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Abstract
This thesis presents visual and near-infrared spectroscopic observations of Trans-
Neptunian Objects and centaurs obtained over four observing runs at the ESO
Very Large Telescope. The reflectance spectra of these minor planets were in-
vestigated to determine whether silicates and refractory organics, which are
predicted to be present on their surfaces, could be directly detected via the
presence of their characteristic absorption bands. Most of the objects observed
exhibit reflectance spectra typical of TNOs, without characteristic absorption
bands attributable to silicates or refractory hydrocarbons. The reflectance spec-
tra of two objects, however, were confirmed to exhibit atypical behaviour at
visual wavelengths. A near-UV absorption edge confirmed in the reflectance
spectrum of 2012 DR30 at λ < 0.6 µm was concluded to be most consistent with
similar absorption edges present in the reflectance spectra of aromatic refrac-
tory hydrocarbons. It was hypothesised that highly aromatised hydrocarbons
may be present on this object due to the long periods it spends in regions of
strong interstellar radiation. The spectrum of 2004 EW95, a TNO on an orbit
resonant with that of Neptune, was confirmed through photometry and mul-
tiple spectroscopic observations to possess absorption bands at visual wave-
lengths that were attributable to ferric oxides and aqueously altered silicates.
These gave the spectrum a similar appearance to those possessed by hydrated
C-type asteroids. The spectrum of 2004 EW95, in combination with its dynam-
ical characteristics, suggests that this object formed in the giant planet region
and was subsequently scattered into the Trans-Neptunian Belt as a result of
the early migrations of the giant planets. 174P/Echeclus, an active centaur,
was observed consistently before and after its cometary outburst in 2016 to de-
termine if any resulting surface changes would be detectable. The reflectance
spectrum of 174P/Echeclus was not observed to change, but the visual colour
of the residual dust coma was observed to be surprisingly blue, suggesting
that it may have a carbon-rich composition. Deposition of enough of this blue
dust onto the surface of a red active centaur through successive episodes of
activity may be a mechanism by which its colour could become neutralised.
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Chapter 1

Introduction

“Everybody knows the Moon is made of cheese...”

Wallace
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1.1 The Big Picture

The Trans-Neptunian Objects (TNOs) form a large belt of minor planets known
as the Trans-Neptunian Belt (TNB), and orbit the Sun in the distant outer Solar
System beyond the planet Neptune (semimajor axis aN = 30.1 au). Predic-
tions of the existence of a primordial trans-Neptunian reservoir of icy minor
planets go back as far as the early 20th century (e.g. Campbell 1916; Aitken
1926; Leuschner 1927). Those predictions were strongly hinted to be correct
when Clyde Tombaugh discovered, what is known today as, the dwarf planet
(134340) Pluto (e.g. Meyer 1930). Such a belt of TNOs also resulted natu-
rally from early theories of planet formation (Edgeworth 1943; Edgeworth
1949; Kuiper 1951; Kuiper 1956; Whipple 1964b), and the existence of a belt of
comets was invoked by Whipple (1964a) to explain discrepancies between the
mass and diameter measured for Pluto at that time (Pluto’s binary companion
Charon was later detected by Christy & Harrington 1978). Later, Fernández
(1980) predicted that the short period comets observed in the inner Solar Sys-
tem were primarily supplied by objects that formed in a comet belt existing
between ∼ 35− 50 au. It wasn’t until Jewitt & Luu (1993) discovered (15760)
Albion (formerly 1992 QB1) that the existence of this TNB was confirmed, be-
ginning the exploration of this distant region of the Solar System.

As the last remnants of the Solar System’s protoplanetary disk, minor planets
such as the asteroids, comets, centaurs, and TNOs are the Solar System objects
that are best suited to tell the story of its formation and evolution. In par-
ticular, research into the materials comprising these small objects has proven
invaluable in expanding human understanding of the chemical, thermal, and
radiative properties of the Solar System’s protoplanetary disk, and how these
properties have varied with heliocentric distance and time. The TNOs, and
their dynamical cousins the centaurs, which orbit the Sun among the giant
planets (perihelion q & 5.0 and a < 30 au), likely have surfaces that are much
less processed by Solar heating and radiation than those of minor planets in
the inner Solar System. For this reason, the material surface compositions of
TNOs and centaurs may reveal the conditions that prevailed in the Solar Sys-
tem during the earliest epochs of its history (Barucci et al. 2008a). In addition,
the surface compositions of TNOs and centaurs may be telling as to where in
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the Solar System they originated, how their orbits have evolved, and by exten-
sion how the orbital migrations of the planets may have driven that dynamical
evolution (Brown 2012; Fraser et al. 2017; Schwamb et al. 2019).

The observational technique of choice for planetary scientists who aim to de-
termine the surface compositions of minor planets is reflectance spectroscopy,
whereby an object’s reflectance (or albedo) is observed as a function of wave-
length. Most studies employing reflectance spectroscopy, especially those mak-
ing use of ground-based observatories, observe minor planets at visual-near-
infrared wavelengths (VNIR; 0.4 . λ . 2.5 µm), where many of the ices,
silicates, and carbonaceous materials predicted to be present on their surfaces
absorb light and produce characteristic solid state absorption bands in their
reflectance spectra (e.g. de Bergh et al. 2008; Hudson et al. 2008).

The first spectroscopic studies of the surface compositions of TNOs and cen-
taurs were those of Cruikshank & Silvaggio (1980) and Soifer et al. (1980), who
spectroscopically confirmed the photometric observation of methane (CH4) ice
on Pluto reported by Cruikshank et al. (1976). Spectroscopic observations of
centaurs and the smaller TNOs began in earnest in the 1990s as telescope and
instrument technology improved, and as the number of discoveries of these
smaller objects began to increase (e.g. Binzel 1992; Fink et al. 1992; Davies et
al. 1993; Luu et al. 1994; Luu & Jewitt 1996a; Cruikshank et al. 1998). Since
then, several observational surveys of the surface compositions of the bright-
est TNOs and centaurs have been conducted (e.g. Noll et al. 2000; Jewitt &
Luu 2001; Lazzarin et al. 2003; Boehnhardt et al. 2003; Fornasier et al. 2004;
Barkume et al. 2008; Alvarez-Candal et al. 2008; Fornasier et al. 2009; Guilbert
et al. 2009; Barucci et al. 2011; Brown et al. 2012), along with a number of other
studies reporting on individual objects. To date 100 TNOs and centaurs (in-
cluding the objects presented in this thesis and Neptune’s moon Triton, itself
predicted to be a captured TNO; Agnor & Hamilton 2006) have had their re-
flectance spectra published in the literature. This number accounts for just shy
of 3% of the total known TNO and centaur population, which at the end of
May 2019 stood at ∼ 3500 objects1.

1https://minorplanetcenter.net/

https://minorplanetcenter.net/
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Obtaining high quality reflectance spectra for TNOs and centaurs is generally
very challenging, and currently the technique remains unfeasible for the ma-
jority of these objects due to both their extreme faintness (V > 20 in most
cases), and the observational limits of even the very largest telescopes operat-
ing today (primary mirror diameter 8–10 m). Hence, although there have been
multiple spectroscopic studies of TNOs and centaurs (e.g. Fornasier et al. 2004;
Barkume et al. 2008; Fornasier et al. 2009; Guilbert et al. 2009; Barucci et al.
2011; Brown et al. 2012), the specific surface compositions of most TNOs and
centaurs have not been well constrained by direct observation, especially the
majority with small diameters (D < 400 km). Large TNOs have had their sur-
face water (H2O), methane (CH4), nitrogen (N2), and carbon monoxide (CO)
ices directly detected (e.g. Brown 2008; Grundy et al. 2016), with some also ob-
served to possess ammoniated (NH3-bearing) species (e.g. Grundy et al. 2016)
and the light irradiation products of hydrocarbon ices on their surfaces (Brown
et al. 2015). To date, however, only the absorption bands attributable to sur-
face water (H2O) ice and methanol (CH3OH) ice have been confirmed in the
reflectance spectra of small TNOs and centaurs (e.g. Cruikshank et al. 1998;
Barucci et al. 2006; Barucci et al. 2011; Brown et al. 2012).

The remainder of this chapter is dedicated to a review of research that has been
conducted to determine the surface compositions of TNOs and centaurs, and
what that research has revealed about both the Solar System during its earliest
epochs and its evolution since that time. While this brief overview will not
cover the field in great depth, more thorough treatments of the subject of TNO
surface compositions may be found in texts written by Barucci et al. (2008a)
and Brown (2012).

1.2 Dynamical Classifications

Before continuing to a review of TNO and centaur surface compositions, it
is contextually useful to first classify TNOs and centaurs in dynamical terms,
since such classifications are often referred to in the literature and will also
be referenced in this thesis to describe the orbits of objects being discussed.
Dynamical analysis of TNOs and centaurs is an extremely broad and com-
plex topic, and it will not be covered in detail here, but reviews on dynamical
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classification and the dynamical evolution of minor planets in the outer Solar
System have respectively been written by Gladman et al. (2008) and Morbidelli
& Nesvorný (2019).

Over the years multiple broadly similar dynamical classification schemes have
been formulated to describe the orbital properties of TNOs and centaurs (e.g.
Lykawka & Mukai 2007a; Gladman et al. 2008); this section briefly describes
the most widely adopted classification scheme, that reported by Gladman et al.
(2008), but is not prescriptive as to which scheme should be used to define the
orbit of any given object. For the purposes of comparison to the classifications
described in this section, TNO and centaur orbits observed by various recent
and well characterised observational surveys are plotted in figure 1.1.

1.2.1 The Centaurs

The centaurs are a population of minor planets possessing orbits that cross
those of the giant planets. Their orbits are typically defined by low inclinations
i, low to moderate eccentricities e, perihelia greater than Jupiter’s semimajor
axis (q > 5.2 au), and semimajor axes below that of Neptune (a < 30.1 au).
Numerical simulations have repeatedly shown that they are likely to originate
in the Scattered Disk (see Section 1.2.2), where gravitational interactions with
Neptune alter their orbits to become planet-crossing (Fernández 1980; Duncan
et al. 1988; Duncan et al. 1995; Levison & Duncan 1997; Gomes et al. 2008). The
Scattered Disk, however, may not be the only origin population of the cen-
taurs (Yu & Tremaine 1999; di Sisto et al. 2010; Horner & Lykawka 2010). The
orbits of centaurs are dynamically unstable, with lifetimes in the giant planet
region on the order of ∼ 106 − 107 years (Levison & Duncan 1997; Dones et
al. 1999; Tiscareno & Malhotra 2003; Horner et al. 2004; Di Sisto & Brunini
2007). Numerical simulations predict that many centaurs will be ejected from
the Solar System by strong gravitational encounters with a planet, while the
orbits of others will evolve such that they eventually become Jupiter Family
Comets (JFCs; e.g. Levison & Duncan 1997; Tiscareno & Malhotra 2003). It
is predicted that a small proportion of centaurs may eventually become plan-
etary impactors (Levison & Duncan 1997). Based on dynamical simulations,
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FIGURE 1.1: The orbital properties of 1142 TNOs and centaurs. Dynamical classes
are represented by different coloured points and the central locations of resonances
populated by this sample are plotted with vertical lines. After Bannister et al. (2018)
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Gladman et al. (2008) classify some centaurs as "Jupiter-coupled", to distin-
guish those which have orbits strongly affected by Jupiter’s gravitation from
those which do not (see figure 1.1).

1.2.2 TNO Dynamical Classes

Solar System objects residing interior to the Oort Cloud on orbits that are, on
average, further from the Sun than that of Neptune (i.e. a > 30 au) are consid-
ered to be TNOs. The Oort Cloud is predicted to be a spherically distributed
population of icy minor planets that are the source population of the long pe-
riod comets with semimajor axes large enough(∼ 103 − 104 au) that they are
susceptible to dynamical perturbations from stellar flybys and the Milky Way’s
galactic tidal field (Dones et al. 2004). Hence, Gladman et al. (2008) place an
upper bound on the semimajor axes of TNO orbits at 2000 au, within which
the orbits of minor planets are not greatly perturbed by gravitaional distur-
bances originating outside of the Solar System (Dones et al. 2004). The TNOs
form a number of dynamical structures beyond Neptune that will be described
briefly in this section; broadly, however, they may be divided into the classical
and resonant objects that populate the Trans-Neptunian Belt (TNB; a toroidal
dynamical structure that exists across the range of heliocentric distances from
∼ 35 to ∼ 50 au), those which currently experience strong gravitational in-
teractions with Neptune (the scattered disk), and those which currently have
perihelia that are high enough that they are protected from strong interactions
with Neptune despite their high orbital eccentricities (the detached objects).

Resonant TNOs: The orbits of many TNOs populate Neptune’s external mean
motion resonances (MMRs). Conventionally, these resonances are denoted by
two integers, kN and k. In the trans-Neptunian context, objects in Neptune’s
kN : k resonance orbit the Sun k times for every kN circumsolar orbits of Nep-
tune. The order of a resonance is kN − k. Lower order MMRs (e.g. 3:2 or 2:1)
capture objects more strongly, and resonant orbits within them are stable over
much longer periods of time. A more rigorous definition of resonant orbits is
beyond the scope required to discuss TNO surface compositions, but is out-
lined in multiple other works (e.g. Gladman et al. 2008; Morbidelli et al. 2008;
Gladman et al. 2012; Volk et al. 2016). MMRs are important due to their ability
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to preserve dynamically excited orbits and Neptune-crossing orbits over pe-
riods of time on the order of the age of the Solar System (Lykawka & Mukai
2007b; Gladman et al. 2008). As such, resonant TNOs have been extensively
researched in order to constrain the extent, rate, and smoothness of Neptune’s
early outward migration into the primordial trans-Neptunian disk (e.g. Mal-
hotra 1995; Hahn & Malhotra 2005; Levison et al. 2008; Nesvorný 2015a; Kaib
& Sheppard 2016; Pike & Lawler 2017).

Scattered Disk Objects: Non-resonant objects that have relatively rapidly chang-
ing semimajor axes (δa > 1.5 au per 107 years) are considered to be Scattered
Disk Objects (SDOs; Morbidelli et al. 2004; Gladman et al. 2008). These changes
are typically driven by gravitational interactions with Neptune, and many
SDOs come to perihelion close to, or inside of, Neptune’s orbit. The perihelia
of SDOs are higher than those of the centaurs, however, so SDOs are generally
beyond the gravitational reach of Jupiter. Studies have shown that some ob-
jects that were first thought to be scattering, are instead resonant (e.g. Lykawka
& Mukai 2007b). It appears that transient capture into Neptune’s weak high
order resonances has a significant role in the dynamical evolution of SDOs and
increases the amount of time that they can remain on their dynamically excited
orbits (Lykawka & Mukai 2007b; Yu et al. 2018; Volk et al. 2018).

Detached TNOs: Many non-resonant TNOs are now known to exist on highly
eccentric orbits that have perihelia large enough that they are decoupled (or
detached) from Neptune, and are stable on gigayear timescales (e.g. Gladman
et al. 2002; Brown et al. 2004; Trujillo & Sheppard 2014; Sheppard et al. 2016;
Sheppard & Trujillo 2016; Bannister et al. 2017). Lykawka & Mukai (2007a)
report that the boundary in perihelion between SDOs and detached objects
is fuzzy, as Neptune’s gravitational influence diminishes to negligible levels
across the heliocentric range of 37 < rH < 40 au. TNOs with orbits entirely
beyond 40 au are not strongly perturbed by Neptune’s gravity. To separate the
high eccentricity, dynamically stable orbits of the detached objects from the
low eccentricity, dynamically stable orbits of objects in the classical TNB, an
eccentricity cut is applied by Gladman et al. (2008) such that detached objects
have e > 0.24.
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Classical TNOs: By process of elimination Gladman et al. (2008) determine
that the remaining TNOs are in the classical TNB. These objects are on non-
resonant, low eccentricity (e < 0.24) orbits that are stable and non-scattering.
Early surveys revealed that the classical belt can be divided into dynamically
“hot” and “cold” components which have different inclination distributions
(e.g. Levison & Stern 2001; Brown 2001; Elliot et al. 2005). The hot and cold
populations were later more concretely defined by the Canada France Ecliptic
Plane Survey and the Outer Solar System Origins Survey (e.g. Kavelaars et al.
2009; Petit et al. 2011; Bannister et al. 2016). Hot classical TNOs are typically
found on orbits with a broader inclination distribution and also have a wide
range of semimajor axes, while the cold classical TNOs have orbits with i < 5◦

and are confined to a semi-major axis range from 42.4 au out to Neptune’s 2:1
MMR at ∼ 48.4 au. It was also observed that the cold classical population can
be subdivided into stirred and kernel components, with the kernel defined as
the objects which form a dense clustering in semimajor axis at around a ∼
44 au, while the stirred component constitutes the rest of the cold classical
population (Petit et al. 2011; Bannister et al. 2016).

1.2.3 The Dynamical Influence of the Giant Planets

Most of the dynamically excited TNOs, including the SDO, resonant, and hot
classical populations, are thought to have formed closer to the Sun than we
now find them, likely in the range∼ 15 < rH < 30 au (e.g. Levison et al. 2008).
The presence of these objects in the TNB, and the TNB’s diverse dynamical and
compositional structure, is considered to partly result from gravitational scat-
tering of objects by the giant planets as their orbits evolved during the Solar
System’s early epochs (e.g. Morbidelli et al. 2005; Tsiganis et al. 2005; Levison
et al. 2008). A lot of the TNB’s dynamical structure has been defined by the
capture and release of objects by Neptune’s MMRs as Neptune migrated out-
ward into the early Trans-Neptunian disk (e.g. Malhotra 1995; Hahn & Malho-
tra 2005; Levison et al. 2008; Morbidelli et al. 2008; Nesvorný & Vokrouhlický
2016; Kaib & Sheppard 2016). Dynamical modelling further predicts that the
excited populations of the TNB may be polluted with small amounts of mate-
rial that formed in the inner Solar System (rH < 10 au) that was transported
outwards via gravitational interactions with the giant planets as they formed
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and migrated (e.g. Walsh et al. 2011; Walsh et al. 2012; Raymond & Izidoro
2017). In chapter 6, the discovery of a TNO that spectroscopically appears to
have originated among the giant planets at r . 10 au will be discussed.

By contrast the cold classicals are believed to mostly have formed in-situ (Kave-
laars et al. 2009; Petit et al. 2011), and may be the population of primordial
planetesimals least affected by the dynamical evolution of the giant planets
(Batygin et al. 2011; Wolff et al. 2012; Nesvorný 2015b). The difference be-
tween the formation and evolutionary histories of the cold classical TNOs and
the rest of the TNB is also attested to when these two groups of objects are
compared, showing differences that are evident in their size distributions (e.g.
Fraser et al. 2014), binary fractions (e.g. Stephens & Noll 2006; Noll et al. 2008;
Parker & Kavelaars 2010), albedos (Brucker et al. 2009; Lacerda et al. 2014),
and VNIR colours (e.g. Tegler & Romanishin 2000; Pike et al. 2017). That said,
as a population the cold classicals do not all share a common history, with the
very red coloured majority of objects that formed in-situ existing alongside
neutrally coloured binary systems that were likely emplaced there as Neptune
migrated (Fraser et al. 2017).

1.3 The Icy Surfaces of Large TNOs

The reflectance spectra of some the largest TNOs (D & 1000 km), including
Neptune’s largest moon Triton, Eris, Pluto, Makemake, Sedna, and Quaoar
are confirmed to exhibit absorption bands attributable to frozen CH4 in their
reflectance spectra; while the same absorption bands are unconfirmed in the
spectrum of 2007 OR10, CH4 ice is predicted to be present on its surface (Brown
et al. 2011a). CH4 absorbs particularly strongly at NIR wavelengths (e.g. Schmitt
et al. 1998), even in cases where it is only found at low concentrations diluted
in N2 ice (e.g. Brunetto et al. 2008; Cruikshank et al. 2015). Pluto and Triton
have been confirmed to possess surface N2 ice due to the presence of weak
near-infrared (NIR) absorption bands present in their reflectance spectra at
λ = 2.15 µm (e.g. Cruikshank et al. 1993; Cruikshank et al. 2015). N2 ice has
not been confirmed present on the surfaces of any other TNOs by direct de-
tection of its absorption features, but the much stronger absorption bands of
CH4 ice become shifted toward longer wavelengths when the observed CH4 is
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constraints on the cause of the apparent decline in that
absorption.

Although it is less volatile than CO and N2, and thus less ex-
pected to show rapid seasonal effects of volatile transport, we also
examined the CH4 ice bands in the geometrically matched pairs.
The longer term evolution shown in Fig. 8 indicates a strong depen-
dence on longitude that must be taken into account. That plot
shows maximum secular evolution of about +0.10 lm in fractional
band depth of the 1.72 lm band over 10 years at a longitude of
around 100!E, suggesting that of our three matched pairs, the pair
obtained near 105!E should be the most sensitive to changes in
CH4 absorption. If volatile transport was responsible, this pair
should show an increase of around +0.013 lm over the 1.3 year
interval between that pair of observations. Instead we observed a
decrease of !0.018 ± 0.010 lm. Using the 2001–2002 and 2011–
2012 data subsets, we measured the changes for the 12 CH4 bands
in Table 2. Fig. 11 shows larger long-term increases for the stronger
bands. We did the same for our 105!E matched pair, and only the
three weakest bands showed increases. The strong bands weak-
ened. We would have expected a strengthening trend in the
matched pairs if volatile transport alone explained the observed
long-term trend, and no change if geometry alone was responsible.
Neither hypothesis called for a weakening of these bands. Grundy
and Buie (2001) noted a similar weakening trend in geometrically
matched pairs from 1997 and 1998, although it was not statisti-
cally distinguishable from zero in their data. If we interpret the
1.72 lm band data as saying a !0.018 lm change in band depths
in 1.3 years was due to volatile transport, that would imply an off-
setting change of +0.031 lm in 1.3 years due to geometric factors,
in order to reconcile the two observations. Such a scenario is pos-
sible if a CH4-rich northern polar cap is rotating into view and los-
ing its CH4 ice absorptions to volatile transport at the same time.
But again, potential non-uniformity of the secular change sug-
gested by Fig. 10 raises questions as to the validity of the test of-
fered by the geometrically matched pairs.

Other possible types of change could also affect the observed
spectra. For instance, changing ice textures could lead to observa-
ble changes in band depth. A shrinking mean grain size in a partic-
ulate surface, perhaps due to sublimation or fracturing, would lead
to reduced optical path lengths and thus reduced absorption band
depths. Scenarios like this are to be explored in a separate paper
involving radiative transfer modeling of the absorption bands. A
variety of shorter term transient changes could also potentially

be detected in time-series spectral data. These might occur in the
wake of some sort of large scale eruption or weather event, as
has been suggested for Triton (Hicks and Buratti, 2004). Outlier
points, the sort of signature that might be expected from a tran-
sient event, can certainly be found in our plots of various absorp-
tion band strengths versus longitude. But in all cases, the outliers
were found to arise from the lowest quality spectra obtained,
attributable to poor sky conditions and/or short total integration
times. Accordingly, it seems unwise to ascribe any significance to
them.

5. Grand average

Combining data from all 65 nights yields the very high signal-
to-noise grand average spectrum shown in Fig. 12. Since the wave-
lengths of SpeX’s pixels shift slightly from night to night, merging
the spectra required resampling them all to a common wavelength
scale, for which we used a wavelength grid with a constant resolu-
tion of R = 1100 (wavelength divided by double the sample spac-
ing), providing a reasonable match to our lower resolution
spectra. Detailed radiative transfer modeling of this grand average
product will be presented in companion papers, but some quick
comparisons are worth making here.

An examination of the shape of the N2 ice absorption at 2.15 lm
shows it to be consistent with the hexagonal b phase of N2 ice (see
Fig. 13). The cubic a phase of N2 has a much narrower band. That
phase is only stable at temperatures below 35.61 K for pure N2

ice (Scott, 1976), establishing a firm lower limit on Pluto’s N2 ice
temperature. A much cruder upper limit on the N2 ice temperature
can be set by the presence of a shoulder on the right side of the N2

band at around 2.162 lm. In pure N2 ice, this feature only appears
below approximately 41 K (Grundy et al., 1993), implying an N2 ice
temperature between 35.61 and"41 K, consistent with the conclu-
sions of Tryka et al. (1994). However, caution is advisable for two
reasons. First, published correspondences between spectral fea-
tures and temperatures are for pure N2 ice, and as discussed earlier,
Pluto’s N2 ice should have CH4 and CO dissolved in it (and perhaps
also argon, e.g., Tegler et al., 2010). More laboratory work is needed
on the temperature-dependent spectral behavior of N2 in the pres-
ence of these probable contaminants. Second, the hydrogen Brack-
ett c line (Brackett, 1922) produces a Fraunhofer absorption in the
solar spectrum at 2.160 lm. We checked ratios between spectra of

Fig. 12. Grand average IRTF/SpeX spectrum of Pluto with absorptions of CO, CH4, and N2 ices labeled.

718 W.M. Grundy et al. / Icarus 223 (2013) 710–721

FIGURE 1.2: A NIR reflectance spectrum of Pluto. Absorption bands caused by the
dominant volatile ices are marked. Although not explicitly stated in either of the ar-
ticles where this spectrum is published, it appears to be normalised to unity in a con-
tinuum region at λ ∼ 1.25 µm. A region of strong telluric residuals has been removed

from the spectrum at λ ∼ 1.9 µm. After Cruikshank et al. (2015).

diluted in N2 ice (Quirico & Schmitt 1997; Brunetto et al. 2008). This effect has
been observed both in the lab and the reflectance spectra of Pluto and Triton
(e.g. Cruikshank et al. 1993; Cruikshank et al. 2015). Observations of shifts in
the central wavelengths of CH4 absorption bands in the reflectance spectra of
Eris and Makemake have led to inference of the presence of N2 ice on their sur-
faces (e.g. Licandro et al. 2006a; Tegler et al. 2008b). As well as N2 ice, carbon
monoxide (CO) ice has identified on the surfaces of Triton and Pluto by the
detection of its weak absorption bands at λ = 1.578 µm and λ = 2.352 µm (e.g.
Cruikshank et al. 1993; Cruikshank et al. 2015). For reference, the absorption
bands of CH4, N2, and CO are all present in the NIR reflectance spectrum of
Pluto presented in figure 1.2, which was produced by combining 65 nights
of ground-based spectroscopic observations performed with the SpeX spec-
trograph at the NASA InfraRed Telescope Facility (Grundy et al. 2013; Cruik-
shank et al. 2015).

