 23.6529
2014 UL225 o4h20 59218.36032 g_G0301 300 23.9722
2014 UL225 o4h20 59218.36480 g_G0301 300 23.8365
2014 UL225 o4h20 59218.36935 r_G0303 300 23.2995

Table A.4 Photometric magnitudes of 2014 UL225, 2013 Je64 and 2013 JR65.
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Fig. A.4 Example of observed photometry for 2013 UN15. The observed r� , g� , i� and z � band
measurements are shown by circles, with the colours corresponding to the filter as shown in the legend.
The r � band corrected colours, calculated with the fitted colours, are plotted as squares with colours
corresponding to the filter. In red we have the r � band magnitudes, g � band in green, z � band in
orange and J � band in white. The straight line shows the linear fit to the r � band corrected colours
while the vertical dashed lines connect same observations.
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Fig. A.5 Example of observed photometry for 2013 SA100. The observed r� , g� , i� and z � band
measurements are shown by circles, with the colours corresponding to the filter as shown in the legend.
The r � band corrected colours, calculated with the fitted colours, are plotted as squares with colours
corresponding to the filter. In red we have the r � band magnitudes, g � band in green, i � band in
blue, z � band in orange and J � band in white. The straight line shows the linear fit to the r � band
corrected colours while the vertical dashed lines connect same observations.
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Fig. A.6 Example of observed photometry for 2013 JK64. The observed r� , g� , i� and z � band
measurements are shown by circles, with the colours corresponding to the filter as shown in the legend.
The r � band corrected colours, calculated with the fitted colours, are plotted as squares with colours
corresponding to the filter. In red we have the r � band magnitudes, g � band in green and J � band
in white. The straight line shows the linear fit to the r � band corrected colours while the vertical
dashed lines connect same observations.
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Fig. A.7 Example of observed photometry for 2013 JR65. The observed r� , g� , i� and z � band
measurements are shown by circles, with the colours corresponding to the filter as shown in the legend.
The r � band corrected colours, calculated with the fitted colours, are plotted as squares with colours
corresponding to the filter. In red we have the r � band magnitudes, g � band in green, i � band in
blue, z � band in orange and J � band in white. The straight line shows the linear fit to the r � band
corrected colours while the vertical dashed lines connect same observations.
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Fig. A.8 Example of observed photometry for 2014 UL225. The observed r� , g� , i� and z � band
measurements are shown by circles, with the colours corresponding to the filter as shown in the legend.
The r � band corrected colours, calculated with the fitted colours, are plotted as squares with colours
corresponding to the filter. In red we have the r � band magnitudes, g � band in green, i � band in
blue, z � band in orange and J � band in white. The straight line shows the linear fit to the r � band
corrected colours while the vertical dashed lines connect same observations.
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