Direct detections of strong NIR absorption features attributable to H2O ice at
λ ∼ 1.55 µm, λ ∼ 1.65 µm, and λ ∼ 2.0 µm have typically been ambiguous at



12

best in the reflectance spectra of large volatile rich TNOs like Pluto, Eris, and
Makemake (e.g. Grundy & Buie 2002). On the surfaces of these objects, volatile
ices appear to form a coating over a "bedrock" of H2O ice to a depth that is op-
tically thick, obscuring the H2O ice from view in remote observations (Brown
2012).

As the TNO with the best characterised surface composition to date, it would
be remiss not to discuss a few major results from the flyby mission to Pluto con-
ducted by the National Aeronautics and Space Administration (NASA) New
Horizons probe in 2015. A more complete summary of the results of this mis-
sion has been reported by Stern et al. (2018). The surface of Pluto, while pos-
sessing its own idiosyncrasies, may be considered a reasonably good proxy for
surfaces of TNOs of a similar size such as Eris.

Observations obtained by the Ralph instrument (Reuter et al. 2008) onboard
New Horizons revealed that CH4, N2, and CO were observable across most of
the higher albedo regions of the encounter hemisphere of Pluto observed dur-
ing the flyby (Grundy et al. 2016). Images of the surface of Pluto observed with
the LOng Range Reconnaisance Imager (LORRI; Cheng et al. 2008) onboard
New Horizons revealed it to be highly variegated, however (see figures 1.3),
and the abundance of each chemical species at any given location appeared
to be dependent on local insolation and geology (see figures 1.3 & 1.4). The
greatest abundance of all of the volatile ices was observed in the high albedo
Sputnik Planitia basin (the central bright region in figure 1.3) where the dom-
inant ice species is likely to be N2 (see figure 1.4; Grundy et al. 2016). It is
thought that this basin may act as a cold trap where volatiles condense onto
the surface, or volatile material may be supplied by glacial flow (Grundy et
al. 2016). There appears to be a deficit of N2 and CO at the northern summer
pole of Pluto which during the flyby was a "land of midnight Sun" (Earle &
Binzel 2015). Due to the increased insolation in Pluto’s northern hemisphere
it makes sense that the more volatile N2 and CO species would sublimate to
form Pluto’s atmosphere, while the less volatile CH4 and its irradiation prod-
ucts would remain the most abundant material on the surface, giving it a lower
albedo and a redder visual colour (see figure 1.3; Protopapa et al. 2017).
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undulating, lightly cratered terrain occurs at the
south end of Fig. 1C and in a large region at the
eastern edge of TR; its broadly rounded undu-
lations are separated by linear depressions and
troughs. The hummocks range from 20 to 150 km
across and a few hundred meters in relief (as
derived principally from shadow measurements)
and feature smaller superimposed, rounded ridges.
This terrain may be tectonic in origin.
SP (Fig. 1, C and D) has no confirmed craters.

Much of its surface is divided into polygonal and
ovoid-shaped cells tens of kilometers wide, them-
selves bordered by shallow troughs of charac-
teristic width 2 to 3 km. Some troughs have
darker material within them and some are traced
by clumps of hills that rise up to a few hundred
meters above the surrounding terrain; others con-
tain narrow medial ridges tens of meters high.
Around the margins of SP, portions of the sur-
face appear to be etched by fields of small pits
that may have formed by sublimation. Aligned
dark streaks in SP are tentatively interpreted as
wind streaks (fig. S1). The central, brightest re-
gion of SP contains N2 and CH4 ices and also
coincides with a surface enhancement in CO ice
(see below). SP is mostly bordered by locally
higher terrain, which suggests that it fills a topo-
graphic basin.
Some features of SP suggest bulk flow similar

to terrestrial glaciers. Two lobes with sharp mar-
gins extend south; topographic shading suggests
a convex upward profile (Fig. 1C, bottom). Along
the northern margin of SP, hills of apparent
basement materials protrude above the smooth
terrain (possibly water-ice nunataqs). Albedo
features on SP’s smooth terrain appear to be
diverted around these hills (Fig. 1D), sug-
gesting flow around obstacles. Elsewhere, SP
material embays the interior of a degraded cra-
ter through a rim breach (Fig. 1D). Such bulk
flow driven by modest topographic gradients is
consistent with the rheological characteristics of
N2, CO, or CH4 ices at Pluto surface conditions
(i.e., near Pluto’s ~38 K surface temperature) (9).
The origin of the polygonal and ovoid features

on SP is uncertain. They could be the surface
manifestation of contraction (analogous to mud
or cooling cracks), or insolation-related processes,
or the result of fracture of the surface due to
extension and/or uplift of the subsurface, but
they are perhaps most consistent morphologi-
cally with solid-state convection [see, e.g., (10)].
Internal convection is also consistent with evi-
dence cited above for the flow of the material
that fills SP, in that the surface ice apparently
possesses a low enough viscosity that it can creep
or flow under low driving stresses.
Varying crater abundances indicate wide-ranging

surface ages on Pluto, in the sense that numerous
large craters are seen on certain regions (such as
CR), whereas no craters with diameters of >10 km
can be identified on SP. Model ages for SP de-
rived from estimates of Kuiper Belt bombard-
ment (see the discussion of Charon crater counts
below) imply active geomorphic processes within
the last few hundred million years (11, 12) and
possibly continuing to the present. Such re-

surfacing can occur via surficial erosion/deposition
(as at Titan), crater relaxation (as at Enceladus),
crustal recycling or tectonism (as at Europa), or
some combination of these processes (13). For icy
satellites, resurfacing is generally associated with
eccentricity tides (14), but these are not a viable
heat source today for Pluto or Charon, whose or-
bital eccentricities are fully damped (Table 1); as
such, the young surface units on Pluto present a
puzzle regarding the energy source(s) that power
such resurfacing over time scales of billions of
years.

Surface color and composition

The radiance factor I/F (the ratio of reflected
to incident flux) of Pluto’s surface at our ap-
proach solar phase angle of 15° ranges from
0.1 in the dark equatorial regions to a peak of
0.7 in TR and the north polar cap. This is a
wider range than any other solar system body
except Iapetus (15).
Color imaging of the encounter hemisphere

through three broadband filters (400 to 550 nm,
540 to 700 nm, and 780 to 975 nm) at 5 and
28 km/pixel spatial resolution reveals spectac-
ular diversity across Pluto (Fig. 3). The bright,
heart-shaped TR region divides into two distinct
color units: The eastern half is more rugged, ap-
parently physically thinner, and less red across
the three broadband filters; this material may
originate via some transport mechanism from
SP. Dark equatorial regions (e.g., CR and Krun
Macula) are particularly red at visible wave-
lengths and border a brighter region (exempli-
fied by Viking Terra) to the north. At higher
latitudes, this terrain grades into a unit that is
bluer across the same three filters. We find that
this unit brightens noticeably for high Sun ele-
vations, a photometric behavior that contrasts
with the flatter center-to-limb profiles of other
Pluto regions and is potentially related to sea-

sonal volatile ice sublimation. Interspersed with
this bluer unit, especially above 60°N latitude,
a redder unit appears. Contacts between these
two high-latitude color units do not appear to
consistently correlate with the underlying geo-
morphology and may be related to volatile trans-
port processes.
Colors on Pluto are characteristic of refrac-

tory organic residues called tholins, which are
readily formed by UV or charged-particle irra-
diation of mixtures of nitrogen and methane in
both the gaseous and frozen states (16). Ener-
getic radiation falling on Pluto’s atmosphere
and surface, each rich in nitrogen and methane,
likely creates tholins that even in small con-
centrations yield colors ranging from yellow to
dark red.
Ralph instrument images at a few IR wave-

lengths (e.g., fig. S2) have been downlinked to date.
In Fig. 4, we show such images with 9 km/pixel
spatial resolution, representing vibrational ab-
sorptions of CH4 ice at 1.66 and 1.79 mm and
CO ice at 1.58 mm. CO absorption, previously re-
ported in ground-based Pluto spectra (17–19), is
found to be strongest in SP’s center (Fig. 4C).
CH4 ice is distributed widely, but the absorption
depths vary from strong in the northern polar
cap and SP to weak or nonexistent in the dark
terrains (Fig. 4B). Sharp contrasts in CH4 ab-
sorption correlate with geological units along the
western edge of SP, with much weaker absorp-
tion associated with the bounding mountain-
ous terrain.
The composition, extent, and uniqueness of

SP’s ices suggest that this region may be a major
reservoir of volatile ices. It could also conceiv-
ably be a source region connected to the deep
interior, or it could be a major sink for volatiles
released planetwide, or both. Whether deep or
surficial processes dominate is currently un-
clear, but the actual processes involved must be
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Fig. 3. Pluto color/
panchromatic composite
image.This is a composite
of high-resolution pan-
chromatic images and
lower-resolution
color images enhanced to
show the diversity of sur-
face units on Pluto; it was
constructed from blue
(400 to 550 nm), red (540
to 700 nm), and near-IR
filter (780 to 975 nm)
images from the Ralph
instrument. The pan-
chromatic observations
were taken by the LORRI
instrument from a dis-
tance of ~450,000 km
from Pluto at a pixel scale
of 2.2 km/pixel; the color
observations were taken
from a distance of
~250,000 km from Pluto at a pixel scale of 5.0 km/pixel.

RESEARCH | RESEARCH ARTICLE

EMBARGOED UNTIL 2PM U.S. EASTERN TIME ON THE THURSDAY BEFORE THIS DATE:

FIGURE 1.3: A colour/panchromatic composite image of Pluto with enhanced con-
trast demonstrating the great diversity in both the colour and composition of the sur-
face of Pluto. The surfaces of the other dwarf planets may be similarly variegated.

After Stern et al. (2015)

Grundy et al. (2016) reported that even in the spatially resolved observations
of Pluto made by New Horizons, it is difficult to map the abundance of sur-
face H2O ice by directly measuring the depths and equivalent widths of the
relavent NIR absorption features at 1.55 µm, 1.65 µm, and 2.0 µm due to their
contamination by those of other chemical species. Instead they measure how
well a Charon-like H2O-ice rich spectrum correlates with the spectrum of Pluto
across its surface, producing the map presented in figure 1.5.

Comparing the H2O ice map in figure 1.5 to the colour image in figure 1.3
shows that, except near Pulfrich crater (at roughly 210◦ longitude and +30◦

latitude in figure 1.5), a higher correlation between Pluto’s local reflectance
spectrum and that of H2O ice seems to coincide with a redder visual colour.
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FIGURE 1.4: Compositional maps of Pluto’s volatile ices reported by Grundy et al.
(2016). From left to right these maps show the strength of selected absorption bands
of CH4 (A), N2 (B), and CO (C) ices spatially resolved across the encounter face of
Pluto during the New Horizons flyby, with brighter colours showing deeper absorp-
tion. Overlaid grid lines mark lines of longitude and latitude on Pluto, with the north-
ern pole observable toward the upper limb. The region with the brightest colours is
Sputnik Planitia, while Cthulhu Regio lacks volatile ices. The lower three maps have the
compositional data overlayed on an image of Pluto obtained with LORRI that conveys

albedo information and geological context. After Grundy et al. (2016).

D

FIGURE 1.5: Same as Figure 1.4, but a region with brighter colour has a spectrum that
correlates more closely with one bearing signatures of uncontaminated H2O ice. See

text for details. Also after Grundy et al. (2016).
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This was reported by Grundy et al. (2016), who noted that the very red Cthulhu
Regio observed in the western equatorial region appeared to have a reflectance
spectrum with weak absorption features due to H2O ice as well as what ap-
peared to be an absorption feature at ∼ 2.3 µm that may be caused by the
presence of hydrocarbons heavier than CH4. Possible compounds in this re-
gion include ethane (C2H6) and other heavy hydrocarbon compounds such as
tholins which are also consistent in visual colour with that region (see section
1.5.1; Khare et al. 1989a).

1.3.1 The Volatile Retention Model

Sublimation and escape of volatile ices exposed at the surfaces of TNOs has
been predicted to be responsible for the wide variation in abundance of these
ices on large objects, along with their complete absence on the surfaces of small
ones. A simple model has been formulated by Schaller & Brown (2007b) to de-
termine a lower limit on the level of volatile loss from TNO surfaces over the
age of the Solar System. The volatile retention model of Schaller & Brown
(2007b) estimates the loss of sublimated volatiles via Jeans escape assuming
that the sublimated volatiles form a gravitationally bound atmosphere that
has an exobase with a temperature equal to the surface equilibrium tempera-
ture and an altitude of 0 m above the TNO’s surface. Jeans escape is the slowest
method by which atmospheric escape can occur, and results from the extension
of the high velocity tail of a planetary atmosphere’s Maxwell-Boltzmann dis-
tribution above the TNO’s escape velocity, such that a small proportion of high
velocity molecules that are travelling away from the TNO’s surface will escape
into space and be lost (see Johnson et al. 2008). The exobase of an atmosphere
is the lower bound of its exosphere, where the mean free paths of atmospheric
molecules are sufficiently long that they can escape without colliding with an-
other molecule (see Johnson et al. 2008). Setting the altitude of the exobase to
its lower limit at the TNO’s surface simplifies calculations by eliminating the
need to estimate the atmosphere’s temperature as a function of altitude, and
places an upper limit on the density of the atmosphere. Thus the rate at which
molecules are estimated to escape becomes a lower limit (Schaller & Brown
2007b). In this model, volatile loss is governed by a TNO’s surface tempera-
ture and its gravity (mass).
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Figure 2
Volatile retention and loss in the Kuiper belt. Objects to the left of the CH4, CO, and N2 lines are too small
and too hot to retain any of those surface volatiles over the age of the solar system, whereas objects to the
right can retain those volatiles. All objects shown in red have had CH4 measured on their surfaces. Some
have additionally had N2 or CO detected. No objects to the left of the lines have had any of these volatiles
detected. Methane is suspected, but not confirmed, on 2007 OR10.

low temperatures of the very distant Eris and Sedna, N2 should be in its α state, leading to an
extremely narrow absorption feature (Tryka et al. 1995). On Eris, however, subtle shifts in the
far-red portion of the spectrum again show evidence that some CH4 is diluted within a N2 matrix
(Tegler et al. 2010). For Sedna, early observations suggested the presence of an N2 absorption
feature, but this feature appeared similar to that on Triton, a broad feature of β-nitrogen, which
would be difficult to explain on the frigid Sedna (Barucci et al. 2005). Other observations have
failed to confirm this feature (Barucci et al. 2010). It appears likely that N2, even if abundant on
Sedna, would be nearly impossible to detect spectroscopically. CO would be extremely difficult
to detect on Eris or Sedna, and, to date, no meaningful upper limits have been placed.

The second major regime in the volatile retention model is occupied only by Makemake.
Makemake has just the right size and temperature to be able to retain its CH4 but to be on the
edge of not being able to retain N2 and CO. The unusual surface of Makemake appears well
explained by this model. With a low abundance of N2 on the surface, CH4 becomes the major
constituent and anneals into large slabs, giving rise to the long optical path lengths that saturate
the infrared spectrum.

The third regime in the model is the transition in which CH4 can be only barely retained and
other volatiles are nonexistent. Quaoar and potentially 2007 OR10 are both in this regime. These
objects are both sufficiently depleted, even in methane, that their water ice substrate is visible in
regions not covered by methane.

The object 2004 VN112, although likely small, has a perihelion of 47 astronomical units (AU)
and thus stays cold enough to potentially retain at least CH4. This object is too faint for infrared
spectroscopy, so we have no direct indication of its surface composition; furthermore, its albedo,
and thus its size, is unknown. Its optical colors are relatively neutral, however, suggesting that it
is not dominated by CH4 irradiation products (see below). Further physical study of this object is
clearly warranted.
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FIGURE 1.6: This figure is an updated version of that presenting the results of the
volatile retention model formulated by Schaller & Brown (2007b). It was published in
a review article by Brown (2012). In the model, objects to the right of a curve represent-
ing a particular volatile species are predicted to retain that volatile on their surfaces
over the age of the Solar System, while those to the left are not. Objects plotted in
red are confirmed to exhibit CH4 ice absorption features in their reflectance spectra;
2007 OR10 has been predicted to have CH4 ice on its surface but this has not yet been

confirmed (Brown et al. 2011a).

The results of the volatile retention model, when considered over the age of the
Solar System, are presented in figure 1.6. The model has so far been accurate
at predicting the relative abundances of the CH4, N2, and CO volatile ices on
the surfaces of TNOs, with larger and colder objects retaining much more of
their original volatile inventory. As observed in their reflectance spectra (e.g.
Cruikshank et al. 1993; Cruikshank et al. 2015), Triton and Pluto retain their
full complement of volatiles due to their large mass. Eris is predicted to in-
habit a similar regime to Triton and Pluto, and CH4 ice features are prominent
in its spectrum (e.g. Alvarez-Candal et al. 2011). The weak absorption bands
produced by CO and N2 ice, however, are extremely difficult to detect in the re-
flectance spectrum of an object that is so cold and also relatively faint. Sedna,
although smaller than Pluto, should be able to retain all three ices due to its
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extremely cold surface and prerequisite distance from the Sun, but this will be
difficult to prove observationally for N2 and CO due to its faintness. CH4 ab-
sorption features have been confirmed in its reflectance spectrum (e.g. Barucci
et al. 2005b; Emery et al. 2007). Haumea is an outlier and is difficult to describe
with this model (see section 1.3.2). Makemake is accurately described by the
model as a borderline case between objects that can retain CH4, but not the
other volatiles. This is attested to by the extremely strong CH4 ice absorption
features in its reflectance spectrum that are indicative of thick slabs of rela-
tively pure CH4 on its surface (e.g. Licandro et al. 2006b; Brown et al. 2007a;
Tegler et al. 2008b), in contrast with the dilution of CH4 in the more abundant
N2 on the surfaces of Triton and Pluto (e.g. Cruikshank et al. 1993; Cruikshank
et al. 2015). Quaoar and 2007 OR10 are borderline cases between objects that
can retain CH4, and those that cannot. Each of these objects may exhibit weak
CH4 absorption features in its spectrum, alongside strong absorption features
attributable to water ice (Schaller & Brown 2007a; Guilbert et al. 2009; Brown
et al. 2011a). Most TNOs, including those with spectra presented in this thesis,
are either too warm or too small to have held onto their original compliment
of volatile ices over the age of the solar system, and hence should not exhibit
their characteristic absorption features in their reflectance spectra (Schaller &
Brown 2007b).

1.3.2 The Haumea Collisional Family

Haumea is the third largest TNO (fourth if Triton is included), and would
be expected to inhabit the same volatile retention regime as that of the other
large TNOs which retain CH4, N2, and CO ices on their surfaces (see section
1.3.1; Schaller & Brown 2007b). The reflectance spectrum of Haumea, how-
ever, tells a very different story. Its visual surface colour varies slightly with
rotational phase (i.e. it has a red spot; Lacerda et al. 2008) but is generally
neutral (e.g. Pinilla-Alonso et al. 2009), and its NIR reflectance spectrum only
exhibits the extremely strong chracteristic absorption bands of pure crystalline
H2O ice at 1.55 µm, 1.65 µm, and 2.0 µm. (e.g. Trujillo et al. 2007). Haumea
has two moons, Hi’iaka and Namaka. Spectroscopic observations reported by
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Figure 4
Near-infrared reflectance spectra of Haumea, its satellite Hi’iaka, and some members of its collisional family,
compared with a model of a laboratory spectrum of pure ice. No objects with comparably deep water ice
absorption features are found anywhere in the Kuiper belt other than in the dynamical vicinity of Haumea.
The spectra are consistent with nearly pure water ice. In all cases with sufficiently high signal-to-noise ratio,
the spectrum shows the 1.65-µm absorption feature of crystalline ice. This feature is ubiquitous in the outer
solar system on objects large and small and appears to be caused by exogenic rather than endogenic processes.
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FIGURE 1.7: This figure shows the NIR reflectance spectra of some of the TNOs identi-
fied by Brown et al. (2007b) to belong to the Haumea collisional family alongside those
of Haumea, its moon Hi’iaka, and a model reflectance spectrum of crystalline H2O ice.

After Brown (2012).
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Barkume et al. (2006) revealed that Hi’iaka also exhibits very strong absorp-
tion at NIR wavelengths due to extremely pure water ice on its surface, lead-
ing to the suggestion that it may have accreted from a H2O ice rich debris disk
resulting from a large impact on Haumea that likely occurred after the mate-
rials within Haumea had become differentiated (Fraser & Brown 2009). The
1.65 µm absorption band in the spectrum of Hi’iaka is not detectable within
the limits of the S/N of the observational data (see figure 1.7), but given that
this moon is related to Haumea and its collisional past, it may be likely to ap-
pear in higher S/N spectra (Brown 2012). The hypothesis that Haumea had
suffered a large collision in its past was supported by its rapid rotation, elon-
gated shape, and its relatively high density (Rabinowitz et al. 2006). The high
density of Haumea in comparison to other large TNOs was suggestive that
it had lost its volatiles and a large amount of material from its ice-rich man-
tle, while its rocky core had remained intact (Brown 2012). Later, a family of
objects was discovered to be dynamically related to Haumea, and they also ex-
hibited the clear signature of pure crystalline H2O ice in their reflectance spec-
tra, suggesting that they had originated from Haumea’s large collision (see
figure 1.7; Brown et al. 2007b); photometric observations of Haumea’s smaller
moon Namaka also suggested that its NIR spectrum exhibited strong H2O ice
absorption bands, placing its likely origin in line with that of Hi’iaka (Fraser
& Brown 2009). To date the Haumea collisional family is the only collisional
family of objects identified in the trans-Neptunian region.

1.4 Water Ice

The characteristic NIR absorption features of crystalline H2O ice at wavelengths
of∼ 1.55 µm, 1.65 µm, and 2.0 µm are the ones most commonly found in the re-
flectance spectra of TNOs and centaurs. This is not to say, however, that these
absorption features are found in the spectra of all objects (e.g. Barkume et al.
2008; Guilbert et al. 2009). A representative model reflectance spectrum of crys-
talline H2O ice is presented in the lowest panel of figure 1.7. NIR spectroscopic
studies reported by Barucci et al. (2011) and Brown et al. (2012) both show that,
when not considering members of the Haumea collisional family (see section
1.3.2), H2O ice absorption features may be present in the reflectance spectra of
objects of any size, but the strongest absorption features always appear in the
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reflectance spectra of larger objects. The transition between the small H2O ice
poor objects to large H2O ice rich objects appears to be fairly sudden and is
suggestive of a change in the surface compositions of TNOs as their diameters
increase across the range ∼ 500 < D < 900 km (Brown et al. 2012; Brown
2012).

1.4.1 Water Ice Crystallinity

H2O ice in its ordered crystalline phase may be identified by the presence of an
absorption band at 1.65 µm in its reflectance spectrum (see Grundy & Schmitt
1998). Amorphous H2O ice, which has a disordered structure and forms at ex-
tremely low temperatures, does not exhibit this absorption band (see figure 3
in Schmitt et al. 1998). When heated to a temperature of T ∼ 130 K, amorphous
ice begins an exothermic structural phase change whereby the H2O molecules
order themselves into a low energy crystalline configuration, and full crystalli-
sation of laboratory H2O ice is observed at T ∼ 150 K (e.g. Jenniskens & Blake
1994). The near ubiquity of the crystalline phase in which H2O ice is observed
on the surfaces of TNOs is interesting to note (Brown 2012), as laboratory ex-
periments show that irradiation of crystalline water ice by high energy parti-
cles (like those comprising the solar wind and galactic cosmic rays) can amor-
phise the water ice’s material structure on a timescale of only 108 years, quickly
reducing the strength of the 1.65 µm absorption feature in its reflectance spec-
trum to the point of being undetectable (e.g. Mastrapa & Brown 2006). Other
experiments involving particle irradiation of H2O ice have shown, however,
that radiation induced amorphisation must contend with temperature depen-
dent recrystallisation of the ice. The latter of these processes may dominate
even at temperatures of 50K, suggesting that H2O ice on many TNOs can
never be completely reverted to amorphous phase once crystallised, even over
a timescale of several gigayears (Zheng et al. 2009).

1.4.2 Ammonia and its Chemical Cousins

The detection of strong H2O ice absorption bands in the reflectance spectrum
of a TNO has occasionally been accompanied by the detection of a smaller ab-
sorption feature at λ ∼ 2.2 µm that has often been attributed to frozen NH3,
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ammonia-hydrates (NH3–H2O), or ammonium salts (e.g. NH4Cl). Hemispher-
ically averaged reflectance spectra of Orcus and Haumea’s satellite Hi’iaka
have both been reported to exhibit such a feature (Barkume et al. 2006; Barucci
et al. 2008b). The New Horizons probe detected signatures of ammoniated
species in the spectra of Pluto’s minor satellites Nix and Hydra and also iden-
tified them locally on the surfaces of both Pluto and Charon (Grundy et al.
2016; Cook et al. 2018; Cruikshank et al. 2019). Pluto and Charon offer good
examples of some of the different ways in which NH3 ice, or its hydrates or
salts, may become exposed on the surface of a TNO. The NH3 observed on
the surface of Pluto by Cruikshank et al. (2019) appears in a region that is also
enriched in H2O ice and seems to have been pushed up from the mantle along-
side H2O as a result of localised cryovolcanic activity, while the NH3 observed
on Charon is closely associated with impact craters, suggesting that an im-
pactor may have punched through the upper layers of the surface to reveal
Charon’s NH3 rich subsurface (Grundy et al. 2016).

Interestingly, all the objects mentioned here are either likely to possess a dif-
ferentiated icy mantle (in the cases of Orcus, Pluto, and Charon; McKinnon
et al. 2008), or in the case of the minor satellites, they are likely to be pieces of
such a mantle excavated from a large TNO during a collision (Barkume et al.
2006; Stern et al. 2006; Brown et al. 2007b). This suggests that the presence
of an NH3 compound absorption band in the reflectance spectrum of a TNO
may indicate that either its fresh icy subsurface material has been revealed or
deposited on its surface, or that it’s comprised of such material that was once
part of larger object’s icy mantle. The former of these applies to large objects,
and the latter to those which are small. The origin of NH3-compounds on
the objects observed only from Earth (as opposed to those also observed by
New Horizons) is less clear, as these observations lack geological context. The
overall distribution of NH3 amongst the TNO population has so far not been
thoroughly surveyed.

Irradiation experiments involving NH3 and NH3–H2O have shown that these
compounds should not survive for more than ∼ 109 years on the surfaces of
TNOs due to particle irradiation from the solar wind and galactic cosmic rays
(Moore et al. 2007). For this reason the observations of NH3 on Pluto and
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Charon have been suggested to indicate the relatively recent occurrence of the
impacts and cryovolcanism hypothesised to have respectively revealed or de-
posited it on the surfaces of these objects. If the NH3 is in the form of a salt
compound, however, like the NH4Cl clearly identified on the surfaces of Nix
and Hydra (Cook et al. 2018), it may survive particle irradiation for longer
(Moore et al. 2007). It appears, however, that no irradiation experiments have
so far been reported in the literature for NH3 salts (as also noted by Cruikshank
et al. 2019).

1.5 Irradiation and Hydrocarbons

One of the first things noticed about the surfaces of TNOs and centaurs, most
of which are not readily observable spectroscopically, is that their visual photo-
metric colours vary considerably in redness, from objects which are neutrally
coloured or even slightly blue, to those which are the reddest objects in the
entire Solar System (Luu & Jewitt 1996b). Most TNOs and centaurs fall be-
tween these extremes, however, and are slightly to moderately red in visual
colour (e.g. Boehnhardt et al. 2002; Delsanti et al. 2004; Peixinho et al. 2004;
Delsanti et al. 2006; Hainaut et al. 2012; Fraser & Brown 2012; Peixinho et al.
2012; Fraser et al. 2015; Peixinho et al. 2015; Wong & Brown 2017). To date,
identification of a specific reddening agent on the surfaces of the vast majority
of TNOs and centaurs has been difficult, as the only characteristic absorption
bands that have been identified in their reflectance spectra, if any, have been
those attributable to ices which do not absorb strongly at visual wavelengths
(see Schmitt et al. 1998). The identification of the reddening agents on the
surfaces of small TNOs and centaurs is a crucial step toward characterising
their surface compositions, as when there are no identifiable NIR H2O ice ab-
sorption features in their spectra, there are typically no other distinguishing
features beyond the red slope exhibited at visual wavelengths (e.g. Fornasier
et al. 2009). In general, it appears that the featureless reddening agent on the
surfaces of TNOs and centaurs dominates their reflectance properties. Con-
straining the identity of the reddening agents present on the surfaces of small
TNOs and centaurs is one of the aims of the work presented in this thesis.
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1.5.1 Results from the Lab

The species of volatile ice observed in the comae of comets (e.g. Bockelée-
Morvan & Biver 2017) are predicted to be related to those that comprise TNOs
and centaurs (e.g. McKinnon et al. 2008). Experiments in which those volatile
ices have been irradiated by UV photons and high energy particles, like those
comprising the Solar wind and galactic cosmic rays, provide a potential solu-
tion to the question of how TNOs and centaurs obtain their red surface colour
(e.g. Khare et al. 1989b; Brunetto et al. 2006; Hudson et al. 2008). It was ob-
served that when simple hydrocarbon ices (e.g. CH4 and CH3OH) were irra-
diated, they would chemically evolve into a residue comprised of a mixture
of complex hydrocarbons with high molecular mass, and a variety of aromatic
and aliphatic structures. Such hydrocarbon residues have low albedos and
absorb increasingly strongly from visual to near-ultraviolet (near-UV) wave-
lengths, giving them a red visual colour (e.g. Khare et al. 1989b; Brunetto et al.
2006; Hudson et al. 2008). Example laboratory reflectance spectra showing this
reddening process are presented in figure 1.8.

When simple hydrocarbon ices are irradiated, energy is deposited into the ice
molecules, ionising them and breaking their chemical bonds. The irradiated
molecules then chemically react with each other to form those that are larger
and more complex (e.g. Khare et al. 1989a; Moore et al. 2003; Hudson et al.
2008). Continued irradation results in the loss of hydrogen from the hydrocar-
bons (known as dehydrogenation) and long-chain molecules with more com-
plex structure are formed as a result (Hudson et al. 2008; Hendrix et al. 2016). A
similar effect is also observed as the result of irradiation of mixtures of hydro-
carbon ices and H2O ice (e.g. Khare et al. 1989a; Hudson et al. 2008). Continued
irradiation of complex hydrocarbon residues has been found to result in fur-
ther dehydrogenation of the molecules therein, which decreases their albedo
and reverses the reddening process such that the reflectance spectra of the re-
sulting materials are much flatter at visual wavelengths (e.g. Strazzulla et al.
2003; Moroz et al. 2004). The putative detections of highly irradiated hydro-
carbon material observed on, and in the coma of, two outer solar system minor
planets are discussed in chapters 5 and 7, respectively.
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The reflectance spectra of unprocessed and then progres-
sively irradiated methanol, methane, and benzene are reported in
Figure 1 (for the sake of clarity, only some of the irradiation steps
are shown).

Overtone and/or combination bands of the considered mol-
ecules are visible in Figure 1. Those bands are progressively de-
stroyed as the dosage released by the ions increases, and newly
synthesized species (CO, CO2, CH4, etc.) are identified. Here we
do not describe the formation of such molecules nor the change
of the band profiles (see, e.g., Foti et al. 1984; Strazzulla &Baratta
1991; Palumbo et al. 1999; and Brunetto et al. 2005 for such
detailed analyses). We focus on color variations.

It is clear from Figure 1 that the spectrum of the frozen species,
which is initially flat and bright, becomes darker and redder with
increasing dose.We also note that the reddening ismuch stronger
in the range 0.65–1.25 !m than in the range 1.25–2.7 !m. At a
high dose, the formation of a refractory organic residue was
observed in all three cases.

To compare the experiments with the observed spectra of Cen-
taurs and TNOs, we have scaled all the spectra to 1 at 0.8 !m. A
qualitative comparisonwith some of the observed spectra [Thereus,

(83982) 2002GO9, and Sedna] is displayed in Figure 2; it indicates
a general trend, i.e., the colors of the observed objects can be repro-
duced by progressive irradiation of simple molecules. Neverthe-
less, we stress that the aim of the comparison in Figure 2 is not to fit
the observed spectra, since a scatteringmodel of the surface would
be necessary; furthermore, other species (for instanceH2O,N2, sili-
cates, etc.) or even a spectrally flat amorphous carbon, which
would imply low albedo, may be present. So from Figure 2 it is not
possible to infer the specific composition of the observed objects.
To make the comparison between observations and experi-

ments more quantitative, we have calculated, for both our ex-
perimental and observational data, the normalized reflectivity
gradient, or spectral slope, S0 (% per 1000 8), as defined by
Jewitt (2002). We have decided to consider two spectral ranges,
0.68–1.25!m (whichwe refer to as J-R slope) and 1.25–2.20 !m
(which we refer to as K-J slope). The slopes obtained for the
observed objects are given in Table 2.
Figure 3 illustrates the increasing (reddening) of the J-R slope

for methane and benzene (top panel ) and for methanol at the two
different temperatures (bottom panel ). Asymptotic exponential

Fig. 2.—Some reflectance spectra of irradiated methanol, methane, and
benzene, scaled to 1 at 0.8 !m, compared with some Centaurs and TNOs. Note
that the comparison is qualitative , since other species can be present (e.g., H2O,
N2 , silicates, etc.).

Fig. 1.—Absolute reflectance of as-deposited and then ion-irradiated meth-
anol at 77 K (similar results are obtained at 16 K), methane at 16 K, and benzene
at 80 K. For the sake of clarity, only a few irradiation steps are shown.

BRUNETTO ET AL.648 Vol. 644

FIGURE 1.8: This figure presents the reflectance spectra of hydrocarbons and the prod-
ucts thereof following particle irradiation at cryogenic temperatures. The effects of
irradiation on these ices are clear, in that they become red at visual wavelengths and
their characteristic NIR absorption bands weaken. These effects respectively occur
as the incident ions strip hydrogen from the ice molecules, after which they chemi-
cally reform into complex polymers. These polymers absorb strongly at blue optical
wavelengths giving them their red colour. On average they also have a fairly amor-
phous and ill defined structure, which leads the characteristic absorption bands of the
smaller initial ice molecules to weaken to the point of undetectability. After Brunetto

et al. (2006).
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Figure 6
The region of the near-infrared spectrum containing the 2.27-µm absorption feature attributed to methanol.
The feature can clearly be seen on Pholus, superimposed on a small amount of water ice absorption. The
combined (to increase signal-to-noise) spectrum of 1996 GQ21 and 2002 VE95 shows hints of a feature at
the same location. The sum of 38 Kuiper belt object and centaur spectra, none of which individually show
clear evidence for the feature, clearly shows a feature at the same spot.

the absorption features of hydrocarbon ices quickly degrade under irradiation while the remnants
turn red (Brunetto et al. 2006). Visible methanol absorption features suggest that the methanol has
only recently been exposed at the surface, perhaps as a result of a collision exposing the subsurface.
One prediction of this suggestion would be that the amount of methanol observed would vary as
different faces of the object were observed. Although such a test is possible in principle, in practice
spectroscopy of these faint objects is sufficiently difficult that variation would be difficult to prove.
If, however, irradiation preferentially turned the regions with exposed methanol red, these objects
should perhaps show color variation with rotation, something that is otherwise rarely observed in
objects of this size (Sheppard et al. 2008).

4.4. Silicates
In addition to ices and their irradiation products, we should expect that KBOs small enough to be
undifferentiated should expose some of their rock component on the surface. Although silicates
such as olivine or pyroxene are often included in detailed models of KBO spectra (e.g., Barucci
et al. 2011, Merlin et al. 2010b), no specific absorptions are easily observable: Olivine, for example,
has a broad absorption centered at ∼1 µm, where observations are usually poor. These silicates
are thus included in models to fit the overall spectral shapes over the ∼0.6–1.2-µm range.

Midinfrared observations have the possibility of positively identifying silicate emission in the
10- and 20-µm regions on KBOs. To date, only the centaur Asbolus has had a spectrum measured
with sufficient signal-to-noise to detect these spectral regions, and, in this case, emissivity peaks
around 10 and 20 µm are indeed seen, similar to those observed in Trojan asteroids (Barucci et al.
2008b, Emery et al. 2006) and interpreted to be due to fine-grained silicates. Future observations
will require improved space-based midinfrared facilities, but characterization of actual silicate
composition is indeed possible.
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FIGURE 1.9: This figure presents the reflectance spectrum of Pholus (upper panel;
Cruikshank et al. 1998), the summed spectra of 2002 VE95 and 1996 GQ21 (central
panel; Barucci et al. 2006; Barkume et al. 2008), and the summed spectra observed
as part of the Caltech survey (lower panel; Brown 2012). A model H2O ice spectrum
is plotted for reference in each panel. The 2.27 µm absorption band associated with
CH3OH and its lighter irradiation products is the strongest in the spectrum of Pholus,
and is also clear within the combined low S/N data presented in the central and lower
panels. Absorption bands produced by surface H2O ice are also appearent in all the

spectra, even if they are weak. After Brown (2012).

1.5.2 Observations of Hydrocarbons

CH3OH ice, and the lighter of its irradiation products, may be identified by
NIR absorption bands at λ ∼ 2.3 µm. In particular, CH3OH ice itself is known
to exhibit an absorption band at λ ∼ 2.27 µm that results from a combination of
its asymmetric stretching and deformation modes (Cruikshank et al. 1998). Ab-
sorption bands attributable to CH3OH ice or hydrocarbon irradiation products
have been reported in the remotely observed reflectance spectra of the centaur
(5145) Pholus (see figure 1.9; Davies et al. 1993; Luu et al. 1994; Cruikshank
et al. 1998), and have also been suggested to be present in spectra of the TNOs
(55638) 2002 VE95, and (26181) 1996 GQ21 (see figure 1.9; Barucci et al. 2006;
Barkume et al. 2008). In the reflectance spectrum of the small contact binary
cold classical TNO 2014 MU69, observed during the extended flyby mission
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trough. The crenulated boundaries of unit dm
may be a decrescence morphology, whereby this
unit is partly bounded by scarps that have re-
treated. Unit dm may be a deposit of volatile ice
with bounding scarps forming as a result of sub-

limation at its periphery, with the upper surface
of the deposit being protected from sublimation
by a dark, refractorymantle, perhaps derived from
the deposit itself (54, 55). Portions of unit um that
are proximal to Maryland may be ejecta from the

crater, or related to ejecta, but this cannot be
confirmed with the current analysis. A distinct,
relatively bright region (unit rm) at the equato-
rial, distal end of Thule exhibits roughness at the
scale of a few hundred meters; some of the fea-
tures there appear to be pits, craters, or mounds.
A lightly cratered surface of MU69 was pre-

dicted by a recent cratering model (23); indeed,
few definitively impact-related scars are identified
onMU69. We have considered several hypotheses
for the origin of the many pits seen near the ter-
minator in Fig. 2A. These include structurally
controlled collapse pits, outgassing pits, sublima-
tion pits, and impact craters (56); they likely are
not all created by the same process. Our assess-
ment is that the chains of similarly sized pits are
more likely to be formed by internal processes
than by cratering, but the isolated pits that show
approximately circular planform outlines, bowl-
shaped interior depressions, and, in some cases,
raised rims aremore consistent with impact crater
morphology. There are no obvious crater candi-
dates that are intermediate in size between these
~1-km-diameter pits (unit sp) andMaryland (unit
lc, ~7 km).
On Ultima, eight similarly sized (~5 km scale)

units of rolling topography (based on subtle
albedo gradations and limb profiles) dominate
its observed landscape (units ma to mh). The
albedo and texture of these units are generally
similar to one another, although each contains
brighter material to differing degrees. These units
abut each other, typically bordered with distinct,
curvilinear, andgenerallyhigher-reflectancebound-
ary regions (particularly unitmh, which is ringedby
a brighter annulus). In one instance (near the ter-
minator), a trough and a short pit chainmark such
a boundary, but the low solar incidence angles
prevailing acrossmuch ofUltimamake it unclear
whether the boundaries are always associated
with topographic features. Stereographic anal-
ysis indicates thatmost of these units have broadly
positive relief, although the central unit mh is
relatively flatter. It is also unclear whether these
boundaries necessarily imply superposition rela-
tionships among the components. One unit,
at the limb of Ultima (unitmd), appears to be
more angular in stereography and is either more
elevated or tilted with respect to the other
components.
The apparent similarity in the size of Ultima’s

units (ma through mh) is likely a clue to their
origin. Whether they are a relic of Ultima’s for-
mation or a result of a later evolution is unclear.
One formation-related hypothesis is that the in-
dividual units onUltima are accretional subunits
of smaller planetesimals that formed Ultima.
This apparent assemblage of units on Ultima is
consistent with observation of and proposals
for the formation of layers on comets such as
9P/Tempel and 67P/Churyumov-Gerasimenko
(20, 57). However, challenges to this hypothesis
are the apparently (i.e., at the available resolu-
tion) nearly unimodal size of these units and
their apparent absence from Thule, although the
latter could be the result of resurfacing caused
by the Maryland cratering event. Also, at the
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Fig. 5. MU69’s color and near-IR spectral reflectance. (A) MVIC enhanced color image at a scale of
1.5 km per pixel. (B) CA04 LORRI image at 140 m per pixel. (C) (A) overlaid on (B). (D) MVIC color
measurements (colored points) and a LEISA near-IR spectrum of MU69 (black points). Data at wavelengths
shorter than 1 mmare from theMVIC visible/near-IR color imager at a phase angle of 11.7°; data atwavelengths
longer than 1.2 mm are from the LEISA IR spectrograph at a phase angle of 12.6° and a mean spatial scale
of 1.9 km per pixel.The MVIC data are split into multiple terrain units (Ultima and Thule lobes, the bright
neck region, and a combination of all other bright spots identified in LORRI data); the LEISA spectrum
is a global average. All LEISA data points illustrate an estimated 1s uncertainty; MVIC data points illustrate an
estimated 1s uncertainty relative to the red channel flux.The data are compared to Hapke model spectra
shown as the brown dot-dashed line of 2002 VE95 (45) and the magenta dashed line of 5145 Pholus (46).
Those curves are scaled by0.45 and0.84, respectively, tomatch the averagenear IR I/FofMU69.The apparent
wavelength shifts of some features in the MU69 spectrum relative to the dashed models are likely due to
unmodeled temperature, particle size, and temperature effects.Tentative identifications of absorption bands of
water and methanol ices are marked, along with an unknown feature at 1.8 mm (see text).
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FIGURE 1.10: This figure presents the reflectance spectrum of 2014 MU69, as observed
by the Ralph (Reuter et al. 2008) and LORRI (Cheng et al. 2008) instruments onboard
the New Horizons spacecraft. (A) A Ralph enhanced colour image of 2014 MU69 ob-
served at a scale of 1.5 km per pixel. (B) A LORRI image of 2014 MU69 observed dur-
ing the close approach phase at a spatial resolution of 140 m per pixel. (C) Image from
panel A superposed on that from panel B. (D) This panel presents the visual reflectance
properties of 2014 MU69 as observed by Ralph; I/F is the ratio of reflected flux to that
incident on the surface of the object. Model spectra of CH3OH bearing objects, Pho-
lus and 2002 VE95, have been scaled and overlaid for comparison. Ultima and Thule
are respectively the larger and smaller lobes of the object. The NIR reflectance spec-
trum is a global average, and exhibits absorption bands that are possibly attributable
to H2O ice, and CH3OH ice or its light irradiation products. The material producing

the band at ∼ 1.8 µm is so far unidentified. After Stern et al. (2019).
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typically between 20 and 40 carbon atoms. While these two
spectra appear distinctly different from that of ethane, alkanes
with increasing carbon numbers from propane appear broadly
similar in this wavelength range with a slow shift to a paraffin-
like appearance for heavier alkanes. We thus use the combined
spectra of propane and paraffin as a proxy for mixtures of long
chain alkanes.

As previously suggested, the spectrum of solid ethane
provides an excellent fit to the non-methane portion of the
spectrum of Makemake. While the previous identification was
based primarily on the presence of the 2.273 and 2.314 μm
absorption features, at higher signal-to-noise and with spectral
coverage to longer wavelengths we clearly see these absorption
lines as well as those at 2.296, 2.339, 2.403, 2.424, and

2.459 μm. The identification of ethane on Makemake is
incontrovertible.
Another product clearly visible is ethylene. The 2.109 and

2.225 μm absorption features, detected at 2.9σ and 5.1σ above
the noise level, respectively, are two of the strongest
identifiable absorption features in the otherwise generally
smooth region of the spectrum between 2.10 and 2.20 μm. A
careful examination also shows the presence of the strong
ethylene lines at 2.224 μm (5.3σ) and 2.389 (7.3σ), a tentative
detection of the weak line at 2.186 μm (1.2σ), and signs of the
blended lines at 2.266, 2.326, and 2.341 μm which are near
stronger ethane lines and thus difficult to quantitatively
measure. In the highest signal-to-noise region between 2.08
and 2.27 μm, five ethylene features are seen at precisely the
predicted wavelengths and at the correct approximate ratios; no
predicted ethylene lines are unobserved. In this same region
three additional unidentified features of similar depth also
appear (2.206, 2.214, 2.232 μm). The probability of a spectral
misidentification of ethylene appears miniscule. These obser-
vations are the first reported astrophysical detections of solid
ethylene. The close match to the wavelengths of the laboratory
data shows that ethylene—like ethane—is present in pure form
rather than dissolved in a nitrogen matrix. A careful
examination of the three unidentified features suggests that
they appear on multiple occasions and are real features, but
they could not be matched with known spectral features.
Figure 3(a) shows a fit of a linear combination of ethane and

ethylene to the Makemake difference spectrum. In this linear
model, the ethane and ethylene abundances are 20% and 3% of
the abundance of methane, respectively. Additional absorption
is clearly required in the longer wavelength region. Acetylene,
which should be produced along with ethylene, has a
moderately weak absorption in the lower signal-to-noise
2.44 μm region of the spectrum, so it is expected to be
undetectable. The absorptions due to propane and paraffin have
significant overlap with those of ethane, but while ethane has a
few strong distinct lines, the heavier alkanes tend to just have
broad absorption beyond 2.25 μm. In Figure 3(b) we add
propane and paraffin to our spectral model. In our linear model,
the abundances of ethane, ethylene, propane, and paraffin
compared to methane are 20, 3, 0.8, and 4%, respectively. An
important caveat to keep in mind is that while the spectral
modeling used to create synthetic spectra of methane, ethane,
and ethylene allows us to specify the fractional contributions
with moderate accuracy, the use of measured reflectance
spectra for propane and paraffin makes quantitative comparison
of the relative contributions of these molecules more uncertain.
Comparison of the model to the difference spectrum and of the
full model to the absolute spectrum in Figure 1 shows an
excellent fit. The presence of higher mass alkanes is strongly
implied by the need for broad absorption beyond 2.25 μm, and
propane and paraffin fit the spectrum well, but the lack of
distinct absorption features due to these hydrocarbons makes
definitive identification difficult.

3.2. H Band

The absorption features of the irradiation products are, in
general, less strong in the H band than in the K band, so H band
is mostly useful as a check that our identifications in the K band
are correct. Figure 4 shows the H band spectrum of Makemake
compared to a pure methane model. The strongest deviation in
the 1.69 μm region is once again due to ethane. Figure 5 shows

Figure 1. K band spectrum of Makemake fits a model of a spectrum of methane
ice with 2 cm-sized grains (red). The deviation beyond 2.2 μm is well fit by
absorption due to the expected irradiation products of methane: ethane,
ethylene, and higher-mass alkanes (blue). The data used to create this figure are
available.

Figure 2. Deviation of the spectrum of Makemake from that of a methane
model shows other absorption which might also be present. Spectrum of
predicted irradiation products account for most of the additional spectral
absorption. Clear detections of lines of ethane are marked in blue, while lines of
clear detections of lines of ethylene are marked in green. Additional indications
of ethylene absorption appear at every location of a moderately strong
predicted ethylene line, although some blends with ethane and other species
make definitive identification of these lines more difficult. The red line shows
the Makemake spectrum convolved with a Gaussian function to have an
effective resolution of R ∼ 1000.

3

The Astronomical Journal, 149:105 (6pp), 2015 March Brown, Schaller, & Blake

FIGURE 1.11: This plot shows the K-band reflectance spectrum of Makemake with
the strong CH4 ice absorption bands cancelled out by a model CH4 ice spectrum.
The spectrum without CH4 is shown in black, while the red one is the same as the
black but smoothed with a gaussian function to increase the S/N at the cost of some
wavelength resolution. When the strong CH4 bands are removed from Makemake’s
spectrum in this wavelength region the remaining difference between it and a linear
flat continuum is caused by the absorption bands of low molecular mass irradiated
hydrocarbons present on Makemake’s surface. Blue vertical lines mark absorption
features at wavelengths of 2.273 µm, 2.296 µm, and 2.314 µm, that are associated with
C2H6. Green vertical lines mark the much smaller absorption features at wavelengths
of 2.109 µm, 2.186 µm, 2.225 µm, and 2.389 µm that are associated with C2H4. Propane
and paraffin, which do not have any particular distinguishing features in this range,
were used to improve the fit of the spectral models to the observational data. After

Brown et al. (2015).

performed by the New Horizons probe, an absorption band at∼ 2.3 µm was ob-
served that has also been suggested to result from the presence of CH3OH on
this object’s surface (see figure 1.10; Stern et al. 2019). Suggestions by Barucci et
al. (2011) that similar absorption bands are also present in the reflectance spec-
tra of (120348) 2004 TY364, (144897) 2004 UX10, (309737) 2008 SJ236, and (281371)
2008 FC76 have so far not been verified, but may be plausible. To test for the
presence of a CH3OH absorption band at ∼ 2.27 µm in the reflectance spec-
tra of faint TNOs, Brown (2012) combined the sample of NIR TNO reflectance
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spectra gathered at the Keck Observatory by observers based at the California
Institute of Technology (Caltech). In combination, that observational dataset
suggests that the CH3OH ice is likely to be present on the surfaces of TNOs,
even if only at a low level that is currently undetectable in their low S/N indi-
vidual spectra (see figure 1.9; Brown 2012).

Characteristic absorption bands of the light irradiation products of CH4, in-
cluding ethane (C2H6) and ethylene (C2H4) have been detected on the surface
of Makemake (Brown et al. 2007a; Brown et al. 2015). These absorption bands
were observed in the NIR at λ ∼ 2.3 µm (see figure 1.11). The same authors
also infer the presence of acetylene (C2H2), propane (C3H8), and higher mass
alkanes such as paraffin on Makemake’s surface, as the addition of these ma-
terials to spectral models of Makemake’s reflectance spectrum substantially
improves their fit to the observed data at NIR wavelengths. All of these higher
molecular weight hydrocarbons can be produced via photolysis of CH4 ice and
particle irradiation (Khare et al. 1989a; Brunetto et al. 2006).

1.5.3 The Bimodal Colours of the Centaurs and Small TNOs

The existence of two distinct visual colour groups was first identified in the
centaur population by the independent studies of Peixinho et al. (2003) and
Tegler et al. (2003); centaurs can be divided into groups of red (sometimes
called very-red or ultrared) and less-red (also called neutral, grey, or blue) ob-
jects, with a separation in colour observed at B− R ∼ 1.6 (Peixinho et al. 2012).
It was noted, however, that this colour division is absent at NIR wavelengths
(e.g. Delsanti et al. 2006). Later, a visual colour bifurcation was also identified
in the colours of small dynamically excited TNOs, with absolute magnitudes
at visual wavelengths of H & 5.6 (equivalent to diameter . 300 km; Fraser &
Brown 2012; Peixinho et al. 2012; Marsset et al. 2019). The absolute magnitude
of a given object HX in a given photometric filter X is the brightness it would
have if simultaneously observed at 1 au from the Sun, 1 au from the Earth, and
at a phase angle α = 0◦. HX may serve as a good proxy for an object’s size
when its albedo (pX) is unknown, but when pX is known, an object’s HX and
radius R in km may be related by the following relation from Russell (1916),
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FIGURE 1.12: HR(α) of 253 TNOs and centaurs plotted against their B − R colour.
HR(α) is an object’s R-band absolute magnitude that has not been corrected for phase
darkening (see Belskaya et al. 2008). Peixinho et al. (2012) estimate that, by not correct-
ing for α, on average HR in this plot might be overestimated by∼ 0.35 for the centaurs
and by ∼ 0.13 for the TNOs. Colours in the legend indicate materials that have been
spectroscopically observed on the surfaces of these objects. The apparent bifurcation
in the colours of large TNOs is dominated by the presence of water-ice-rich Haumea
family members in the lower left-hand leg of the approximately N shaped distribu-
tion of points; this shape has been sketched over the original plot with a dotted red

line for the purpose of illustration. After Peixinho et al. (2012).
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pXR2 = 2.24× 1016 × 100.4(mX�−HX), (1.1)

where mX� is the apparent magnitude of the Sun as observed from Earth in
filter X.

The presence of a centaur or TNO in the grey or red visual colour group ap-
pears not to correlate with the presence of any particular NIR absorption fea-
tures in their reflectance spectra (see figure 1.12; Peixinho et al. 2012), but it
does appear to correlate with their visual albedos, such that they fall into ei-
ther the low albedo less-red group (pV ∼ 0.05 and S′ ∼ 10% per 0.1 µm on
average) or the high albedo red group (pV ∼ 0.15 and S′ ∼ 35% per 0.1 µm on
average; Fraser et al. 2014; Lacerda et al. 2014). The size distributions of each
group are extremely similar, however, suggesting that they formed from a sin-
gle source population (Fraser et al. 2014; Wong & Brown 2016).

There has been debate as to whether the colour bifurcation primarily derives
from differences in the primordial compositions of centaurs and TNOs, or from
evolutionary processes such as cometary activity that may resurface them (e.g.
Tegler et al. 2008a). There is some evidence to suggest that cometary activity
may drive a decrease in the redness of centaurs (details of these processes will
be covered in chapter 7; Jewitt 2009; Jewitt 2015), but there is also evidence
to support the hypothesis that the colour bifurcation is, in fact, primordial,
and suggestive of an intrinsically different surface composition between the
two colour populations. The bimodal colour distributions of the centaurs and
TNOs are the same when comparing objects of similar size, suggesting that the
centaur colour distribution is derived from that inherent to the TNOs (Fraser &
Brown 2012; Wong & Brown 2017). Each colour group can also be described by
a simple two-component mixing model of their surface compositions, whereby
the colour groups share a common neutrally reflective component (possibly a
hydrated silicate) but have different reddening agents (surface hydrocarbons;
Fraser & Brown 2012). This suggests that the hydrocarbon materials likely to
comprise the surfaces of objects in each colour group are intrinsically different,
and derive from primordial differences in composition.

Brown et al. (2011b) formulated a hypothesis, based on the volatile retention
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of an object depends only on the chemistry of the topmost
layers, in an early solar system environment characterized by
frequent collisions, gardening and minor impacts constantly
excavated the surface, exposing interior material to irradiation.
Meanwhile, even kilometer-sized short-period comets have
measurable amounts of highly volatile ices such as CO,
indicating that volatile ices in the interior of these objects
(deeper than ∼1km) are protected from sublimation.

The thickness of the surface layer that must be depleted is
equal to the depth to which material is excavated through
collisional activity. We estimate this by extrapolating the
results from collisional modeling of the current Kuiper Belt to
the expected conditions within the primordial trans-Neptunian
disk. Durda & Stern (2000) computed collision rates and the
effect of minor impacts on the surface of present-day KBOs
and demonstrated that the cumulative fraction of the surface
area of 2–200 km diameter objects cratered by impactors of
radius greater than 4 m ranges from a few to a few tens of
percent over ∼4 Gyr. For reasonable assumptions of the surface
material properties, they show that such impacts are expected to
excavate down to a depth of at least 40–50 m.

The number of objects in the primordial trans-Neptunian
region prior to the onset of dynamical instability is expected to
have exceeded the current KBO population by roughly two
orders of magnitude (e.g., Tsiganis et al. 2005). Therefore, we
expect that, in the period before the disruption of the primordial
trans-Neptunian planetesimal disk (see below), all objects in
the observable size range for Trojans would have had their
entire surface reworked through collisions. Many of the
cratering events would have been caused by impactors
significantly larger than tens of meters in diameter, so a
significant fraction of the impacts would have exposed material
to a depth of many hundreds of meters or more. In this paper,
we have taken x=100m to be the thickness of the surface
layer that is affected by these impacts.

The relevant timescale for our model is the irradiation
timescale, i.e., the time required for incident radiation to
change in the properties of the surficial material. Experiments
on volatile ices have demonstrated that the effects of irradiation
depend primarily on the total energy deposited and saturate
after a certain energy threshold is reached. In the context of
surface colors, only the top ∼1 μm of the surface material is
sampled by visible and near-infrared observations. Hudson
et al. (2008) estimated that the radiation dose at ∼1 μm depth
for objects at 20 au (roughly the center of the primordial disk in
canonical simulations of dynamical instability models) is
1000–10,000 eV/16 amu over the lifetime of the solar system.
Using the saturation doses for volatile ice irradiation reported
by Brunetto et al. (2006) (100–300 eV/16 amu), we arrive at
estimates of the irradiation timescale between 50Myr and
1 Gyr. In this paper, we set the irradiation timescale at 100Myr;
values differing by an order of magnitude in either direction do
not yield qualitatively different conclusions.

The canonical version of current dynamical instability
models aligns the onset of instability with the Late Heavy
Bombardment, which occurred ∼650Myr after the formation
of the solar system (Gomes et al. 2005). Comparing this
estimated disk lifetime to our choice of irradiation timescale,
we find that irradiation processing is expected to have
proceeded to saturation prior to the scattering of the primordial
disk.

Figure 2 shows the time needed to deplete the top 100m of
an object of various volatile ice species, as a function of
heliocentric distance. The curves denote sublimation lines:
objects that formed closer than a line would have surfaces
depleted of the corresponding volatile ice species, while objects
that formed farther would have retained it. Simulations of early
solar system evolution predict an initially compact planetary
configuration, with a planetesimal disk beyond the orbit of the
outermost ice giant extending from 15 au to about 30 au,
indicated in the figure by the green band (Tsiganis et al. 2005;
Levison et al. 2008). CH3OH, NH3, and to a certain extent CO2
are involatile throughout the entire primordial disk. (We note
that the suggestion in Brown et al. (2011) that CH3OH had a
sublimation line within the primordial planetesimal disk was
mainly a result of a numerical error in their vapor pressures.)
Objects in the inner part of the disk have surfaces depleted in
H2S after an elapsed time comparable to the irradiation
timescale of 100Myr, while objects in the outer part retain
H2S. The farthermost objects also retain C2H6. The sublimation
lines for CO and CH4 are located at much larger heliocentric
distances, out of the range shown in Figure 2.

4. SURFACE COLORS

For a wide range of assumptions, volatile loss in the
primordial planetesimal disk would have occurred as shown in
Figure 2. Given the sublimation-driven surface chemistry
developed by the model in the previous section, we now
consider the effects of radiation processing on the surface
properties and examine the predictions of our hypothesis with
respect to the surface colors of Trojans and KBOs.

4.1. Surface Radiation Processing

Objects throughout the primordial disk retained methanol,
ammonia, and carbon dioxide ices on their surfaces. While no
laboratory experiments have studied the effects of irradiation
on analogous surfaces, Brunetto et al. (2006) demonstrated that

Figure 2. Sublimation lines in the early solar system, as a function of formation
distance. Objects located to the left of a line have the respective volatile ice
species depleted from a 100m layer at the surface after the corresponding
elapsed time on the y-axis, while objects located to the right of a line have
retained the respective volatile ice species on the surface. The approximate
location of the pre-instability primordial planetesimal disk is depicted by the
green band. Notably, the H2S sublimation line (in red) passes through the
region of the primordial disk.

4
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FIGURE 1.13: This plot shows the sublimation lines drawn in the model for volatile
retention on small TNOs. In this model the CH3OH sublimation line is drawn in
its correct location, whereas in the model’s prior iteration it was erroneously drawn
across the region of the primordial planetesimal disk (Brown et al. 2011b). The green
band depicts the predicted location of the primordial trans-Neptunian disk prior to the
instability described by the Nice model (Tsiganis et al. 2005; Levison et al. 2008). After
a given time post-formation on the y-axis, objects at heliocentric distances below that
of a given sublimation line are predicted to have surfaces depleted in that particular
chemical species to a depth of 100 m. H2S, which is currently favoured by Wong &
Brown (2016) to be the cause of the difference between the surface compositions of
red and less-red TNOs, is highlighted in red, and cuts across the full primordial disk.

After Wong & Brown (2016).

model of Schaller & Brown (2007b), in which the primordial surface composi-
tion of a TNO was largely a product of the thermal environment in which it
formed. Brown et al. (2011b) suggested that the planetesimals in the primor-
dial trans-Neptunian disk would likely have formed with a roughly cometary
composition (see Bockelée-Morvan & Biver 2017), but would have preferen-
tially lost certain surface materials depending on how hot their surfaces were
and which materials were volatile at those surface temperatures. The surface
temperature that any given primordial TNO might have achieved is complex
and dependent on multiple factors (see chapter 6), but one factor that is easy to
quantify is Solar insolation. Broadly, Brown et al. (2011b) hypothesised that an
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object forming at heliocentric distance beyond the point at which a particular
chemical species would rapidly sublimate, would retain that chemical species
long enough for UV and particle radiation to chemically process its molecules
into a refractory irradiated mantle. On the other hand, objects closer to the Sun
would preferentially lose that specific material before radiative surface evolu-
tion could have a significant effect, and the mantle produced would have a
different chemical composition (see figure 1.13). Brown et al. (2011b) there-
fore predicted that it would be likely that the irradiated hydrocarbon mantles
produced on objects either side of a particular sublimation line would have
different colours, due to their different chemical compositions.

It then follows, that the dynamical instability predicted by the Nice model (Tsi-
ganis et al. 2005; Morbidelli et al. 2005; Gomes et al. 2005), and the outward
migration of Neptune (e.g. Hahn & Malhotra 2005; Levison et al. 2008) would
have scattered the primordial TNOs, both mixing the two colour populations
and placing them on dynamically excited orbits in the TNB. Meanwhile, the
cold classical TNOs form in-situ (e.g. Petit et al. 2011), are relatively dynami-
cally unperturbed (Batygin et al. 2011), and comprise a unique compositional
class among the TNOs (e.g. Pike et al. 2017). Recent confirmation of the dif-
ferent inclination distributions of the red and less-red TNOs has revealed that
the two subpopulations likely have a different dynamical history. The less-
red TNOs have an inclination distribution with both a higher mean and a
greater variance when compared to that of the red TNOs. There is a lack of
red dyncamically excited TNOs at high orbital inclination (i > 21◦; Marsset
et al. 2019). These inclination distributions appear to be preserved in the cen-
taur population too (Tegler et al. 2016). The difference between the inclination
distributions of red and less-red TNOs likely alludes to the different dynam-
ical histories of these two subpopulations, and suggests that they originated
at different heliocentric distances in the primordial trans-Neptunian disk (e.g.
Gomes 2003).

A related population of objects, the Jupiter Trojan asteroids, is suspected to
derive from the same primordial population as the TNOs due to their similar
size distributions (Fraser et al. 2014). Like the TNOs, they are known to be
comprised of two subpopulations of objects with different visual colours, but
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unfortunately also share their featureless VNIR spectroscopic characteristics
(Emery et al. 2011). Through spectroscopic observations at ∼ 3 µm, however,
the two subpopulations have been identified to be spectroscopically distinct,
although ground-based observation of Jupiter trojans is challenging at wave-
lengths of 3 µm, and as a result the specific reddening agent intrinsic to each
colour group has not yet been identified (Brown 2016).

The model formulated by Brown et al. (2011b) suggested that CH3OH was
likely to be the most important reddening agent because its sublimation line
crossed the primordial trans-Neptunian disk (predicted extent, 15 . rH .

30 au). CH3OH seemed to be a promising contender for the TNO reddening
agent as Brunetto et al. (2006) had shown that CH3OH does become red when
irradiated with ions. Later, however, it was reported by Wong & Brown (2016)
that a numerical error had led the sublimation line of CH3OH to be located
across the predicted extent of the primordial trans-Neptunian disk in the orig-
inal model, when instead it should have been located much closer to the Sun.
The CH3OH sublimation line in figure 1.13 is correct. More recent works have
favoured dihydrogen sulphide (H2S) as a potential reddening agent (see figure
1.13; Wong & Brown 2016; Wong & Brown 2017), and preliminary laboratory
experiments have been performed to determine the efficacy of H2S in this role.
Results reported by Poston et al. (2018) suggest that irradiation of laboratory
ices that do and do not contain sulphur, respectively produces red and less-
red irradiation products, as predicted by Wong & Brown (2016). Poston et al.
(2018) also admit, however, that significant testing still needs to be conducted
before H2S may be confirmed as significant in the process of TNO surface red-
dening, as the irradiated samples containing sulphur exhibited strong visual
absorption features in their reflectance spectra, which do not appear in those
of TNOs and centaurs.

1.6 Silicates

Silicates, although predicted to comprise some proportion of all TNOs and cen-
taurs (e.g. Fraser & Brown 2012), have proven elusive in VNIR spectroscopic
observations of these objects conducted so far, including detailed observations
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conducted during spacecraft flybys (Grundy et al. 2016; Stern et al. 2019).

Mafic (Mg and Fe rich) silicates such as olivine and pyroxene are known to ex-
hibit strong blended absorption bands at λ ∼ 1.0 µm that result from crystal-
field absorption by Fe2+ ions contained within their structure (e.g. Sunshine &
Pieters 1998). While such absorption bands are commonly observed in the re-
flectance spectra of silicate-bearing asteroids (e.g. DeMeo et al. 2009), no such
absorption bands have ever been directly observed in the reflectance spectrum
of a TNO or centaur (Barucci et al. 2008a; Brown 2012). Silicates have been
suggested to be observable by emission features in the Mid-IR spectrum of the
centaur (8405) Asbolus at λ ∼ 10 µm (Barucci et al. 2008a), but so far this is the
only TNO or centaur with an observation recorded at these wavelengths with
high enough S/N for such reports to be reasonable (Brown 2012).

Aqueously altered iron-bearing silicates have been reported to be present on
the surfaces of a handful of TNOs and centaurs based on the presence of a
weak 0.7 µm absorption band attributed to Fe2+→ Fe3+ intervalence charge
transfer (IVCT) in their visual reflectance spectra (Lazzarin et al. 2003; de Bergh
et al. 2004; Fornasier et al. 2004; Alvarez-Candal et al. 2008), but such features
have often eluded confirmation in subsequent observations (Fornasier et al.
2004; Fornasier et al. 2009; Merlin et al. 2017). Variegation of the surfaces of
these objects, and hence rotational variation of their spectra, has been sug-
gested, but not confirmed, to cause of the disappearance of the 0.7 µm band
(de Bergh et al. 2004; Alvarez-Candal et al. 2008; Fornasier et al. 2009). Others
have suggested that such features may result from sporadic spectral systematic
error, given that weak aqueous alteration bands are very difficult to observe in
the low S/N spectra of TNOs (Brown 2012). It seems surprising that there may
be aqueously altered silicates on the surfaces of TNOs or centaurs, as the sur-
face temperatures of these bodies are expected to be well below the melting
point of H2O (de Bergh et al. 2004). More in-depth discussion on the observa-
tions of hydrated silicates in TNO and centaur reflectance spectra is presented
in chaper 6, along with discussion on the mechanisms through which TNOs
and centaurs may become aqueously altered.
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1.7 Research Aims and Thesis Outline

As discussed in sections 1.5 and 1.6, characteristic absorption bands observed
in the reflectance spectra of refractory hydrocarbons and silicates (e.g. Sun-
shine & Pieters 1998; Cloutis et al. 2011; Izawa et al. 2014; Applin et al. 2018)
have proven elusive in the reflectance spectra of small TNOs and centaurs (e.g.
Barucci et al. 2008a; Brown 2012). This is despite the fact that irradiated hydro-
carbon residues reflect VNIR light in a way that matches extremely well with
the way outer Solar System minor planets do (e.g. Brunetto et al. 2006). In
addition, the compositional model formulated by Fraser & Brown (2012) can
reproduce the visual colour bifurcation of the small dynamically hot TNOs
and centaurs discussed in section 1.5.3 by considering that the objects in both
groups share a common silicate component on their surfaces, while objects in
each group possess a different surface mixture of irradiated hydrocarbons. As
also discussed in section 1.5.3, this bifurcation is likely due to the formation
of each group of objects in a different thermal environment, and by extension
at different heliocentric distances (Brown et al. 2011b; Wong & Brown 2016).
It is therefore clear that in order to understand the thermal, radiative, and
compositional properties of the early Solar System via study of the surface
compositions of TNOs and centaurs, it is essential to understand the nature of
the hydrocarbons and silicates that are predicted to dominate their reflectance
properties. Study of these materials as they are found in nature will also be
informative as to how they evolve via radiative and thermal processes. As
discussed in section 1.1, not even 3% of known TNOs and centaurs have been
observed spectroscopically. This is hardly a representative sample of the total
TNO and centaur population, and many of the objects that have not yet been
observed spectroscopically hint through their photometric data that they have
atypical reflectance spectra in comparison to the featureless ones observed for
the majority of small objects observed so far (e.g. Peixinho et al. 2015; Pike
et al. 2017). The research presented in this thesis was conducted to increase
the number of TNOs for which reflectance spectra have been obtained, and to
also observe, confirm, and characterise any new absorption bands in their re-
flectance spectra, especially if those bands are indicative of specific silicates or
refractory hydrocarbons on their surfaces.
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Chapter 2 of this thesis describes how new reflectance spectra of a total of
13 objects were successfully observed with the X-Shooter and FORS2 spectro-
graphs over four observing runs at the European Southern Observatory (ESO)
Very Large Telescope (VLT). Chapter 3 describes how the spectra were reduced
using the standard ESO data reduction pipelines, and how they were extracted
using a bespoke method used to both verify the observed absorption bands
and boost the signal-to-noise ratio (S/N) of the final spectra. Chapter 4 dis-
cusses the reflectance spectra which were found to be featureless, and com-
pares them to past observations of the same objects. Chapter 5 outlines how a
near-UV absorption edge was confirmed to be present in the reflectance spec-
trum of an extreme SDO, which was attributed to the presence of highly ir-
radiated and aromatised hydrocarbons on its surface. Chapter 6 relates how
one of the targets observed as part of this program was confirmed to have a
reflectance spectrum similar to those of aqueously altered carbonaceous aster-
oids. In combination, its reflectance spectrum and orbital properties suggested
that this object was an interloper in the TNB that had formed in the inner Solar
System, before it was subsequently scattered outward by the early migrations
of the giant planets. Chapter 7 reports on the consistent spectroscopic observa-
tions of an active centaur that were conducted before and after an outburst of
cometary activity to determine whether its surface composition had changed,
or whether any fresh subsurface material had been revealed. No changes in the
reflectance spectrum of the centaur were observed, but its residual coma was
found to be surprisingly blue in colour, suggesting that it may be comprised of
highly dehydrogenated carbon rich dust. Chapter 8 concludes the thesis and
briefly remarks on avenues for future research into the reflectance spectra of
minor planets in the outer Solar System.



Chapter 2

Instrumentation and Observation
Strategy

“This is where the fun begins.”

A. Skywalker
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This chapter describes the telescope, instruments, and observing methods used
to obtain the data presented in chapters 4, 5, 6, and 7.

2.1 Telescope and Instruments

The datasets presented in this thesis were all observed at the ESO VLT at
Paranal Observatory, which is located at the peak of Cerro Paranal, a moun-
tain in the southwestern region of the Atacama Desert in Chile. The VLT is
comprised of four stationary Unit Telescopes (UTs), each with a primary mir-
ror that is 8.2 m in diameter, and four movable 1.8 m Auxiliary Telescopes that
may be used as an interferometer in combination with the UTs. The UTs are
alt-azimuth mounted Ritchey-Chrétien reflector telescopes and, despite their
ability to operate together, they are primarily used individually; each UT may
have one instrument mounted at its Cassegrain focus and one more mounted
at each of its two Nasmyth foci. The observations presented here were per-
formed using two of the instruments at the VLT, and their descriptions follow.

2.1.1 FORS2

The VLT’s second iteration of the FOcal Reducer and low dispersion Spectro-
graph (FORS2) is a multipurpose imager, spectrograph, and polarimeter (Ap-
penzeller et al. 1998) mounted at the cassegrain focus of UT1 (Antu). For the
purposes of the observations reported here, FORS2 was used in long slit spec-
troscopy mode, making use of the low resolution (R ∼ 780) GRIS_600B+22
grism, and the non-standard blue sensitive detector, which is comprised of a
mosaic of two 2048×4096 E2V Charge-Coupled Devices (CCDs). The choice of
grism provided an effective wavelength range for the FORS2 observations of
0.33-0.621 µm. Observations were performed with FORS2 set in its standard
resolution mode with the default (2x2) pixel binning; this provided an image
pixel scale of ∼ 0.25 "/pixel, and an on sky slit length of 6.8 arcminutes. The
FORS2 long slit spectroscopy was performed with slit widths of 1.0" and 0.7"
(details are presented in section 2.3 and tables 2.7 and 2.8).
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2.1.2 X-Shooter

X-Shooter is a medium resolution echelle spectrograph that is designed to ob-
serve across a large wavelength range in a single exposure. While a longslit
spectrograph (e.g. FORS2) uses a single prism or grating to disperse observed
light along a single axis, an echelle spectrograph uses two dispersive elements
oriented at 90◦ to one another to first disperse the light on the wavlength axis,
and then disperse it again along the orthogonal spatial axis. This results in
the spectrum being recorded over several spatially separated orders that over-
lap slightly in wavelength space, as opposed to the single order recorded by
a longslit spectrograph. The raw spectra recorded by a longslit spectrograph
are relatively simple to reduce and calibrate, but there are limits to the spectral
resolution and overall wavelength coverage achievable in a single exposure
when using only one dispersive element. These limits are set by how large the
detector can be and also by contamination of the observed first order spectrum
at longer wavelengths by the short wavelength light in the second order spec-
trum. Echelle spectrographs overcome these limitations by breaking a long
single spectrum into smaller orders, that don’t individually suffer second or-
der contamination. The orders can also be packed into a smaller space on the
detector. This simultaneously enables observation of high resolution spectra
that have larger wavelength coverage overall.

The wavelength coverage of X-Shooter extends from the near-ultraviolet (near-
UV) atmospheric cutoff at λ ∼ 0.3 µm to the near-infrared (NIR) region at
λ ∼ 2.5 µm (Vernet et al. 2011). To maximise throughput and the sensitivity
of the instrument in each of the near-UV, visual, and NIR wavelength ranges,
incoming light is split by dichroics into three separate arms that are optimised

ARM UVB VIS NIR
Pixel Scale, "/pixel 0.164 0.154 0.245
Detector Array, pixels 2048× 4102 2048× 4096 2048× 2048
Detector Type E2V CCD MIT/LL CCD Hawaii 2RG

TABLE 2.1: Table presenting some of the key characteristics of each of the spectro-
graphic arms of the X-Shooter instrument that were obtained from the instrument de-
scription provided online by ESO (https://www.eso.org/sci/facilities/paranal/
instruments/xshooter/inst.html) and from the X-Shooter User Manual (https:

//www.eso.org/sci/facilities/paranal/instruments/xshooter/doc.html).

https://www.eso.org/sci/facilities/paranal/instruments/xshooter/inst.html
https://www.eso.org/sci/facilities/paranal/instruments/xshooter/inst.html
https://www.eso.org/sci/facilities/paranal/instruments/xshooter/doc.html)
https://www.eso.org/sci/facilities/paranal/instruments/xshooter/doc.html)
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for operation in each of these wavelength regions. The UVB arm covers near-
UV/blue wavelengths (0.3-0.56 µm), the VIS arm covers visual wavelengths
(0.55-1.02 µm), and the NIR arm covers NIR wavelengths (1.02-2.48 µm); the
specifications for each of these arms are presented in table 2.1. X-Shooter has
a K-band blocking filter that may be used to block NIR flux at wavelengths
above 2.1 µm, sacrificing coverage of the longest NIR wavelengths for a boost
in the S/N of the remaining observed NIR spectrum; observations where this
filter was used are noted in the X-Shooter observation log (table 2.6). During
the X-Shooter observations performed for this work the widths of the slits were
respectively set in the UVB, VIS, and NIR arms to 1.0", 0.9", and 0.9"; these slit
widths provided resolving powers of ∼ 5400, ∼ 8900, and ∼ 5600 in the UVB,
VIS, and NIR arms respectively. The slits in each of the arms of X-Shooter have
a common on-sky length of 11". X-Shooter may also operate as a low spatial
resolution integral field unit spectrograph, but this mode was not utilised in
the observations reported here.

At the beginning of the period in which the spectra presented in this thesis
were obtained (2014 August; ESO Period 93), X-Shooter was mounted at the
cassegrain focus of UT3 (Melipal). It was moved to the cassegrain focus of UT2
(Kueyen) in 2014 October, where it has remained since. Details of which ob-
serving runs were performed with which UT are given in table 2.2.

X-Shooter has an Acquisition and Guiding Camera (AGC) that, while typically
used for acquiring targets prior to spectroscopic observations, may be used in
a limited capacity for imaging (Martayan et al. 2014). The AGC has a 512× 512
pixel E2V broadband coated CCD detector, a 1.5× 1.5 arcminute field of view,
and a pixel scale of ∼ 0.17 "/pixel; it is also equipped with a set of Johnson
(UBVRI) and Sloan Digital Sky Survey (SDSS; u′g′r′i′z′) filters. The observa-
tion, reduction, and analysis tecniques used for the imaging data obtained with
this mode of X-Shooter will be presented in chapter 7 along with the associated
results.
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2.2 Target Selection

The reflectance spectra presented in this thesis were observed over a total of
four observing runs at the VLT, an overview of which is presented in table 2.2.

2.2.1 TNOs and Centaurs

Apart from the obvious constraints regarding faintness and observability dur-
ing a given run, the TNO and centaur targets observed were broadly chosen
based on their variety in terms of size, dynamical class, and colour.

The first two observing runs (093.C-0259(A) and 095.C-0521(A)) aimed to de-
tect the absorption features of organic and silicate materials on the surfaces of
TNOs and centaurs. This was done in an effort to determine the validity of
the prediction made by Fraser & Brown (2012) regarding the links between the
two dynamically excited TNO colour groups (red and less-red), and the types
of silicates and hydrocarbons present on their surfaces (see section 1.5.3). For
this reason, various members of both the red and less-red colour groups were
observed.

The third observing run (297.C-5064(A)) was conducted to determine whether
the 2016 cometary outburst of the active centaur 174P/Echeclus had observ-
ably changed that object’s reflectance spectrum. Due to this, 174P/Echeclus
was the only planetary target for this run.

Run Date (a) ESO Run ID UT Instrument Investigators (b) Time Awarded Mode

2014 Aug 2 093.C-0259(A) 3 X-Shooter THP, WCF, MEB, FS 1 night Visitor
2015 Jun 10 095.C-0521(A) 2 X-Shooter THP, WCF, MEB, FS 1 night Visitor
2016 Oct 6-7 297.C-5064(A) 2 X-Shooter TS, WCF, AF, MGH 3.8 hours Service
2017 Apr 21-22 099.C-0651(A) 1 FORS2 TS, WCF, THP, FS 2 nights Visitor

TABLE 2.2: Table presenting an overview of the observing runs undertaken to obtain
the data presented in this thesis. a: Run dates listed are for the beginning of the as-
sociated observing nights. b: AF, Alan Fitzsimmons; FS, Frederik Schönebeck; MEB,
Michael E. Brown; MGH, Méabh G. Hyland; THP, Thomas H. Puzia; TS, Tom Seccull;

WCF, Wesley C. Fraser.
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The fourth observing run (099.C-0651(A)) was conducted primarily to follow
up and confirm drops in reflectance toward near-UV wavelengths that were
observed in the reflectance spectra of 2004 EW95 and 2012 DR30. The remainder
of the targets of run four were chosen on the basis of variety in size, colour,
and dynamical class, in an attempt to search for more objects with spectral
behaviour similar to that observed for the two primary targets.

2.2.2 Calibrator Stars

When observing the spectrum of a minor planet at VNIR wavelengths the light
collected is reflected sunlight; as such, the raw spectrum of a minor planet
looks like a warped solar spectrum. The spectral signature of the Sun must
be divided out of the minor planet’s raw spectrum to obtain a reflectance spec-
trum. Due to these factors, the spectroscopic observing strategy employed here
involved target acquisition imaging and spectroscopic observation of the mi-
nor planets themselves, as well as the same for any stars required to calibrate
for the solar spectrum.

Ideally, the calibrator stars used should be confirmed solar twins or well char-
acterised solar analogs; if such a star is used for calibration the gradient of the
calibrated minor planet reflectance spectrum may be accurate, and any resid-
ual features in the solar spectrum due to the Sun’s metallicity could be ade-
quately cancelled out (this is a particular problem at λ . 450 nm; see Hardorp
1980). Unfortunately, there are very few known well-characterised solar ana-
log stars, and they are not evenly spread on the sky so it is not guaranteed that
such a calibrator will be available at the coordinates, airmass, and time that is
required for a good calibration of a given minor planet spectrum. There are
further problems finding adequate solar calibrator stars for observers of faint
outer solar system minor planets, in that the known well-characterised solar
calibrators are almost universally bright (i.e. mV < 9); they quickly saturate
spectroscopic exposures observed with large telescopes and spectrographs op-
erating at the low wavelength resolutions required for observing the faintest
TNO targets. The fact that Barucci et al. (2008a) also mentioned this problem
back in 2008, and 11 years have since passed without any movement from the
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Minor Planet Calibrator Star (a) Spectral Type (b) B−V (c) mV (c) Reference (c)

Run ID: 093.C-0259(A), Date: 2014 Aug 02

2004 EW95 HD 117286 G2V (1) 0.58± ∼ 8.64 ∼
2002 GZ32 HD 131876 G2V (1) 0.58± 0.04 9.07 Tycho-2
Echeclus HIP 107708 G2V (1) 0.58± 0.02 8.59 Tycho-2
2008 FC76 HIP 27185 G2V (1) 0.55± 0.02 8.1 Tycho-2

Run ID: 095.C-0521(A), Date: 2015 Jun 10

2012 DR30 HD 97356 G3/5V (3) 0.69± 0.02 8.12 Tycho-2
Dziewanna HD 142415 G1V (1) 0.6± ∼ 7.34 ∼
1999 OX3 HD 220764 G2V (1) 1.06± 0.04 9.68 Tycho-2

Run ID: 297.C-5064(A), Date: 2016 Oct 07-08

Echeclus HIP 107708 G2V (1) 0.58± 0.02 8.59 Tycho-2

Run ID: 099.C-0651(A), Date: 2017 Apr 21-22

2012 DR30 BD-00 2514 G7V (2) 0.62± 0.07 11.172 APASS
2004 EW95 BD-00 2514 G7V (2) 0.62± 0.07 11.172 APASS
Ceto-Phorcys HD 144684 G0V (3) 0.63± 0.04 9.43 Tycho-2
Ixion HD 172534 G2V (4) 0.65± 0.05 9.62 Tycho-2

2000 CN105 HD 127601 G2V (3) 0.62± 0.08 10.22 Tycho-2
2004 EW95 HD 156114 G2V (3) 0.65± 0.04 8.90 Tycho-2
2007 JJ43 HD 156114 G2V (3) 0.65± 0.04 8.90 Tycho-2
2007 JK43 HD 169368 G0V (3) 0.67± 0.05 9.56 Tycho-2
2002 MS4 HD 159449 G0V (3) 0.65± 0.05 10.00 Tycho-2

TABLE 2.3: This table presents the stars that were ultimately selected to cancel out
the solar spectrum in those of each successfully observed TNO and centaur. Amycus
and 1999 DE9 were not successfully observed and so are not reported in this table (see
section 2.3) a: Stars listed in bold are known solar twins or analogs (e.g. Datson et al.
2012). b: Spectral types for these stars are reported as follows: 1. Houk & Smith-
Moore (1988).; 2. Drilling & Landolt (1979); 3. Houk & Swift (1999); 4. Houk (1982). c:
The B− V colours of HD 117286 and HD 142415 are calculated based on mB and mV
values listed in the Set of Identifications, Measurements, and Bibliography for Astro-
nomical Data (SIMBAD) database. mB and mV for these stars, however, neither have
a referenced source, nor uncertainties. mB and mV for the rest of the stars listed here
are sourced, by SIMBAD, from the Tycho-2 survey (Høg et al. 2000) and the AAVSO

Photometric All Sky Survey (APASS; Munari et al. 2014).

Johnson-Cousins (U − B)� (B−V)� (V − R)� (R− I)�

0.158± 0.009 0.653± 0.003 0.356± 0.003 0.345± 0.004

SDSS (u′ − g′)� (g′ − r′)� (r′ − i′)� (i′ − z′)�

1.43± 0.05 0.44± 0.02 0.11± 0.02 0.03± 0.02

TABLE 2.4: Table presenting Solar colours reported by Ramírez et al. (2012) and SDSS
1

for the visual Johnson-Cousins and SDSS filter systems respectively.
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community to fix it is frankly mystifying. Currently this lack of faint and suf-
ficiently characterised near-solar stars limits the attainable accuracy of TNO
reflectance spectra, and makes spectroscopic observation of faint TNO targets
extremely challenging depsite the fact that many are spectroscopically observ-
able at low wavelength resolution with today’s largest telescopes.

To minimise the differences between the atmospheric conditions under which
the star and minor planet are observed, the observer must minimise the dif-
ferences between their coordinates, airmass, and time of observation. Observ-
ing a star and minor planet at significantly different airmasses (i.e. through
different atmospheric optical depths) increases the strength of NIR telluric ab-
sorption residuals in the reduced reflectance spectrum (for the location of the
telluric bands see Smette et al. 2015).

For the observations of the minor planets presented here, which could not all
be bracketed by observations of well characterised near-solar stars, main se-
quence G-type stars were selected to calibrate the minor planet spectra (see
table 2.3); these were primarliy selected based on their reported spectral type.
FORS2 calibrator stars were additionally selected for based on their approxi-
mately solar B− V colours (for reference see table 2.4). The selection of stars
was further narrowed down so that the stars observed for the purpose of cali-
brating the spectrum of a given minor planet would be observable at a similar
airmass to the minor planet just before or just after its spectroscopic observa-
tions were conducted.

2.3 Observation Strategy

Due to the faintness of the planetary targets of these observing runs, good
weather and dark skies were essential to maximise the S/N of our data. For-
tunately for all runs the average cloud cover was designated as either Clear or
Photometric within the scheme used by ESO for weather monitoring and obser-
vation planning2. ESO defines Photometric conditions as those where there are
no visible clouds, and variation in atmospheric transparency is under 2%. Clear
conditions are those in which the sky is 90% free of clouds above an elevation
2https://www.eso.org/sci/observing/phase2/ObsConditions.generic.html

https://www.eso.org/sci/observing/phase2/ObsConditions.generic.html
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of 30◦, and variation in atmospheric transparency is under 10%. Observing
windows in lunar grey or dark time were chosen in order to minimise the ad-
dition of lunar skyglow to the background noise of our observations. A table
of the observation geometry for each of the planetary targets observed is pre-
sented in table 2.5. Logs of the observations performed are presented in tables
2.6, 2.7, and 2.8.

Observations performed with X-Shooter make use of one of three observing
modes, STARE, NODDING, and OFFSET. The STARE mode is a standard mode
similar to that used with other instruments when observing at visual wave-
lengths; the instrument aperture is set to a fixed position on the sky. NOD-
DING mode enables a better sky subtraction at NIR wavelengths and involves
nodding the target (with jittering if required) between two positions along the
slit. OFFSET mode is commonly used for extended targets, such as comets
and galaxies, which may fill up the slit and require a separate sky observa-
tion. OFFSET mode has two sub-modes called Fixed and Generic; Fixed OFFSET
mode operates such that observations oscillate between two fixed points, one
for the target and another for the sky. Generic OFFSET mode offers the great-
est freedom in terms of positioning of the slit and enables dithering patterns
that can be completely customised by the observer. Generic OFFSET mode was
the mode used for the purpose of observing the X-Shooter spectra presented
in this thesis, while the X-Shooter flux calibrator stars were observed in NOD-
DING mode as per the X-Shooter calibration plan.

The UVB and VIS arms of X-Shooter are read out by a single Fast Imager Elec-
tronic Readout Assembly (FIERA) controller (Beletic et al. 1998), and while
they may be exposed simultaneously, they must be read out sequentially. For
this reason when observing planetary targets the exposure times for the UVB
and VIS arms were tailored to minimise dead time between readouts of the
UVB and VIS detectors. Readout time for the NIR arm detector was of the
order 1 s, and so the time spent exposing the NIR arm was maximised before
readout. Exposure times for the X-Shooter observations are listed in table 2.6.

It must be noted here that while observations of Amycus and 1999 DE9 were at-
tempted, they were unsuccessful. Amycus unfortunately passed very close to
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a pair of background stars during its spectroscopic observations, leaving it spa-
tially blended with them in the resulting 2D spectra, with very little remaining
background sky available to facilitate background subtraction. When its ex-
posures were checked after the FORS2 observing run, 1999 DE9 was found to
have simply fallen off the slit, and hence was not observed. Due to the lack
of usable observations for these targets, Amycus and 1999 DE9 will not be dis-
cussed in the remainder of the thesis.

For all the spectroscopic observations the same general strategy was followed;
the steps taken for a given TNO target are outlined below:

1. Based on coordinates derived from ephemeris data obtained from the JPL
(Jet Propulsion Laboratory) Horizons online ephemeris computation service3,
acquisition images were obtained in V or R band for the region of sky where
the planetary target was expected to be. For these images tracking was non-
sidereal, with the differential motion of the minor planet estimated from the
Horizons ephemeris data; due to the relatively short exposure times for these
images however, no trailing of the background stars was detectable by eye.
For the observing runs with X-Shooter, its AGC was used for imaging; when
using FORS2 the instrument was operated in imaging mode for the purpose of
target acqusition.

2. To allow time for the minor planet to move detectably a sequence of ob-
servations was performed to obtain spectra of (typically one or two) prese-
lected nearby solar calibration stars. These observations consisted of a target
acquisition image, followed by a slit acquisition image to ensure the star was
properly centred in the slit, after which the star was observed spectroscop-
ically. The stars were tracked sidereally, and the slit orientation was set to
align with the parallactic angle at the start of observations for each new target;
this was done to minimise slit losses at short wavelengths due to atmospheric
differential refraction (see Filippenko 1982). Spectroscopic observations with
X-Shooter were performed in a 3-point dither pattern for all targets (both stel-
lar and planetary), with the target observed in the centre of the slit for the first

3https://ssd.jpl.nasa.gov/horizons.cgi

https://ssd.jpl.nasa.gov/horizons.cgi
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dither, then respectively at -2.5" and +2.5" along the slit relative to the slit cen-
tre for the second and third dithers. A 2-point dither pattern was used during
the FORS2 spectroscopic observations with targets successively centred at +1"
and -1" along the slit relative to its centre. These dithering patterns were used
in all the spectroscopic observations to mitigate artifacts due to bad pixels and
cosmic rays on the detectors.

3. Following the spectroscopic observation of the first set of calibrator stars
a second minor planet acquisition imaging sequence was performed, repeat-
ing the procedure discussed in step 1. The required length of time between
this sequence and the first was typically estimated in inverse proportion to
the rate of the minor planet’s apparent motion. For example, the motion of
174P/Echeclus (a centaur at rH ∼ 6 au) was observable after only 30 min-
utes had passed, while a gap of almost 24 hours was left between imaging
sequences for 2000 CN105 (a cold classical TNO at rH ∼ 47 au) in order to en-
sure that its motion was detectable. After the second imaging sequence the
images from each sequence were both opened in Smithsonian Astrophysical
Observatory Image DS9 (SAOImageDS9; Joye & Mandel 2003), matched to the
world coordinate system to align them, and then blinked so that the minor
planet could be identified by its motion relative to the background stars. The
images were also compared to pre-prepared finder charts to help identify the
location of the minor planet on the sky.

4. After the minor planet was located a slit acquisition image was taken to
centre it correctly in the slit. As soon as possible after this, spectroscopic ob-
servations began in much the same way as was discussed in step 2 for the
calibrator stars. Again differential tracking of the telescope was used for the
planetary targets, the rate of which was based on the estimated rate of motion
of the object from JPL Horizons. The observing sequences for the TNOs and
centaurs were much longer than those required for the calibrator stars, ranging
from∼ 30 minutes up to∼ 3 hours in length depending on the faintness of the
target. See tables 2.5, 2.6, 2.7, and 2.8 for further details on the spectroscopic
observations of the minor planets.

For spectroscopic observations of the minor planets with X-Shooter, the slit
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was realigned to the parallactic angle after every triplet of exposures (one 3-
point dither sequence); this was necessary as the Atmospheric Dispersion Cor-
rectors (ADCs) in the UVB and VIS arms of X-Shooter suffered a mechanical
fault, were disabled in 2012 August, and did not return to operation until 2017
May. This was not an issue for the observations of the calibrator stars due to
their short exposure times, but for the long exposures required for the TNO
and centaur targets the lack of functional ADCs made frequent slit realign-
ment essential in avoiding slit losses at short wavelengths due to atmospheric
differential refraction. The ADC on FORS2 was fully operational during the
observing run in 2017 April, but reached its maximal corrective extent at an air
mass of 1.4 (Zenith angle ∼ 44.4◦); for this reason targets were selected to be
mostly observable at air mass below 1.4. During the FORS2 observing run the
slit was realigned to the parallactic angle once per hour.

5. Once the spectroscopic observations of one minor planet were complete the
acquisition imaging of the next would begin, following the same methods as
discussed in step 1.

6. After any acquisition sequences for the next planetary target were complete,
the second calibrator star (or pair of stars) would be observed to bracket the
end of the spectroscopic observations of the current minor planet. These obser-
vations followed the same methods as those discussed in step 2. After this the
observing strategy was repeated starting at step 2 for the next TNO or centaur.
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2.4 Calibrations

Appropriate calibration frames (i.e. bias frames, flat field frames, dark frames,
wavelength calibration arc lamp frames etc.) for the observations performed
with X-Shooter and FORS2 were observed during the day as part of the stan-
dard calibration plans described for each instrument in their respective user
manuals (X-Shooter Manual4; FORS2 Manual5).

Flux calibrators were successfully observed as part of the standard calibration
plan for X-Shooter (Vernet et al. 2010); these flux calibrators are listed in table
2.9. Due to the use of a non-standard setup of FORS2 during the fourth ob-
serving run (i.e. the use of its blue sensitive E2V CCD detector), observations
of one flux calibrator star, LTT 7379, were performed on the first night of the
run. After leaving Paranal, however, it was found that the observations of this
star were saturated and useless. Since the final spectra of planetary targets did
not require an absolute flux calibration this was not a total disaster. Due to
this lack of a flux calibration, however, further reduction steps were required
to correct all the FORS2 spectra for atmospheric extinction; this correction will
be discussed further in Chapter 3.

4https://www.eso.org/sci/facilities/paranal/instruments/xshooter/doc.html
5https://www.eso.org/sci/facilities/paranal/instruments/fors/doc.html

https://www.eso.org/sci/facilities/paranal/instruments/xshooter/doc.html
https://www.eso.org/sci/facilities/paranal/instruments/fors/doc.html
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Target UT Time Exposure Time (s) Exposures Air Mass Seeing (")

2014 Aug 02 093.C-0259(A) (a) UVB (b) VIS (c) NIR (d)

HD 117286 23:42:31-23:38:43 3.0 3.0 12.0* 3 1.169-1.187 1.04-1.19
2004 EW95 00:12:53-01:47:17 500.0* 466.0* 532.0 9 1.165-1.715 0.92-1.24
HIP 077439 02:08:32-02:12:07 3.0 3.0 12.0* 3 1.330-1.348 1.07-1.27
HIP 075235 02:19:22-02:23:08 3.0 3.0 12.0* 3 1.567-1.589 1.14-1.21
HD 131876 02:51:18-02:57:18 3.0 3.0 12.0* 3 1.839-1.911 0.82-1.05
2002 GZ32 03:14:05-03:35:49 500.0 466.0 532.0* 3 1.722-2.095 1.13-1.45
HD 077000 03:51:09-03:57:07 3.0 3.0 12.0* 3 1.861-1.978 0.97-1.08
HD 198289 04:21:28-04:27:35 3.0 3.0 12.0 3 1.020-1.023 0.66-0.89
HD 198289 04:31:56-04:38:05 10.0 10.0 4.0 3 1.018-1.019 0.62-0.76
174P/Echeclus 05:15:05-07:24:17 500.0 466.0 532.0 12 1.022-1.259 0.67-1.30
HIP 107708 07:50:27-07:56:29 6.0 6.0 24.0 3 1.141-1.161 1.02-1.24
HIP 105408 08:04:25-08:10:55 10.0 10.0 40.0 3 1.304-1.329 1.17-1.41
2008 FC76 08:25:37-09:22:14 500.0 466.0 532.0* 6 1.717-1.952 0.92-1.24
HIP 27185 09:40:29-09:46:45 4.0 4.0 16.0* 3 1.733-1.809 1.05-1.33
HIP 028572 09:56:07-10:02:38 10.0 10.0 40.0* 3 1.570-1.620 0.70-0.82

2015 Jun 10 095.C-0521(A) (a) UVB VIS NIR

HD 76440 23:32:51-23:39:12 13.0 13.0 13.0 3 1.421-1.426 0.93-0.94
2012 DR30 23:53:55-01:32:16 500.0 466.0 612.0 8 1.246-1.654 0.87-1.02
HD 97356 02:12:38-02:18:55 10.0 10.0 10.0 3 1.817-1.832 1.18-1.43
Dziewanna 02:54:08-03:54:12 500.0 466.0 612.0 6 1.125-1.254 0.95-1.27
HD 142415 04:09:58-04:16:04 5.0 5.0 5.0 3 1.243-1.244 1.13-1.26
HD 142415 04:19:14-04:25:34 12.0 12.0 12.0 3 1.249-1.250 1.20-1.25
HD 146233 04:38:57-04:44:57 1.5 1.5 1.5 3 1.073-1.074 1.01-1.12
Amycus 05:26:17-06:36:17 500.0 466.0 612.0 6 1.012-1.035 0.77-1.07
HD 169019 07:05:29-07:13:26 60.0 60.0 60.0 3 1.050-1.053 1.05-1.05
HD 220764 07:37:47-07:46:44 90.0 90.0 90.0 3 1.456-1.473 0.86-0.88
1999 OX3 08:06:19-09:47:22 500.0 466.0 612.0 9 1.240-1.678 0.72-0.92
HD 206938 10:34:52-10:39:25 90.0 90.0 90.0 2 1.187-1.193 1.01-1.40
HD 206938 10:44:58-10:53:29 70.0 70.0 70.0 3 1.209-1.214 1.54-1.56

2016 Oct 07 297.C-5064(A) (a) UVB VIS NIR

HIP 107708 04:29:03-04:35:02 6.0 6.0 24.0* 3 1.336-1.371 0.75-0.76
174P/Echeclus 04:53:03-05:51:00 500.0 466.0 532.0* 6 1.159-1.211 0.63-0.70
HD 16017 06:20:03-06:23:02 6.0 6.0 24.0* 2 1.154-1.155 0.66-0.75

2016 Oct 08 297.C-5064(A) (a) UVB VIS NIR

HIP 107708 04:04:17-04:35:02 6.0 6.0 24.0* 3 1.249-1.278 0.72-0.81
174P/Echeclus 04:35:56-05:33:47 500.0 466.0 532.0* 6 1.158-1.191 0.73-0.88
HD 16017 05:53:55-05:59:56 6.0 6.0 24.0* 3 1.154-1.156 0.66-0.69

TABLE 2.6: Table presenting a log of the spectroscopic observations performed with
the X-Shooter spectrograph. a: Italicised subheadings denote the starting night and
ID code for each of the X-Shooter observing runs. b & c: Starred UVB and VIS ob-
servations of 2004 EW95 were binned by 1× 2 (spatial×dispersion) on their respective
detectors at detector readout. For all other targets, no readout binning was performed.

d: Starred NIR arm observations made use of X-Shooter’s K-band blocking filter.



52

Target UT Time Slit Width (") Exposures Air Mass Seeing (")

HD 69216 23:12:55-23:21:31 0.7 3.0 s × 2 1.169-1.169 0.64-0.71
HD 87027 23:22:03-23:28:28 0.7 3.0 s × 2 1.176-1.177 0.67-0.70
2012 DR30 23:28:47-01:02:59 0.7 500.0 s × 8 1.175-1.197 0.61-0.73
HD 100076 01:09:47-01:17:03 0.7 3.0 s × 2 1.149-1.149 0.78-0.78
HD 101082 01:17:08-01:22:54 0.7 2.0 s × 2 1.163-1.164 0.64-0.64
HD 86577 01:23:00-01:30:47 0.7 3.0 s × 2 1.143-1.144 0.60-0.61
BD-00 2514 01:30:52-01:41:46 0.7 12.0 s × 2 1.126-1.127 0.67-0.67
1999 DE9 01:52:29-02:43:13 1.0 500.0 s × 4 1.049-1.068 0.66-0.79
TYC 4949-897-1 02:43:21-02:50:52 0.7 12.0 s × 2 1.106-1.107 0.60-0.61
HD 121610 02:51:09-02:57:40 0.7 6.0 s × 2 1.105-1.107 0.62-0.63
HD 106436 02:57:45-03:07:26 0.7 6.0 s × 2 1.005-1.005 0.72-0.73
HD 106649 03:07:30-03:13:23 0.7 3.0 s × 2 1.003-1.003 0.71-0.86
2004 EW95 03:26:06-04:10:18 1.0 500.0 s × 4 1.039-1.092 0.65-0.72
HD 136122 04:10:54-04:19:18 0.7 3.0 s × 2 1.087-1.089 0.62-0.67
HD 140854 04:19:24-04:27:41 0.7 3.0 s × 2 1.125-1.127 0.61-0.75
HD 123385 04:40:42-04:50:07 0.7 6.0 s × 2 1.001-1.001 0.60-0.61
HD 145655 04:50:14-04:57:37 0.7 3.0 s × 2 1.119-1.121 0.57-0.59
HD 144684 05:16:30-05:29:30 0.7 3.0 s × 4 1.194-1.210 0.54-0.63
Ceto-Phorcys 05:35:00-07:56:48 1.0 500.0 s × 12 1.110-1.239 0.48-0.58
HD 142660 07:56:56-08:04:39 0.7 3.0 s × 2 1.212-1.213 0.51-0.54
HD 151803 08:10:00-08:19:15 0.7 6.0 s × 2 1.020-1.021 0.53-0.53
HD 182958 08:21:44-08:31:17 0.7 6.0 s × 2 1.113-1.115 0.73-0.73
Ixion 08:36:06-09:10:21 0.7 500.0 s × 2 1.009-1.020 0.53-0.54
HD 157217 09:12:31-09:20:26 0.7 3.0 s × 2 1.058-1.059 0.54-0.59
HD 172534 09:34:34-09:42:53 0.7 6.0 s × 2 1.005-1.005 0.56-0.56

TABLE 2.7: Table presenting a log of the first night of spectroscopic observations per-
formed with FORS2 during the 099.C-0651(A) observing run. Observations began the

night of 2017 April 21.
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Target (a) UT Time Slit Width (") Exposures Air Mass Seeing (")

2000 CN105 23:22:13-01:51:13 0.7 500.0 s × 12 1.174-1.446 0.61-1.01
HD 127601 01:56:00-02:03:12 0.7 6.0 s × 2 1.438-1.444 0.71-0.71
HD 129782 02:03:36-02:11:44 0.7 2.0 s × 2 1.566-1.572 0.63-0.64
HD 106436 02:13:57-02:21:40 0.7 6.0 s × 2 1.012-1.012 0.71-0.74
HD 106649 02:22:15-02:30:42 0.7 3.0 s × 2 1.005-1.005 0.75-0.76
2004 EW95 02:37:58-03:27:35 0.7 500.0 s × 4 1.098-1.160 0.67-1.02
HD 136122 03:36:06-03:40:29 0.7 3.0 s × 2 1.149-1.151 0.75-0.77
HD 140854 03:46:22-03:49:38 0.7 6.0 s × 2 1.203-1.206 0.66-0.83
HD 145655 03:55:21-04:03:34 0.7 3.0 s × 2 1.269-1.272 0.67-0.67
2007 JJ43 04:11:44-05:01:40 0.7 500.0 s × 4 1.161-1.277 0.67-0.76
HD 156114 05:07:44-05:14:47 0.7 2.0 s × 2 1.333-1.334 0.58-0.58
HD 156973 05:14:54-05:22:43 0.7 6.0 s × 2 1.280-1.283 0.62-0.63
HD 123385 05:22:48-05:33:09 0.7 6.0 s × 2 1.018-1.019 0.73-0.77
HD 142660 05:33:26-05:42:50 0.7 3.0 s × 2 1.151-1.152 0.59-0.72
HD 144684 05:43:27-05:51:33 0.7 3.0 s × 2 1.154-1.155 0.85-0.85
2007 JK43 05:57:57-07:06:08 0.7 500.0 s × 6 1.112-1.202 0.56-0.6
HD 155955 07:06:18-07:14:01 0.7 3.0 s × 2 1.103-1.104 0.57-0.58
HD 169368* 07:14:15-07:21:48 0.7 3.0 s × 2 1.196-1.198 0.59-0.59
HD 169368* 07:22:44-07:24:29 0.7 1.0 s × 2 1.190-1.192 0.56-0.56
HD 159006 07:24:44-07:33:29 0.7 3.0 s × 2 1.066-1.067 0.60-0.61
HD 159006* 07:33:40-07:35:26 0.7 1.0 s × 2 1.065-1.065 0.59-0.61
HD 159006* 07:36:21-07:38:08 0.7 0.5 s × 2 1.063-1.063 0.59-0.60
HD 159449* 07:38:50-07:47:57 0.7 0.5 s × 2 1.055-1.055 0.39-0.39
HD 159449* 07:48:12-07:49:55 0.7 0.26 s × 2 1.054-1.054 0.39-0.39
2002 MS4 08:24:36-09:26:55 0.7 500.0 s × 6 1.049-1.068 0.59-0.62
HD 151803 09:31:58-09:40:53 0.7 1.0 s × 2 1.152-1.154 0.62-0.62
HD 140854 09:41:57-09:49:38 0.7 3.0 s × 2 1.444-1.450 0.48-0.48

TABLE 2.8: Table presenting a log of the second night of spectroscopic observations
performed with the FORS2 spectrograph during the 099.C-0651(A) observing run. Ob-
servations began the night of 2017 April 22. a: Excellent seeing conditions towards the
end of this night of the run meant that bright solar calibrator stars (starred) kept sat-
urating the detector, as a result repeat observations were made with shorter exposure
times. For each of these stars the exposures with the shortest exposure times were

used in data reduction.

Run ID Flux Calibrator Stars

093.C-0259(A) EG 274, Feige 110

095.C-0521(A) EG 274

297.C-5064(A) LTT 3218, LTT 7987

TABLE 2.9: Table presenting the flux calibrator stars observed during each observing
run with X-Shooter.



Chapter 3

Data Reduction, Spectrum
Extraction, and General Analysis

“Wait a minute, how did this happen? We’re smarter than this!”

O.-W. Kenobi
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This chapter describes how the spectra observed in chapter 2, and presented
in chapters 4, 5, 6, and 7, were reduced and extracted. Also discussed is the
method used for measuring spectral gradients, which was used to analyse all
the reflectance spectra presented in this thesis; an explanation of why spectral
modelling was not used at any point during this work is also presented in this
chapter. Use of non-standard steps or modes of operation for the reduction and
analysis of specific datasets will be described in the relevant results chapter.

3.1 Standard Data Reduction Steps

Standard data reduction steps including bias subtraction, dark subtraction, flat
field correction, compensation for instrument flexure, and wavelength calibra-
tion were all performed with the ESO data reduction pipelines for X-Shooter
(version 2.7.1; Modigliani et al. 2010) and FORS2 (version 5.3.21). Additionally
for the X-Shooter spectra, the pipeline was used for the purpose of flux cali-
bration, as well as rectifying (straightening out) the 2D spectra from each of X-
Shooter’s echelle orders and merging them into a single 2D spectrum for each
arm of the spectrograph. The data reduction pipelines were operated in the
Reflex data management and processing environment (versions 2.8.4 and 2.8.5
when reducing the X-Shooter and FORS2 spectra respectively; Freudling et al.
2013). Reflex is a tool developed by ESO to aid with the organisation of large
raw observational datasets and their associated calibration frames. Reflex also
facilitates the automation of the data reduction pipelines for many astronom-
ical instruments in use at ESO observatories, including X-Shooter and FORS2,
while also allowing the user to interactively and iteratively experiment with
changing parameters and settings for certain data reduction steps.

In the case of the spectra presented in this thesis, extensive testing was under-
taken to maximise the S/N of the spectra of the faint TNO and centaur targets.
It was found that the ESO pipelines for X-Shooter and FORS2 were sufficient
for most of the data reduction steps. Sky subtraction, cosmic ray removal,
and spectrum extraction, however, required the use of purpose built software

1See the pipeline manual for a description -
ftp://ftp.eso.org/pub/dfs/pipelines/fors/fors-pipeline-manual-5.7.pdf

ftp://ftp.eso.org/pub/dfs/pipelines/fors/fors-pipeline-manual-5.7.pdf
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to increase the S/N of our faint TNO spectra to a level which could be inter-
preted. Specifically, the problem entailed consistently localising the spectrum
and background sky regions of the 2D spectra produced by the pipeline for
both faint TNOs and very bright solar calibrator stars. This was a particular
problem for spectra observed with X-Shooter which had spatial profiles that
were highly variable with wavelength due to X-Shooter’s optics. For example,
spatial profiles of the X-Shooter spectra were noticably broader at wavelengths
close to the edges of echelle orders and at the ends of each of the three spectro-
graphic arms where dichroics were used to split the light at λ ∼ 0.55 µm and
λ ∼ 1.0 µm. The variation in the spatial profiles of the X-Shooter spectra was
compounded by the lack of any correction of atmospheric differential refrac-
tion in the UVB and VIS arms (remember the ADCs of X-Shooter were disabled
during the runs using this instrument); this lead to the centre of a spectrum’s
spatial profile shifting along the slit, an effect that was most pronounced at the
short wavelength end of the UVB arm where the shift could be greater than
two pixels depending on the airmass at which the observation was made. For
these reasons, the localisaton and extraction of the X-Shooter spectra (and, in-
deed, the FORS2 spectra) had to be performed with utmost care. Example fig-
ures presenting the spatial variation of the spatial profiles of X-Shooter spectra
will be presented in section 3.2, and can also be found in the Appendix.

3.1.1 The Limitations of the Pipeline Localisation Routines

The X-Shooter data reduction pipeline offers three methods of spectrum local-
isation. The first, MANUAL mode, is a simple linear extraction mode where
the extraction limits are defined via user input. For bright targets this mode
would normally be sufficient as the edge of the spectrum’s profile would be
easy to determine by eye and the addition of extra noise from a small number
of background pixels in the extraction aperture would not greatly diminish the
S/N of the extracted spectrum. The spatial extent of a faint target was rarely
obvious by eye, however, especially in regions where the spatial profile would
have already been broad and possibly blended into the background. It was also
paramount to minimise the addition of any background noise to the already
low signal of the extracted spectra of faint targets; this was done by attempting
to remove as much noisy background from the extraction aperture as possible.



57

For these reasons a simple manual extraction did not produce spectra of the
TNOs and centaurs presented here with a sufficiently high S/N.

The other two pipeline extraction modes are MAXIMUM and GAUSSIAN, and
both modes start by binning the 2D spectrum along the dispersion axis in
wavelength regions with a size defined by the user. The main issue encoun-
tered with these modes, was that the size of the bins had to be the same across
the full wavelength range of the spectrum. This meant that the large bin size
necessary to get a good spatial profile in very low S/N wavelength regions also
had to be used in high S/N regions. This meant that the extraction limits set
in high S/N regions poorly defined the finer variation of the spectrum’s spa-
tial profile, and reduced the achievable S/N of the extracted spectrum in those
regions. If appropriately small wavelength bins were used in the high S/N
regions, the spatial profiles of bins in low S/N regions may not be of sufficient
quality to obtain a Gaussian fit. To maximise S/N across the full wavelength
range of the spectra it was necessary to be able to tailor the bin width of a given
wavelength region to the quality of the spectrum in that region. This function-
ality is not present in any of the standard pipeline localisation routines.

MAXIMUM mode takes the spectrum’s average spatial profile in each wave-
length bin, defines the centre of the spatial profile at the point of maximum flux
and then sets the extraction limits using a user defined fractional threshold of
the maximum flux. The only major issue with this method was that described
above regarding the single bin size used across the full dispersion axis. For
this reason, MAXIMUM was not used for any of the extractions reported in
this thesis.

GAUSSIAN mode determines the extraction limits by fitting a Gaussian profile
of the form

f (x) = Ae−
(x−c)2

2σ2 (3.1)

to the spatial profile of each bin averaged in the dispersion direction, where
A is the amplitude of the Gaussian profile, c is its centre, and σ is its stan-
dard deviation. In the GAUSSIAN extraction mode the extraction limits are
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hard coded to be drawn at a distance ±3σ from the central point of the fitted
Gaussian profile; in some cases this introduced too much background noise to
the extracted spectrum of faint targets as the outermost wings of their spatial
profiles were usually buried in the background noise. Despite these problems,
this mode was useful for the purpose of extracting the spectra of the bright
flux calibrator stars, as their brightness allowed for the accurate fitting of a
Gaussian profile to the spectrum’s spatial profile in small bins across the entire
wavelength range of X-Shooter.

The FORS2 data reduction pipeline offers two spectrum extraction modes,
both making use of a user defined linear extraction aperture, and causing
the same problems as those experienced with the X-Shooter pipeline’s MAN-
UAL localisation mode. The first extraction mode offered is a simple aperture
extraction where the spatial axis of the object within the extraction limits is
summed for each wavelength element. The other extraction method is opti-
mal extraction within the extraction limits as described by Horne (1986).

3.2 The Grand Moff Extractor

Based on the arguments made in section 3.1, it was necessary to develop the
(informally named) Grand Moff Extractor (GME). GME is a script written in
Python 2.7.132 for the purpose of localisation of a 2D spectrum, sky subtrac-
tion, cosmic ray removal/masking, and spectrum extraction for observations
of faint targets such as TNOs and centaurs. The script has been implemented
to handle reduced, rectified, and merged X-Shooter spectra, as well as reduced
FORS2 spectra. This section details the function of this script, and primarily
focuses on the extraction of X-Shooter spectra, but will divert where necessary
to discuss differences between the extraction of X-Shooter spectra and FORS2
spectra.

3.2.1 2D Spectrum Preparation

As its data input, GME takes rectified, merged 2D spectra that have not been
sky subtracted or corrected for cosmic rays. Such files are easily produced as

2https://www.python.org/

https://www.python.org/
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secondary or intermediate products of the final steps of the ESO data reduction
pipelines. They contain the flux values, errors on the flux values, and a quality
frame where the pipeline has identified bad pixels. The 2D input spectrum
may be flux calibrated by the pipeline but this is not necessary. In the case of
the spectra presented in this thesis the X-Shooter spectra were flux calibrated,
but the FORS2 spectra were not (see section 2.4). Metadata from the headers
of of the spectrum files (in .fits format), including the measured seeing during
the observation and the integration time of the exposure, were also necessary
for the operation of certain parts of the script.

After the 2D spectra were read in they had their spatial edges sliced off. One
pixel row of the UVB and VIS X-Shooter spectra and three pixel rows of the
NIR X-Shooter spectra, were removed at each end of the spatial axis of the im-
ages due to the extra noise that these rows added to the background. For the
FORS2 spectra, most of the image along the spatial axis that did not contain
the target of interest and the background immediately either side of it was re-
moved. This ensured that the background sampled for subtraction was not
contaminated with other sources located along the slit and usually left ample
room on either side of the target for sampling the background.

The 2D images also had some of their pixels sliced off at the ends of the dis-
persion axis. X-Shooter’s UVB arm suffered from poor flat-fielding artifacts
at λ < 0.32 µm, and for all but the brightest planetary targets there was no
retrievable signal at wavelengths below 0.36 µm. For these reasons the UVB
spectra below λ = 0.36 µm were cut off at this early stage. Other wavelength
regions of the X-Shooter spectra at the ends of the VIS and NIR arms were re-
moved due to the low S/N caused by X-Shooter’s dichroics and the extremely
low sensitivity of the NIR arm beyond 2.1 µm. While the loss of this data is
regrettable, its removal has increased the quality of the extraction of the rest of
the spectrum. For this reason, the loss of that low S/N data was acceptable.

While the FORS2 spectra did not have wavelength regions removed by GME,
some of the short wavelength region was removed during the pipeline extrac-
tion. This was because of the lack of bright lines below 0.37 µm in the arc
lamp frames obtained for the purpose of wavelength calibration. This made
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the wavelength calibration of the spectrum in the range 0.33-0.37 µm unreli-
able, and as a result the wavelength region of these spectra below 0.37 µm was
removed. All regions removed from the 2D spectra were also removed from
the associated error and quality frames.

3.2.2 First Bin and Moffat Fitting

After the 2D spectra were trimmed of their problem regions, they were to be
binned along the dispersion axis so a set of spatial profiles could be determined
at multiple wavelengths along the spectrum. As discussed in section 3.1.1, it
was desirable that regions with high S/N have smaller bins than those in low
S/N regions. Hence, it was necessary to calculate the optimal bin size in dif-
ferent wavelength regions based on the S/N of the spectrum in that region.
Before this could be done, however, a spatial region of the 2D spectrum had to
be determined where the S/N of the spectrum at different wavelengths would
be calculated. To work this out the spectrum was averaged along the whole
dispersion axis to produce an average spatial profile that was representative of
the spectrum. For the NIR arm of X-Shooter it was necessary to take a median
spatial profile due to the presence of large sky emission lines in the spectrum.

The average spatial profile was then parameterised with a 1D Moffat function
(Moffat 1969). This profile is similar in shape to a Gaussian function, but has
better defined wings that are more representative of observed Point Spread
Functions (PSFs). A 1D Moffat function can be described as follows

f (x) = A
(

1 +
(x− c)2

α2

)−β

, (3.2)

where A is the function’s amplitude, c is its central position, and α and β are
seeing dependent parameters that determine its profile. In addition to the
Moffat function the spatial profile of the spectrum was modelled with a lin-
ear background function at a level B above 0, that may also have a gradient, m.
Adding this component to the Moffat function means that the spatial profile of
the spectrum was fitted with a function of the form

f (x) = A
(

1 +
(x− c)2

α2

)−β

+ mx + B. (3.3)
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Fitting was performed with a Levenberg-Marquardt least squares method (Lev-
enberg 1944; Marquardt 1963) implemented in the SciPy Python package (Jones
et al. 2001). Initial conditions for the fitting procedure were set as follows. The
amplitude A, was initially set as the median of the three largest flux values in
the spatial profile. The centre c was set to the position on the spatial axis of the
pixel with the highest flux. The background level B was set to the median of
the 10 outermost pixels of the spatial profile (five on either side of the centre),
while the gradient of the background m was initially set to zero.

The parameters α and β are related to the seeing, and hence to the Full Width
at Half Maximum (FWHM) of the profile. Based on predictions from atmo-
spheric turbulence theory Trujillo et al. (2001) reported that an optimal value
for β is 4.765, so this value was used for the initial value of β.

If the central location of a Moffat profile is ignored (i.e. c = 0), and by recog-
nising that the profile has half its amplitude when |x| is equal to its Half Width
at Half Maximum (HWHM = FWHM ∗ 0.5), then x can be substituted for
HWHM in equation 3.2 to give the following

A
2
= A

(
1 +

(
HWHM− 0

α

)2
)−β

, (3.4)

which is equivalent to

A
2
= A

(
1 +

(
FWHM

2α

)2
)−β

. (3.5)

By rearranging and simplifying equation 3.5, an equation for calculating an
initial condition for α can be written that is a function of β = 4.765 and the
seeing (FWHM) that can be pulled from the header of the spectrum’s file; this
equation is

α =
FWHM

2
√

21/β − 1
. (3.6)
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FIGURE 3.1: This plot shows the spatial profile (black) of a spectrum of (471143)
Dziewanna averaged across the dispersion axis of the trimmed 2D spectrum. This 2D
spectrum was observed with the UVB arm of X-Shooter during the second X-Shooter
observing run. In red the plot shows the supersampled Moffat profile that has been
fitted to it. Vertical dotted lines mark the location of the limits set at±3 ∗ FWHM from
the profile’s centre. The pixels within these limits were used to calculate the S/N of

the spectrum using the method described in section 3.2.3.

Based on these initial conditions the Levenberg-Marquardt least squares fitting
was performed, and the optimal values for A, c, α, β, B, and m were calculated.
These values were plugged into equation 3.3 in order to produce a model spa-
tial profile for the binned spectrum, this profile was then supersampled by a
factor of 50. An example average spatial profile of a spectrum and its associ-
ated supersampled model profile are presented in figure 3.1. The maximum
of this supersampled model was taken to be the centre of the spatial profile,
relative to which the extraction limits of that bin were drawn. Based on the
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optimal values for α and β, the optimal FWHM of the model profile was cal-
culated using an equation created by rearranging equation 3.6, such that

FWHM = 2α
√

21/β − 1. (3.7)

In the case of this very first bin that contains the spatial profile averaged along
the entire wavelength axis of the 2D spectrum, limits were drawn at a distance
of±3 ∗ FWHM from the centre of the spatial profile. It was within these spatial
limits that the S/N would be calculated for determining the size of wavelength
bins required at different points in wavelength space along the spectrum. The
limits are also plotted in 3.1 for an example spatial profile of a 2D X-Shooter
spectrum.

It is worth noting that the following processes described in sections 3.2.3 and
3.2.4 were only used for the X-Shooter spectra, as each 2D FORS2 spectrum
contained enough sky background that the sky regions could be simply lo-
calised to the regions along the whole dispersion axis that were beyond ±3 ∗
FWHM from the centre of the spectrum’s average spatial profile (i.e. the pro-
file that was just determined). The processing of the FORS2 spectra continues
in section 3.2.5.

3.2.3 Sky Subtraction: Determining Dispersion Bin Widths

With the spatial region of the 2D spectrum set for the calculation of S/N, the
2D spectrum could be binned along the dispersion axis. As discussed in sec-
tion 3.1.1, it was necessary to have narrow bins in regions of the spectrum with
high S/N, and wider bins in lower S/N regions. To determine the location and
width of these bins the following steps were taken.

The centre of the dispersion axis of the 2D spectrum was taken as a starting
point because it had higher S/N than regions at each end of the spectrum.
From this point, two spatial pixel columns on the side leading to longer wave-
lengths were binned by summing them together along the dispersion axis to
create a 1D spatial profile. This spatial profile was then summed along the
spatial axis between the limits set by the steps taken in section 3.2.2, and this
sum was taken to be the signal of the bin. In the errors frame associated with
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FIGURE 3.2: As discussed in the text, this plot shows the progressive summation of
spatial pixel columns in an idealised toy 2D spectrum for the purpose of creating bins
with summed spatial profiles that reach the same threshold S/N of 5. Panels in this
plot going from top to bottom show consecutive steps of summing the next spatial
column in the spectrum to boost the S/N of the summed spatial profile associated
with the current bin. A change in the colour of the plotted spatial profile indicates
that the current bin has reached the S/N threshold and a new bin is being started;
this is also marked in panels on the right by black vertical dashed lines. The noiseless
model Moffat profiles are plotted in black underneath their noisy counterparts in the
left panels. S/N is determined between the red dashed lines in panels on the left; as
discussed in the text these lines are placed at±3∗ FWHM from the centre of the Moffat
profile. Panels on the right show the progression of the S/N of each bin as more pixel
columns are added. The S/N threshold at 5 in this example is marked with a solid
horizontal black line. The rightmost point in each of the right panels represents the
S/N of the current bin. Each point is plotted at the central position on the dispersion

axis of the last pixel column added to the binned profile.
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Target Threshold S/N Values
Arm UVB VIS NIR

(120216) 2004 EW95 2200 2600 ∼
(95626) 2002 GZ32 400 400 2000
174P/Echeclus 110 400 1200
(281371) 2008 FC76 250 500 2000
2012 DR30 90 320 5000
(471143) Dziewanna 300 350 6000
(44594) 1999 OX3 800 800 3500

TABLE 3.1: This table presents the threshold S/N values used to determine the sky
subtraction dispersion bin widths in GME.

the 2D spectrum, which contained the uncertainties in the pixel flux values,
the same relative pixel columns were summed in quadrature to calculate the
uncertainty profile of the spatial profile of the bin. The uncertainty profile was
then summed in quadrature between the spatial limits set by the steps taken
in section 3.2.2, and the resulting value was taken as the noise of the bin. The
S/N of the binned spatial profile was estimated by dividing the calculated
signal by the calculated noise. This S/N value was then checked against a
predetermined upper limit set by the user; if this predetermined S/N was not
reached another spatial pixel column was added to the bin, and the process
of calculating the S/N was repeated. After several iterations of this process
the user’s threshold S/N was reached, and the bin’s central wavelength and
half-width on the dispersion axis were recorded. The start point for the next
bin was then set at the pixel column just beyond the edge of the current bin,
and the process of defining that bin was undertaken in exactly the same way.

This binning process continued until either the end of the dispersion axis was
reached, or in certain cases where the S/N at the end of the spectrum was too
low, it was stopped early. The stopping point could be set by the user. Once
one half of the 2D spectrum was binned, binning of the other half began, again
starting at the centre of the spectrum’s dispersion axis, but this time heading
toward shorter wavelengths.

A toy model example of the binning process described here is presented in fig-
ure 3.2. In this example an array of pixels 201 pixels long on the spatial axis
and 12 pixels long on the dispersion axis is used. A Moffat spatial profile with
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uniform parameters (A = 1.5 arbitrary units, FWHM = 10 pixels, c = 100,
and β = 4.765) is applied to each spatial pixel column. The gradient and level
of the background have both been left at zero for this example. Noise that has
been randomly sampled from a gaussian distribution with µ = 0 and σ = 1
has been added to each pixel in the array. This model spectrum is then binned
as described above, with the S/N at each stage determined within the spatial
limits defined by the red dashed lines in figure 3.2. Whenever a S/N threshold
of 5 is reached a new bin is started with the following spatial pixel column.

Typical threshold S/N values required for binning the X-Shooter spectra before
sky subtraction were of the order 102-103 (see table 3.1), and varied depending
on the brightness of the target and the prevalence of telluric absorption fea-
tures and sky emission lines in the background. Finding an appropriate value
for the S/N threshold was largely a task of trial and error, but it was always
clear if the value was too high or too low, based on the quality of the fits of each
Moffat profile to each binned spatial profile. This allowed the user to quickly
narrow down an appropriate S/N value that would both provide an adequate
fit to the spatial profile of the spectrum across its full wavelength range, and
also maximise the number of bins to better characterise the variation in the
spatial profile of the spectrum.

3.2.4 Sky Subtraction: Fitting Moffat Profiles

Once the central location and width of the bins on the dispersion axis were
recorded, Moffat functions were fitted to the median spatial profile in each
bin. A sample set of binned spatial profiles and their fitted model profiles are
presented in figure 3.3 for a UVB X-Shooter spectrum of Dziewanna. Use of
the median spatial profile had advantages over the mean, in that binning the
spatial profile of the spectrum with a median produced a representative pro-
file for the bin that contained fewer cosmic ray artifacts. Moffat function fitting
was performed for each bin as described previously in section 3.2.2, with the
centre and FWHM of each model profile recorded so that the edges of the sky
regions on either side of the spectrum could be localised as a function of wave-
length.
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FIGURE 3.3: This plot presents a selection of several binned spatial profiles (black) from a
UVB X-Shooter spectrum of (471143) Dziewanna fitted with Moffat functions (red). LEFT: The
four panels on the left show binned spatial profiles from a 2D spectrum prior to sky subtraction
(note the background is not zero). Each bin is centred on the dispersion axis at the λ quoted at
the top left of each panel, and has a width on the dispersion axis of ∆λ. At the top right corner
of each panel the location of spatial centre of each model profile is presented in pixels. The
value of 3 ∗ FWHM of the model profile is presented in pixels to show how far from its centre
the sky subtraction limits are set on either side of the spatial axis. The sky subtraction limits
for each of the profiles shown on the left are plotted as black vertical dotted lines. The pixels
outside of these limits were used to characterise and subtract the background in this region of
the 2D spectrum. RIGHT: The four panels on the right present binned spatial profiles from a
2D spectrum after sky subtraction. Values presented in the top corners of these plots have the
same meaning as those in the panels on the left except for the 2 ∗ FWHM value, which shows
the distance from the centre of the Moffat profile at which the extraction limits are set for this
wavelength region of the sky-subtracted 2D spectrum. These limits are also presented as black
vertical dashed lines, marking the edges of the region summed in the spatial direction when
the spectrum was extracted. The 2D spectrum was binned for sky subtraction with a higher
user-defined S/N threshold compared to that set when the sky-subtracted 2D spectrum was
binned to obtain extraction limits. This is why the profiles on the left are less noisy than those

on the right.
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The widths and centres of the model profiles fitted to the spatial profiles of
three example spectra are presented in figure 3.4. In figure 3.4 it can be seen
how bins in different wavelength regions of the spectra need to be broader
or narrower on the dispersion axis to have average spatial profiles with the
same S/N. This effect is most pronounced at the short wavelength end of the
VIS arm of X-Shooter where the widths of the bins on the dispersion axis are
greater. Figure 3.4 also shows how the central location and width of the spa-
tial profile of the spectrum changes with wavelength, with the broadening ef-
fects caused by X-Shooter’s optics becoming clearer and better characterised
for brighter targets. The centres of all three spectra displayed in figure 3.4 shift
along the spatial axis of the 2D image (or in real terms, along the slit) as a
function wavelength due to the effects of atmospheric differential refraction
(see Filippenko 1982). This effect can be seen to its largest extent at the short-
est visual wavelengths and into the near-UV region (see figures A.1 and A.3).
Smaller shifts in the centre of the spatial profile are also observable at the ends
of X-Shooter’s echelle orders.

The sky was localised in the regions of the 2D spectrum to beyond a distance
of ±3 ∗ FWHM from the centre of the fitted Moffat profile. These limits were
marked in the unbinned 2D image, and a linear interpolation was performed
to join the points across the full unbinned wavelength range of the spectrum.
In spectra that had not been binned all the way to the end of the dispersion
axis, the available sky subtraction limits were interpolated across the unbinned
spectrum, and then regions without bins at the end of the spectrum had their
limits determined by linearly extrapolating those from the 200 pixels with lim-
its that were closest to each end of the dispersion axis. The final sky subtraction
limits drawn on three representative 2D spectra observed with X-Shooter are
presented in figure 3.5.
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FIGURE 3.4: These plots show the centres and FWHM of Moffat profiles fitted to the spatial
profiles of 2D merged and rectified spectra observed with the VIS arm of X-Shooter. They are
plotted as a function of wavelength, or pixels on the dispersion axis of the 2D spectrum. These
spectra were obtained during observations of Dziewanna, Echeclus, and HIP 107708 (ordered
in panels top to bottom, and increasing in brightness). These Moffat function parameters were
used to localise the sky regions in these spectra, and the associated localisation limits are pre-
sented in figure 3.5. Equivalent plots for the UVB and NIR arms can be seen in Appendix A

(figures A.1 & A.6, respectively).
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FIGURE 3.5: These plots show the limits drawn by GME for the purpose of localising the
background regions of the 2D spectra referred to in figure 3.4 and section 3.2.4. The central
white lines plotted over the 2D spectra show the line interpolated between the centres of the
Moffat functions fitted to the spectrum’s spatial profile. The outer white lines mark the bound-
aries of the background region interpolated between points set at a distance of ±3 ∗ FWHM
from the centre of the spectrum’s modelled spatial profile. The regions of the 2D spectra out-
side these limits were used to characterise and subtract the background; these plots show the
2D spectra after sky-subtraction has been performed. Equivalent plots for the UVB and NIR

arms can be seen in Appendix A (figures A.2 & A.7, respectively).
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3.2.5 Sky Subtraction

After the sky regions were localised within the 2D spectrum, the pixels within
those regions were used to characterise the background in each wavelength el-
ement of the spectrum. For each wavelength element GME sigma-clipped cos-
mic rays from the background regions. Cosmic rays were clipped at 3σ from
the median in the X-Shooter spectra, and at 4σ from the median in the FORS2
spectra. This sigma-clip was only a temporary removal of the cosmic rays so
the background could be measured in each wavelength element. A general
cosmic ray removal for the whole sky-subtracted 2D spectrum was performed
later (see section 3.2.6).

Characterisation of the background in the X-Shooter spectra was done in one
of two ways. The first was by taking a simple median of the sigma-clipped
background pixels for each wavelength element. The second method was to
perform a least-squares fit of a linear function to the same pixels. In general
taking the median of the background was sufficient. There were some spec-
tra, however, that had benefited from the use of the linear fit for background
subtraction (see chapter 7). For the FORS2 spectra, the background of each
wavelength element was fitted with a second order polynomial. For all spec-
tra, once the background was characterised, it was subtracted from the 2D
spectrum. The 2D spectra presented in figure 3.5 have been sky-subtracted.

3.2.6 Masking Cosmic Rays

Following the removal of the background flux from the 2D spectra of the plan-
etary targets GME masked their cosmic ray artifacts; due to their short expo-
sure times this step was skipped for the observed solar calibrator stars. Due to
the different distributions (and hence statistical characteristics) of the flux val-
ues in the respective regions of the 2D spectrum containing the target and the
background, it was beneficial to split the target region of the spectrum from
the background and identify cosmic rays in each region separately. This en-
sured that both cosmic rays and smaller residual spikes in the data could be
effectively clipped without flagging high flux regions of the spectrum. The
2D spectrum was split into background and target regions by collapsing the
spectrum along the dispersion axis and fitting a Moffat function to the average
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spatial profile in much the same way as described in section 3.2.2. Boundaries
between the target and background regions were defined at±1 ∗ FWHM from
the centre of the fitted model profile. For the purposes of cosmic ray identifica-
tion the region between these boundaries was defined as the target and regions
outside were defined as background. The background and target regions were
separately sigma-clipped at 5σ, and pixels identified as containing cosmic ray
artifacts had their values replaced with a NaN ("Not a Number") data type
placeholder, and were ignored in all future calculations. Similarly, bad pixels
identified by the quality frame associated with the 2D spectrum were replaced
with NaN placeholders. These placeholder values were not replaced with val-
ues interpolated from the surrounding good pixels, and in some wavelength
elements this resulted in an artificial drop in extracted flux. This issue was not
of much importance for the work presented in this thesis, however, as these
artifacts did not have a large extent on the wavelength axis and could be can-
celled out when the reflectance spectra were binned (see section 3.3). In future,
interpolation over these cosmic ray artifact pixels would be a better approach,
especially if the spectra extracted are intended to be used at their native wave-
length resolution.

3.2.7 Spectrum Extraction

Following the identification of cosmic ray artifacts and bad pixels, the process
of localising the spectrum for the purpose of spectrum extraction was under-
taken by repeating the processes described in sections 3.2.2, 3.2.3, and 3.2.4.
There were two ways in which the localisation of the extraction aperture was
different to the localisation of the background regions. The first of these was
that the S/N of the binned spatial profiles required to characterise the extrac-
tion aperture was one or two orders of magnitude lower (i.e. in the range 101-
102; see table 3.2) than that required when binning the original 2D spectrum
for the purpose of sky subtraction (see figures 3.3 and 3.6). This meant that
variation in the spatial profile was much better characterised by GME after the
background had been subtracted from the 2D spectrum. Figure 3.6 shows the
centre and FWHM of each Moffat function fitted to the spatial profile of the
sky-subtracted 2D spectrum plotted as a function of wavelength. The second
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FIGURE 3.6: These plots show the centres and FWHM of Moffat profiles fitted to the spatial
profiles of 2D merged, rectified, and sky-subtracted spectra observed with the VIS arm of
X-Shooter, plotted as a function of wavelength, or pixels on the dispersion axis of the 2D
spectrum. These spectra were obtained during observations of Dziewanna, Echeclus, and
HIP 107708 (ordered in panels top to bottom, and increasing in brightness). These Moffat
function parameters were used to localise the extraction aperture in these spectra, and the
associated localisation limits are presented in figure 3.7. Equivalent plots for the UVB and NIR

arms can be seen in Appendix A (figures A.3 & A.8, respectively).
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FIGURE 3.7: These plots show the limits drawn by GME for the purpose of localising the
target in the 2D spectra referred to in figure 3.6. The central white lines plotted over the 2D
spectra show the line interpolated between the centres of the Moffat functions fitted to the
spectrum’s spatial profile. The outer white lines mark the boundaries of the extraction aperture
interpolated between points set at a distance of±2 ∗ FWHM from the centre of the spectrum’s
modelled spatial profile. The regions of the 2D spectra between these limits were summed
along the spatial axis to extract the 1D spectrum. Equivalent plots for the UVB and NIR arms

can be seen in Appendix A (figures A.4 & A.9, respectively).
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FIGURE 3.8: These plots show the 1D spectra extracted by summing the 2D spectra presented
in figure 3.7 along the spatial axis within the extraction aperture drawn in the same figure.
Equivalent plots for the UVB and NIR arms can be seen in Appendix A (figures A.5 & A.10,

respectively).
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Target Threshold S/N Values
Instrument X-Shooter UVB X-Shooter VIS X-Shooter NIR FORS2

(120216) 2004 EW95 15 35 ∼ ∼
(95626) 2002 GZ32 30 30 30 ∼
174P/Echeclus 70 150 180 ∼
(281371) 2008 FC76 30 30 20 ∼
2012 DR30 15 30 70 ∼
(471143) Dziewanna 15 15 60 ∼
(44594) 1999 OX3 5 20 15 ∼
2012 DR30 ∼ ∼ ∼ 50
2004 EW95 ∼ ∼ ∼ 60
Ceto-Phorcys ∼ ∼ ∼ 60
Ixion ∼ ∼ ∼ 60
2000 CN105 ∼ ∼ ∼ 100
2007 JJ43 ∼ ∼ ∼ 30
2007 JK43 ∼ ∼ ∼ 30
2002 MS4 ∼ ∼ ∼ 30

TABLE 3.2: This table presents the threshold S/N values used to determine the extrac-
tion dispersion bin widths in GME.

difference was that while the background limits defined for the sky subtrac-
tion were set at ±3 ∗ FWHM from the centre of each modelled spatial profile,
the limits for the extraction aperture were only set at ±2 ∗ FWHM as this min-
imised the quantity of background noise in the extraction aperture. See fig-
ure 3.7 for a plot of the boundaries of the extraction aperture overlaid on an
image of the sky-subtracted 2D spectrum. Some of the X-Shooter exposures,
especially those observed in the UVB arm that were not at the central dither
point, had spectra with extraction apertures that partly fell off the image at
short wavelengths due to the wavelength dependent shift in the spatial pro-
file’s centre along the slit because of atmospheric differential refraction. The
loss of flux in these exposures at short wavelengths meant that they could not
be used, and were removed from further processing.

To extract the 1D spectra, and complete the GME script the flux in the sky-
subtracted 2D spectra was summed along the spatial axis within the extrac-
tion aperture determined by the Moffat fitting process. Uncertainties in the
extracted flux were not recorded at this stage, and uncertainties in the final re-
flectance spectra were calculated while they were binned in wavelength space
to boost their S/N. This process will be discussed in section 3.3.4. In future
it will be necessary to implement the propagation of uncertainties during the
extraction, so they are recorded for 1D spectra which do not require further
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post-extraction processing. Example 1D spectra observed in the VIS arm of X-
Shooter and extracted with GME are presented in figure 3.8. All successfully
observed spectra were also successfully extracted, except for the NIR arm spec-
tra of 2004 EW95, which had an irretrievably low S/N.

3.3 Post-Extraction Processing

Once the observed spectra were extracted some further processing was re-
quired to boost their S/N and cancel the signature of the Solar spectrum within
them.

3.3.1 FORS2 Extinction Correction

As discussed in section 2.4, the flux calibration frames observed during the
FORS2 observing run were saturated and unusable. Hence, it was not possible
to perform an absolute flux calibration for the FORS2 spectra. Luckily this is
not strictly necessary when obtaining a reflectance spectrum. It is extremely
important, however, that in the absence of an absolute flux calibration, the
atmospheric extinction during the observation of a given minor planet is the
same as that during the observation of the Solar calibrator star that will be used
to obtain the minor planet’s reflectance spectrum, as differences in the level of
extinction at different wavelengths may cause a change in the measured colour
(or spectral slope) of the minor planet. It was therefore necessary to correct all
the FORS2 spectra for their atmospheric extinction so that the effective airmass
a of the corrected spectra would be a = 1. This was done by using the FORS2
extinction table, which is part of the FORS2 data reduction pipeline. The table
contains the wavelength dependent extinction coefficient k(λ) for observations
made with FORS2. To correct each 1D spectrum k(λ) was interpolated onto
the wavelength axis of the spectrum, and was then plugged into the following
equation, alongside the spectrum ( f (λ)) and the airmass a at the time of the
observation to calculate the observed flux corrected for atmospheric extinction,

fC(λ) = f (λ)100.4ak(λ). (3.8)
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3.3.2 FORS2 Resolution Correction

During the FORS2 observing run an error was made when 2004 EW95 was
observed on the first night of the run, and also when Ceto-Phorcys was ob-
served. The error was observing these minor planets with the slit width set
at 1.0", while their associated solar calibrator stars were observed through a
slit of width 0.7". All other successful observations throughout the observ-
ing run had the slit set consistently at 0.7" so only the observations discussed
here were affected. The only significant problem with this observing error
was that the use of the wider slit for the observations of 2004 EW95 and Ceto
meant that their spectra had a lower native wavelength resolution than those
of their associated solar calibrator stars. It was therefore necessary to reduce
the effective resolution of the spectra of the calibrator stars by convolving them
with a box shaped filter that had length of 10 wavelength elements, and a uni-
form amplitude of 1

7 . The spectra resulting from the convolution could then be
used to correctly remove the spectral signature of the Sun from the spectra of
2004 EW95 and Ceto.

It is worth noting how the wavelength dependency of the seeing FWHM may
also play into this problem. The seeing FWHM has a weak dependence on
wavelength (∝ λ−0.2; Boyd 1978); so, for example, if a minor planet and its so-
lar calibrator are observed under the same seeing conditions but through slits
of different widths, the wider slit could collect light from a greater proportion
of the seeing disk of one target at short wavelengths, while greater slit losses
could occur at short wavelengths during the observation of the other target
in the narrower slit. This wavelength dependent difference in collected flux
could manifest in the final reflectance spectrum as an artificial slope or curva-
ture at the short wavelength end of the spectrum. In the case of the spectra of
Ceto-Phorcys and 2004 EW95 observed with FORS2, the wider slit was used for
the minor planet; if slit losses of this kind occurred during the observation it is
expected that the spectrum may curve upward slightly at shorter wavelengths
(i.e. becoming bluer). Such slit losses are unlikely to have occurred, however,
as the seeing during the FORS2 observing run was consistently good and gen-
erally below 0.7". In addition the wavelength dependency of the seeing is very
weak, and is not likely to have much effect over the relatively small range of
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wavelengths for the FORS2 observations (0.36 < λ < 0.61 µm).

3.3.3 Stacking and Solar Calibration

Following extraction (and the extra correction required for the FORS2 spec-
tra), all the 1D spectra for a given target and observation were stacked so that
the combined spectra would have a higher S/N. At this stage any individual
spectra with low S/N that reduced the quality of their stack were removed
from the stacking process. Some of the individual X-Shooter spectra were re-
moved from their respective stacks because they fell off the end of the slit.
This occured in one case where the TNO had drifted out of the slit during the
observation, but more often resulted from atmospheric differential refraction
causing the spectrum to shift along the slit as a function of wavelength. If any
part of the spectrum within the extraction limits defined by GME fell off the
slit, the spectrum was removed from stacking.

Prior to stacking, the individual spectra from some of the observations were
also normalised around a common wavelength. This was necessary for all
of the FORS2 spectra due to their lack of flux calibration. They were all nor-
malised to unity at 0.55 µm by taking the 200 flux values closest to 0.55 µm,
sigma-clipping those values at 3σ, taking a median of those that remained, and
dividing the entire spectrum by that value. The X-Shooter spectra of 2004 EW95

and its associated solar calibrator stars were normalised in a similar manner
due to the extremely low S/N of the spectra of 2004 EW95. The UVB spectrum
of 2004 EW95 was normalised at 0.45 µm, and the VIS arm was normalised at
0.7 µm. The rest of the X-Shooter spectra did not require normalisation during
the stacking phase as they were flux calibrated and had sufficiently low noise
to be stackable without taking this extra step.

For each observation of a particular target the 1D spectra produced from good
exposures were stacked. For each wavelength element in the spectra being
combined, a median of the flux values was calculated and taken to be the flux
value of that wavelength element in the stacked spectrum.
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Instrument X-Shooter UVB X-Shooter VIS X-Shooter NIR FORS2
Unbinned ∆λ, nm 0.02 0.02 0.06 0.132

Target Elements per Bin|Binned ∆λ, nm

2004 EW95 118|2.36 180|3.6 ∼ ∼
2002 GZ32 300|6 400|8 700|42 ∼
174P/Echeclus 50|1 50|1 100|6 ∼
2008 FC76 200|4 200|4 370|22.2 ∼
2012 DR30 130|2.6 130|2.6 225|13.5 ∼
Dziewanna 300|6 200|4 270|16.2 ∼
1999 OX3 100|2 150|3 200|12 ∼
2012 DR30 ∼ ∼ ∼ 25|3.3
2004 EW95 ∼ ∼ ∼ 20|2.64
Ceto-Phorcys ∼ ∼ ∼ 45|5.94
Ixion ∼ ∼ ∼ 16|2.112
2000 CN105 ∼ ∼ ∼ 85|11.22
2007 JJ43 ∼ ∼ ∼ 80|10.56
2007 JK43 ∼ ∼ ∼ 45|5.94
2002 MS4 ∼ ∼ ∼ 30|3.96

TABLE 3.3: This table presents the sizes of the bins used to bin each spectrum in wave-
length space; the table includes the number of wavelength elements per bin and the

corresponding spectral resolution, ∆λ, that resulted after binning.

After each target’s stacked raw spectrum was produced, it was divided by the
stacked spectra of its associated solar calibrator stars to cancel out the signa-
ture of the solar spectrum and produce a reflectance spectrum. For each minor
planet several reflectance spectra were created, each one calibrated by a differ-
ent solar calibrator star. After binning each reflectance spectrum (discussed in
section 3.3.4), the spectrum with minimal solar metallicity residuals was cho-
sen for each target to be taken forward for analysis.

3.3.4 Binning the Reflectance Spectra

To further boost the S/N of the noisy minor planet reflectance spectra at the
expense of reducing their wavelength resolution, spectra were binned in wave-
length space. Reducing wavelength resolution for these spectra was acceptable
because any potential solid state ice, silicate, or hydrocarbon absorption fea-
tures have a large width, extending over tens or even hundreds of nanometres.

Binning of the reflectance spectra was started by setting a bin size (i.e. the num-
ber of wavelength elements to be combined within each bin) that was constant
across the full wavelength range of the spectrum. Where necessary for a given
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target, however, different bin sizes were used to bin the reflectance spectra ob-
served with the different arms of X-Shooter (see table 3.3). The selection of an
appropriate bin size was a process of trial and error. With the bin size set the
spectrum was split into chunks, each containing the number of wavelength el-
ements set by the bin size. The reflectance values within these bins were then
sigma-clipped at 3σ to remove outlying points. A median of the remaining
reflectance values was then taken as the bin reflectance and the wavelength
of that value was set at the median wavelength of the bin. In the case where
this binning was only performed once, the standard error of the sigma-clipped
reflectance values was taken as the uncertainty on the binned reflectance. The
reflectance spectrum of 2004 EW95 was the only one to be binned using this
simpler method as it was the first to be fully reduced, analysed and published.
Use of the improved bootstrap binning method for this spectrum was later
found to produce results that were consistent with the older binning method,
and therefore the results presented in chapter 6 remain valid.

The bootstrap binning method used for binning the rest of the reflectance spec-
tra presented in this thesis shares some similarities with the simple method.
Compared to the simple method, however, the bootstrap method was much
better at determining an average and uncertainty for the, typically, non-Gaussian
distributions of points in each bin. In the bootstrap method, a uniform bin size
was defined for the reflectance spectrum and the points within each bin were
sigma-clipped at 3σ. The sigma-clipped points were then bootstrapped 1000
times allowing for repeats, and each time a median and standard deviation of
the bootstrapped sample was recorded. The reflectance value for the bin was
then calculated as the mean value of the distribution of 1000 medians, and the
uncertainty on the reflectance was calculated by taking the mean of the distri-
bution of 1000 standard deviations and using that value to calculate a standard
error. Once the spectra were binned they were ready for analysis.

3.4 Measuring Spectral Gradients

This section discusses the method used to measure the gradients of the re-
flectance spectra presented in this thesis, as this method was used in each of
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the following results chapters. The majority of the TNOs observed have fea-
tureless spectra and could not be analysed beyond measuring their spectral
gradients. Specific methods of analysis of the absorption features present in
specific spectra will be discussed in the appropriate results chapters.

3.4.1 Background to Spectral Gradients

Measuring the gradient of a minor planet’s reflectance spectrum S′(λ1, λ2) (or
simply S′) is an easy way to parameterise its intrinsic colour in a given wave-
length range λ1 < λ < λ2. The spectral gradient is determined by dividing the
spectrum by the mean reflectance value within the wavelength range of inter-
est, and then measuring how much the normalised reflectance increases as a
function of wavelength (A’Hearn et al. 1984; Jewitt & Meech 1986). S′ is typi-
cally described in units of % per 0.1 µm, % per 100 nm, or % per 1000 Å; these
units are all equivalent though, so units of % per 0.1 µm will be used for the
remainder of the thesis. Spectral gradient is defined such that an object with
reflectance that increases with wavelength (i.e. is red) in the wavelength range
of interest will have S′ > 0, and if its reflectance decreases with wavelength
(i.e. is blue) in that range the gradient will be S′ < 0. If the reflectance of an
object does not significantly change with wavelength (i.e. it is neutrally reflec-
tive/coloured) in a given range then its measured spectral slope will be S′ ∼ 0.

For the purposes of calculating S′(λ1, λ2) it is assumed that reflectance is a lin-
ear function of wavelength over the wavelength range in question; the gradi-
ent is often measured directly from the observed normalised reflectance spec-
trum of a TNO by fitting a line to it via linear regression. Two reflectance
values on the fitted line R1 and R2 at respective wavelengths λ1 and λ2 can be
used to calculate the slope with the following equation from Jewitt & Meech
(1986),

S′(λ2 > λ1) = 100
(

R2 − R1

(λ2 − λ1)/w

)(
2

R2 + R1

)
, (3.9)

where w scales according to the wavelength units currently in use; for exam-
ple, a spectrum with wavelength units in nanometres requires that w = 100,
while a spectrum with wavelength units in Å, w = 1000.
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The assumption of linearity in TNO reflectance spectra is often incorrect, be-
cause while many TNO reflectance spectra are featureless, many do exhibit
some level of curvature, especially at λ ∼ 1.0 µm where they tend to flatten
out toward NIR wavelengths (e.g. see Fornasier et al. 2009). This means that
it is not typically reasonable to linearly extrapolate a value of S′ measured in
one wavelength range to other regions of a TNO’s reflectance spectrum.

S′ can also be determined with photometric colours, but first the colours need
to be converted to a normalised reflectance. The reflectance of a minor planet
is RX = FX/FX�, where FX is the detected flux of the minor planet in filter
X, and FX� is the same for the Sun. The ratio of two observed fluxes can be
related to their observed magnitudes with an equation,

mX −mX� = −2.5log10

(
FX

FX�

)
= −2.5log10(RX) , (3.10)

that can be readily rearranged to show that

RX = 10−0.4(mX−mX�) . (3.11)

If the colour indices for filters X and Y are known for the minor planet and
the Sun (i.e. (mX − mY) and (mX − mY)�), the minor planet’s reflectance in
one filter one can be expressed relative to that in the other with the following
equation,

RY = RX100.4((mX−mY)−(mX−mY)�) . (3.12)

From here it is possible to substitute R2 in equation 3.9 for the right hand side
of equation 3.12 and substitute R1 for RX, and then simplify the result to ex-
press S′ as a function of the colour indices (mx −mY) and (mx −mY)� and the
central wavelengths of the X and Y filters, λX and λY, i.e.

S′(λY > λX) =

(
100.4((mX−mY)−(mX−mY)�) − 1
100.4((mX−mY)−(mX−mY)�) + 1

)(
200

(λY − λX)/w

)
. (3.13)

It is also possible convert S′measured from a spectrum into approximate colours
with the following equation (Luu & Jewitt 1996b)
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mX −mY = 2.5log
(

2 + S′∆λ

2− S′∆λ

)
, (3.14)

provided that the wavelength range over which the spectrum is measured (∆λ)
is reasonably short and covers the full bandpasses of filters X and Y. Again,
for this relation to work accurately the reflectance must only vary linearly over
the wavelength range ∆λ.

3.4.2 Updates to Measured Spectral Gradients

As this thesis was being written it was determined that the incorrect equation
had been used to calculate the values of S′ published in previous articles based
on this work (see items two and three listed under Publications in the pream-
ble). Instead of using equation 3.9 the following was used,

S′(λ2 > λ1) = 100
(

R2 − R1

(λ2 − λ1)/w

)(
1

R1

)
. (3.15)

The use of this equation resulted in S′ values that resulted in larger S′, but to
a extent that was proportional to the intrinsic redness of the spectrum being
measured. Because of this, the gradients measured and initially published for
2004 EW95 and Echeclus are incorrect, but only by a maximum of 1% per 0.1 µm due
to their relatively neutral intrinsic colours. Nevertheless, new corrected S′ val-
ues are reported in this thesis alongside the original results in chapters 6 and
7. Spectral gradients reported in chapters 4 and 5 have been measured using
the correct equation (equation 3.9).

3.4.3 Measuring Spectral Gradients in Practice

The gradients of the reflectance spectra presented in this thesis were measured
by making use of a method similar to the bootstrapping technique described
for binning the spectra in section 3.3.4. To measure the gradient of the binned
reflectance spectra, their associated unbinned counterparts were used. The un-
binned spectra were divided into chunks of exactly the same size as those used
to produce the binned spectra, and again the reflectance values within each bin
were sigma-clipped at 3σ to eliminate outliers. Again, the remaining values
were bootstrapped 1000 times allowing for repeats, and the medians of these
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bootstrapped samples were saved to produce a distribution of 1000 median
values for the reflectance in each wavelength bin corresponding to the binned
spectrum. This effectively produced a bootstrapped sample of 1000 binned re-
flectance spectra. Each of these sample spectra was then fitted with a line via
linear regression over the wavelength range of interest. S′ was measured for
each sample spectrum from this linear fit using equation 3.9 to produce a dis-
tribution of 1000 sample S′ measurements. S′ for the original binned spectrum
was estimated by taking the mean of this distribution of sample S′ values, and
the uncertainty on S′ was estimated to be three times the standard error of the
distribution.

3.5 The Limitations of Spectral Modelling

Spectral modelling is widely used in studies of the reflectance spectra of outer
Solar System minor planets, and while it is not employed in any of the work
presented in this thesis, it would be remiss to avoid the topic of spectral mod-
elling techniques in a thesis about reflectance spectroscopy. That said, the dis-
cussion of spectral modelling presented here will be neither deep nor compre-
hensive. This section focuses more on the situations in which spectral models
are compared to observed reflectance spectra and why such comparisons were
not employed here, rather than detailed quantitative discussion on the creation
of model spectra themselves.

3.5.1 Hapke Theory

Multiple methods can be used to create model reflectance spectra of different
materials, including those developed by Douté & Schmitt (1998) and Shkura-
tov et al. (1999). By far the most widely used, however, is that formulated and
subsequently built on by Hapke (Hapke 1981; Hapke 1984; Hapke 1986; Hapke
2002; Hapke 2008; Hapke 2012a; Hapke 2012b). Hapke’s model of bidirectional
reflectance is a version of the radiative transfer model (Chandrasekhar 1960)
that has been modified to adequately describe how light scatters from an en-
semble of closely packed particles comprised of a given material. Here, the
adjective bidirectional means that both the light incident on a surface and the
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reflected light detected by an observer are considered to be collimated. This
assumption is valid in the context of minor planet regoliths due to the very
small angle respectively subtended by the Sun from the perspective of a minor
planet, and the same subtended by a minor planet from the perspective of an
Earth-based observer (Hapke 2012b).

A model reflectance spectrum of a surface of uniform material composition can
be produced based on Hapke theory by considering a semi-infinte particulate
medium comprised of grains that are large in comparison to the wavelengths
of light under consideration (i.e. the grains scatter geometrically). In this sce-
nario the bidirectional reflectance of the surface r is considered to be the ratio
of the radiance scattered by the surface to the the incident radiance at the sur-
face. Note that strictly speaking this ratio is not the same as the albedo of the
surface which quantitatively factors in the geometry of a given observation
(Barucci et al. 2008a). The bidirectional reflectance of the surface has many
variables r(λ, i, e, α, ω, h, S(0), ξ), some of which are easily constrained while
others are less well defined, these are described below.

λ is the wavelength of the reflected light, i and e are respectively the incident
and emergent light angles, and α is the phase angle between the light source
and the observer from the perspective of the observed target. These parame-
ters are well defined for a given model observational setup. h is a parameter
related to the physical characteristics of the surface (e.g. porosity, compaction
etc.) and is used alongside S(0) and α to quantify the opposition surge ob-
served at low phase angles that results from shadow hiding (Hapke 1986). In
the cases where h and S(0) are not known for the grains on the surface of a
given minor planet, they may be left as free parameters. ξ is the asymmetry
parameter of the surface grains that determines to what extent the grains are
forward-scattering or backward-scattering, and is optionally used alongside
α to describe the phase function of each grain; ξ is optional depending on the
phase function selected for use in a given model, and is typically applied when
a Henyey-Greenstein function (Henyey & Greenstein 1941) is selected as the
phase function of the grains. In general, ξ is not known for most of the minor
planets observed spectroscopically, and as such is often left as a free parameter
in spectral models.



87

ω is the average single scattering albedo of the surface grains, and is itself a
function of λ, the average diameter of the grains D, and the real and imag-
inary components of the material’s refractive index. D may be set to an as-
sumed value or may be left as a free parameter when fitting a spectral model
to an observed reflectance spectrum. The complex refractive index of a mate-
rial can be measured in the laboratory, but for the purposes of comparability
between model spectra and observed spectra it is important that such measure-
ments are conducted at the appropriate cryogenic temperatures, as the optical
properties of materials are known to change with temperature (e.g. Grundy &
Schmitt 1998; Brunetto et al. 2008). If a material is measured that is comprised
of a dilution of one material in another, the relative concentrations of each com-
ponent can affect the optical properties of the dilution (e.g. Quirico & Schmitt
1997; Brunetto et al. 2008). Hence, when it comes to accurately comparing
model spectra to observations, it is paramount to obtain the optical constants
for many appropriate ices, silicates, and hydrocarbons under a wide range of
environmental conditions. Unfortunately conducting such work is expensive
and time consuming, and as a result the acquisition of new optical constants
for materials is currently progressing at a slow rate (de Bergh et al. 2008; de
Bergh et al. 2013).

The reflectance spectra of two materials with given properties may be com-
bined into what are described as areal mixtures or homogenous mixtures. Ma-
terials combined in an areal mixture are considered to form a pattern of patches
of each material that do not interact; in this scenario the reflectance spectrum
of the whole surface is created by linearly combining the reflectance spectrum
of each individual material and weighting each component in proportion to
the percentage of the total surface area that they take up. In a homogenously
mixed model, the reflectances of the materials are averaged at a granular level
to produce a surface that appears the same everywhere. Due to their simplic-
ity, areal mixtures are more commonly used when producing model reflectance
spectra for comparison to observations.
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3.5.2 Caveats

There are some important caveats to remember about modelling spectra with
Hapke’s method. The first of these is that the method only applies in the
regime in which the surface grains scatter geometrically (i.e. the grains are
much larger than the wavelength of the reflecting light). In the past observers
have published model reflectance spectra fitted to observed data that derive
surface grain sizes beyond the geometric scattering regime where such models
are invalid (see Poulet et al. 2002). Second is the degeneracy of the properties
of similar reflectance spectra produced by these models. Part of this is inher-
ent to the properties of absorption features in reflectance spectra, which have
a strength that is proportional to the path length that reflected light has taken
through the associated material. This means that the strength of an absorption
feature is a combination of the abundance of a given material on an object’s
surface, the size of the grains of that material, and how closely they are packed
(how low the porosity is; Barucci et al. 2008a). As a result, if the physical char-
acteristics of a surface are not known it is extremely difficult to untangle the
abundance of a material on an object’s surface just by looking at the strength
of the absorption features in its reflectance spectrum. There is also degeneracy
that can be traced back to the modelling method, as it has been reported that
different methods of mixing materials in a model and also using different mod-
elling methods can result in very large differences in the derived abundances
of materials present on a model surface (Poulet et al. 2002).

3.5.3 Models in Practice

In practice, there are two primary ways in which spectral models are used
in the analysis of the reflectance spectra of TNOs and centaurs. The first is
to compare absorption features present in model reflectance spectra of certain
materials to those in observed reflectance spectra. This method has proved
very successful in the detection and characterisation of the surface composi-
tions of multiple TNOs and centaurs, and is functionally not very different
from comparing the reflectance spectrum of a laboratory sample to that of an
observed minor planet (e.g. Cruikshank et al. 1998; Barucci et al. 2006; Lican-
dro et al. 2006a; Barkume et al. 2008; Guilbert et al. 2009; Brown et al. 2012;
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Brown et al. 2015).

The second way Hapke modelling is used, is to iteratively fit the parameters
of a model spectrum to an observed reflectance spectrum in order to deter-
mine relative abundances of the materials on a planetary surface, and estimate
the size of the grains comprising each compositional component. Such studies
create model spectra using data for a (typically small) range of mixed compo-
sitional components and a range of grain sizes for each within selected toler-
ances. Other variables in these models are either left as free parameters, or
they are fixed based on "reasonable" assumptions from previous studies. This,
however, is typically not the case for TNOs and centaurs as the physical prop-
erties of their surfaces are not well constrained. Typically the model spectrum
is iteratively fitted to the observed one by a χ2 minimisation algorithm, and
the relative abundances of certain materials with associated grain sizes are de-
rived based on the best fit model spectrum. In certain cases where the observed
reflectance spectrum has high S/N with well defined absorption features, and
the physical characteristics (e.g. grain size, albedo, and porosity) of the surface
are known, this method can be used to excellent effect when quantitatively as-
sessing the surface composition of an object (e.g. Verbiscer & Helfenstein 1998;
Protopapa et al. 2017; Villanueva et al. 2018).

Use of the second method for assessing specific surface compositions of most
TNOs and centaurs is ill-advised, however. Observers have reported composi-
tional abundances of the surface materials of many TNOs and centaurs based
on spectral modelling, but due to the generally low S/N of their refelectance
spectra the problem of degeneracy in the derived results arises, and slight dif-
ferences in input values for the model can produce very different results in the
final model (e.g. Poulet et al. 2002; Gourgeot et al. 2015; Szabó et al. 2018). The
problem is made worse when the observed reflectance spectrum has no iden-
tifiable absorption features (like those of many TNOs and centaurs), as such
a spectrum contains very little information about the specific surface compo-
sition of the object. It is possible to tell compositionally distinct objects apart
by fitting models to featureless spectra (Emery et al. 2011; Fraser & Brown
2012) but it is unreasonable to attempt to derive relative abundances for spe-
cific materials that cannot be verified as present on the surface of an object. In
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the cases of featureless reflectance spectra, this kind of spectral modelling, at
best, only informs observers of what is already predicted, that for most TNOs
and centaurs, their reflectance properties are consistent with those of a surface
dominated by irradiated hydrocarbons, H2O ice and silicates (e.g. Cruikshank
et al. 1998; Brown 2012).

Of the TNO and centaur reflectance spectra presented in this thesis, only those
of 2004 EW95 and 2012 DR30 have confirmed absorption features. The spec-
trum of the former does not have sufficiently high S/N to warrant the use of
spectral modelling for the purpose of compositional analysis (see chapter 6).
The absorption feature confirmed in the spectrum of the latter is not complete
and appears as an absorption edge at near-UV/blue wavelengths (see chapter
5). As discussed above, such analysis conducted on the remaining featureless
reflectance spectra would produce highly degenerate results and add little to
the discussion about their surface compositions.

To be truly informative about the surface compositions of TNOs, modelling of
their reflectance spectra requires several key pieces of input information. The
types of materials worth including in a model of a TNO’s reflectance spectrum
can be greatly constrained if that TNO’s albedo is known (e.g. Dalle Ore et al.
2013; Dalle Ore et al. 2015). Great strides have already been taken in measur-
ing the sizes and albedos of TNOs through IR observations (e.g. Lellouch et al.
2013), but many of the smaller objects in the TNB still do not have their albedos
constrained. Hence, if spectral modelling is to become properly viable for anal-
ysis of TNOs, the work to determine their albedos must continue. Photometric
and polarimetric observations at high phase angles can be extremely useful in
revealing the surface texture of TNOs, and the single particle phase functions
of their surface grains (e.g. Belskaya et al. 2008). Unfortunately such observa-
tions are only possible from spacecraft, as the maximum phase angles reached
by TNOs are α ∼ 2− 3◦when observed from Earth. New Horizons has provided
a first opportunity to observe TNOs from within the TNB (Porter et al. 2016;
Stern et al. 2019), and it is likely future missions will enable further chances to
examine and constrain the surface properties of TNOs from higher phase an-
gles. A crucial component in increasing the viability of spectral modelling will
be more extensive lab studies into the properties of materials that are predicted
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to be on the surfaces of TNOs. In particular, the complex refractive indices of
those materials under different temeperature, radiation, and chemical mixing
conditions will be required (de Bergh et al. 2008). Improvements in these areas
will hopefully enable a more nuanced approach to spectral modelling, through
which the precise chemical makeup of different individual TNOs and centaurs
might be more easily revealed.



Chapter 4

Featureless Reflectance Spectra

“Yeah, but they all look the same, those little blue-green planetoids. They’re all sort of
little, blue-green, and planetoidy.”

D. Lister
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This chapter presents the results from the majority of the TNO and centaur
reflectance spectra gathered as part of this work. Primarily, the spectra were
searched for absorption features that may indicate the presence of specific ma-
terials on their surfaces, with parituclar focus towards potential features sug-
gestive of the presence of hydrocarbons or silicates.

4.1 Observations and Data Reduction

The reflectance spectra presented here were all observed as discussed in chap-
ter 2 and were reduced as discussed in chapter 3. The UVB spectra observed
with X-Shooter were aligned to their respective VIS spectra via a linear fit
through the spectral ranges adjacent to the join between them; the same pro-
cedure was applied to align each NIR spectrum to its corresponding VIS spec-
trum. The combined X-Shooter reflectance spectra presented in this chapter
were cut to a minimum wavelength of 0.42 µm to remove wavelength regions
that had low S/N and were contaminated with strong residuals resulting from
differences in metallicity between the Sun and the Solar calibrator stars used
(cf. Hardorp 1980). The spectra were also cut to a maximum wavelength of
1.74 µm to remove a broad region at ∼ 1.9 µm which was heavily contami-
nated with telluric residuals (cf. Smette et al. 2015), and regions at longer wave-
lengths where the sky subtraction was poor. The FORS2 spectra were not cut
following the data reduction steps taken in chapter 3, leaving their wavelength
coverage as 0.37− 0.61 µm.

An apparent sharp absorption feature was observed at λ ∼ 1.28 µm in each
of the NIR reflectance spectra observed during the second run with X-Shooter
(095.C-0521(A); see chapter 2). To determine its cause, the affected 2D spectra
produced by the ESO pipeline were examined by eye, and it was found that the
S/N of the TNO spectra dropped severely in this wavelength region due to the
combined effects of low S/N at the end of one of X-Shooter’s echelle orders and
the presence of many strong sky emission lines. The K-band blocking filter was
not used during these observations, so noise caused by thermal radiation that
scattered from the longest wavelength order of the NIR spectrograph further
reduced the S/N of these spectra across the entire NIR range. An X-Shooter
spectrum of the faint TNO 2007 JJ43 that was observed without the K-band
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blocking filter by Gourgeot et al. (2015) also appears to show a marked drop in
S/N at λ ∼ 1.28 µm, confirming that low S/N in this wavelength range is not
unique to the observations presented here and may be partly caused by instru-
mentation. That this artifact appears like an absorption feature in some of the
spectra presented in this chapter also suggests that it is also partly the result of
poor calibration of sky emission lines present at those wavelengths. An instru-
mental artifact of this kind did not appear in the spectrum of 174P/Echeclus
observed during the first X-Shooter observing run (this observation was also
performed without use of the K-blocking filter); hence it appears that it may
only arise in the spectra of faint targets that have intriniscally low signal, and
cannot be observed in this noisy wavelength region of X-Shooter’s coverage.

4.2 Results & Analysis

The reflectance spectra presented in this chapter are generally featureless (see
figures 4.1 & 4.2). They were searched for signs of a water ice absorption at
λ ∼ 1.55 µm (see 4.2.2), and their spectral slopes (S′) were measured in the vi-
sual and the NIR ranges (see 4.2.1), but more complex analysis of their surface
compositions was not performed, as doing so was unlikely to provide useful
or definitive results (see section 3.5). The analysis methods employed for the
spectra presented in this chapter are described in sections 4.2.1 and 4.2.2.

For some objects, the VNIR reflectance spectrum presented in this thesis was
not the first to be observed and, where possible, published spectra were com-
pared to that presented in this chapter to check for consistency between them
in terms of their spectral behaviour and gradients. This kind of direct analysis
was not possible for most of the targets observed, however, as many mem-
bers of the TNO community have the bad habit of not making the data asso-
ciated with their published reflectance spectra publicly available. In order to
get access to data for literature spectra of the targets presented in this chapter,
multiple members of the community were contacted with requests for access
to their data; most of these requests were not acknowledged. Only Sonia For-
nasier was forthcoming with a sample of visual reflectance spectra she has
access to from the ESO Large program (see Fornasier et al. 2009). This sam-
ple contained only two objects in common with that presented here, namely
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2008 FC76 and 1999 OX3. Hence, the visual spectra of these two objects have
been directly compared to some of those in the literature, while for the others
this kind of analysis was not possible.

4.2.1 Spectral Gradients

Measurement of VNIR gradients for the spectra gathered for this work was
conducted using the method described in section 3.4. The literature spectra
presented here do not have uncertainty values, however, and could not be
measured in the same way. The literature spectra were simply fitted with a
straight line via linear regression, yielding the parameters of a fitted line and
the standard error on that line’s slope. To determine S′ for each literature spec-
trum the fitted line was used with equation 3.9, and the upper and lower limits
on S′ were determined by recalculating it for the fitted line when defined by
the fitted slope plus-or-minus its associated standard error. In all cases the
initial uncertainty may be taken as the limit of precision of the gradients mea-
sured for these reflectance spectra. To take into account any uncertainty due
to telluric residuals and that associated with imperfect calibration of the data,
an uncertainty of 0.5 % per 0.1 µm was added in quadrature to the initial un-
certainty determined for the spectral gradients. The wavelength ranges where
the spectral gradients were measured are presented in tables 4.1 through 5.1.
In all cases, wavelength regions containing telluric absorption residuals and
calibration artifacts at 0.758 − 0.767 µm and 1.275 − 1.500 µm were ignored
when measuring S′.

To perform a meaningful comparison of the gradients measured from differ-
ent spectra of a given object it is necessary to ensure that the gradient is mea-
sured both over the same wavelength range in each spectrum and relative to
a reflectance at the same wavelength in each spectrum. The values of S′ de-
termined from spectra and photometry in this thesis have been measured rel-
ative to the reflectance at the central wavelength in the wavelength range be-
ing measured, as this minimises the risk of artificially increasing or decreasing
the measured gradient (see section 3.4.2). In the literature, however, it has of-
ten been convention to measure S′ from spectra relative to the reflectance at
0.55 µm (approximately the central wavelength of the V filter), and in cases
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FIGURE 4.1: This figure shows the reflectance spectra of the five TNOs and centaurs
that were successfully observed with X-Shooter, but are not presented in chapters 6
or 7. Each spectrum is normalised to unity around λ = 0.658 µm (approximately
the central wavelength of the R photometric filter), and each spectrum is offset from
the one plotted below it by +0.6 for clarity. Regions of the spectra contaminated with
residuals caused by differential telluric absorption, instrumental calibration artifacts,
or differences in metallicity between the Solar calibrator and the Sun, are plotted with
dotted lines. The reflectance spectra presented here were obtained when observing
A: (95626) 2002 GZ32, B: 2012 DR30, C: (471143) Dziewanna, D: (44594) 1999 OX3, E:
(281371) 2008 FC76. The spectra are ordered from A-E in order of increasing redness at

visual wavelengths.
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FIGURE 4.2: This figure shows the reflectance spectra of the seven TNOs and centaurs
that were successfully observed during the run with FORS2, but are not presented
in chapters 6 or 7. Each spectrum is normalised to unity around λ = 0.55 µm (ap-
proximately the central wavelength of the V photometric filter), and each spectrum
is offset from the one plotted below it by +0.3 for clarity. Regions of the spectra con-
taminated with significant residuals caused by differences in metallicity between the
Solar calibrator and the Sun, are plotted with dotted lines. The reflectance spectra
presented here were obtained when observing A: (307261) 2002 MS4, B: (65489) Ceto-
Phorcys, C: (470309) 2007 JK43, D: 2012 DR30, E: (278361) 2007 JJ43, F: (28978) Ixion, G:
(523588) 2000 CN105. The spectra are ordered from A-G in order of increasing redness.
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where the wavelength range measured is centred at a wavelength higher or
lower than 0.55 µm, a respective artificial increase or decrease is typically im-
parted to the measured spectral gradient. This effect is particularly strong for
intrinsically very red objects (see section 3.4.2). As previously stated, this is
not a problem when comparing spectra that have been measured both over
the same wavelength range and relative to a reflectance measured at the same
wavelength in each spectrum, but it does preclude the direct comparison of the
spectral gradients measured here to many of those reported in the literature.
As discussed in section 4.2, it was also not possible to consistently remeasure
the gradients of literature spectra for all objects in this sample due to a lack of
access to the required data. For these reasons, the gradients measured from the
spectra presented in this chapter will only be compared to those determined by
the same method (see section 3.4.1), either from literature spectra (where avil-
able), or from published photometric colours. In chapters 6 and 7, the objects
of interest are relatively neutral in colour and their measured gradients are
generally consistent with those reported in the literature; hence, the gradients
of these objects may be broadly (although not directly) compared to literature
values determined from previously observed spectra.

All the objects with reflectance spectra presented in this chapter have also been
observed photometrically in the past. To test the validity of the newly mea-
sured S′ values they were compared to those derived from published colours
using equation 3.13. This comparison also enabled a test for any variation
in the reflectance properties of an object that may have been observed across
multiple observation epochs. When published colours were applied to equa-
tion 3.13 to determine the gradient of an object’s (assumed linear) reflectance
spectrum, the pivot wavelengths published by Willmer (2018) for the photo-
metric filters used were taken as their respective central wavelengths and ap-
plied to equation 3.13. To ensure consistency between the datasets these pivot
wavelengths were also taken to be the ends of the range across which the re-
flectance spectra would be measured. Due to small differences in the central
wavelengths of filters installed in different instruments and at different obser-
vatories, it is not possible to define a single central wavelength for each filter
that will accurately describe all photometric observations (see Peixinho et al.
2015). Adopting the values published by Willmer (2018) is a convenient way to
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define a standard system for the calculations being performed here, but doing
so adds uncertainty in the photometrically derived values of S′. To account for
this, an extra 1 % per 0.1 µm was added in quadrature to the uncertainty of
the photometrically derived spectral gradients. Initial uncertainties on S′ val-
ues determined from photometric colours were propagated from those of the
colours using the following equation based on standard uncertainty propaga-
tion functions described by Hughes & Hase (2010),

δS′ = 0.4·ln(10)·S′·
(

δC2 + δC2
�
) 1

2 , (4.1)

where δC is the uncertainty in the TNO colour index C, and δC� is the same
for the Sun.

Care was taken to not measure the gradients of the X-Shooter spectra across the
joins between the UVB, VIS, and NIR arms; this was done in order to avoid im-
parting error in the measured gradients that may result from inaccurate align-
ment of the arms relative to each other. This meant that, where applicable, the
visual gradients of the X-Shooter spectra were compared to V − I, R− I, and
r′− i′ colours. The wavelength region at the blue end of several of the VIS arm
X-Shooter spectra had low S/N relative to that at the VIS arm’s centre, which
is why the gradients of the spectra were not compared to V− R colours. In the
NIR the X-Shooter spectra were compared to J− H colours if such colours had
been published. The FORS2 spectra, due to their limited wavelength coverage,
could only be compared to B−V and g′ − r′ colours.

4.2.2 Testing for NIR Water Ice Absorption

The reflectance spectra observed with X-Shooter were tested to determine the
presence of any potential absorption features at ∼ 1.55 µm that might hint at
the presence of water ice on the surface of these objects. A linear continuum
was fit to the regions of the spectrum at 1.20− 1.27 µm and 1.65− 1.73 µm us-
ing a bootstrapping method like that described in section 3.4.3, which deter-
mined a distribution of 1000 intercept and gradient values for the linear fit and
took the mean of those distributions as the best fit parameters. The value of the
best fit line at λ = 1.55 µm was selected as the continuum value in the region
of the putative water ice feature, RC. The depth of any feature in this region
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of each spectrum, RS, was estimated by taking the mean of the binned ob-
served reflectance within the wavelength range 1.5− 1.6 µm, where the depth
of the characteristic water ice absorption feature in this region is deepest (e.g.
see Barkume et al. 2008). The depth of the feature was determined using the
following equation,

DW = 100
(

1− RS

RC

)
(4.2)

where DW is the depth of the water ice feature expressed as a percentage rela-
tive to the modeled linear continuum. The uncertainty in RC was determined
as the difference between the reflectance of the continuum determined using
the best fit parameters at λ = 1.55 µm, and that determined with gradient and
intercept values sampled at one standard error from the mean of the respective
parameter distributions produced via the bootstrapping method. The uncer-
tainty in RS was determined as the standard error of the points averaged to
determine RS. The uncertainties in RS and RC were propagated forward to
DW via the following equation which was constructed using standard uncer-
tainty propagation functions described by Hughes & Hase (2010),

δDW = 100
(

1− RC

RS

)((
δRC

RC

)2

+

(
δRS

RS

)2
) 1

2

(4.3)

4.2.3 Results for Generally Featureless Spectra

The following is a discussion of the reflectance spectrum of each object in turn.

(28978) Ixion
The visual reflectance spectrum of Ixion observed with FORS2 is presented in
figure 4.3. As observed on previous occasions (Marchi et al. 2003; Boehnhardt
et al. 2004; Alvarez-Candal et al. 2008), the reflectance spectrum of Ixion pre-
sented here is red, linear, and featureless. The value of S′ measured from the
FORS2 spectrum is consistent with those derived from the majority of pub-
lished B− V colours (see table 4.1). The lack of strong variation in the visual
colour of Ixion between observation epochs suggests that its surface is fairly
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FIGURE 4.3: The FORS2 reflectance spectrum of Ixion, normalised to unity around
λ = 0.55 µm. Regions of the spectrum contaminated with Solar metallicity residuals

are plotted as dotted lines.

homogenous; this consistency has been observed across the visual range of Ix-
ion’s reflectance spectrum (Marchi et al. 2003; Boehnhardt et al. 2004; Alvarez-
Candal et al. 2008), and at NIR wavelengths where weak water ice absorp-
tion features have consistently been detected in spectra with sufficient S/N at
wavelengths of∼ 1.6 µm and∼ 2.0 µm (Boehnhardt et al. 2004; Barkume et al.
2008; Guilbert et al. 2009; Merlin et al. 2010).

Orbit a (a) e (b) i (c) q (d) Class (e)
39.373 0.2447 19.7◦ 29.740 3:2 Resonant

S′ (f) δS′ (g) Colour δColour λ Range (µm) Source (h)

31.59 0.50 ∼ ∼ 0.440-0.551 FORS2 Spectrum
30.97 1.57 1.03 0.03 0.440-0.551 B−V (1)
30.97 1.90 1.03 0.04 0.440-0.551 B−V (2)
25.96 2.26 0.968 0.060 0.440-0.551 B−V (3)
26.93 6.39 0.98 0.18 0.440-0.551 B−V (4)

TABLE 4.1: Table presenting the Orbital elements of Ixion and measurements of its
spectral gradient. (a) semimajor axis (au). (b) eccentricity. (c) inclination. (d) perihe-
lion (au). (e) Orbital classification (Lykawka & Mukai 2007a; Peixinho et al. 2015). (f)
Spectral gradient (% per 0.1 µm). (g) Uncertainty on Spectral gradient (% per 0.1 µm).
(h) 1. Doressoundiram et al. (2002), 2. Boehnhardt et al. (2004), 3. Rabinowitz et al.

(2007), 4. Peixinho et al. (2015).
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(44594) 1999 OX3

The VNIR reflectance spectrum of 1999 OX3 observed with X-Shooter is pre-
sented in figure 4.4 alongside that observed with FORS2 by Fornasier et al.
(2009), with the two being extremely consistent over most of their shared wave-
length coverage; they both appear featureless at visual wavelengths. Com-
parison of previous spectroscopic observations has suggested that the visual
colour of 1999 OX3 varies significantly, with Lazzarin et al. (2003) and For-
nasier et al. (2009) respectively reporting values of 52.5± 0.7% per 0.1 µm and
36.2 ± 0.8% per 0.1 µm. While the spectral gradients determined from pho-
tometry do suggest low levels of variation in the visual colour of this object,
the consistency of those consistently and directly measured from the X-Shooter
and FORS2 spectra for this work suggests the opposite. Given that the two re-
flectance spectra of 1999 OX3 reported by Lazzarin et al. (2003) and Fornasier et
al. (2009) were measured over different wavelength ranges (0.40− 0.95 µm and
0.50 − 0.80 µm respectively), it makes sense that different values of S′ were
measured from each. Hence, while the visual colour of 1999 OX3 may be vari-
able, any variation is likely not nearly as significant as previously reported.

As well as variation in the visual gradient of the spectrum of 1999 OX3, pub-
lished spectra provide evidence of variation of its curvature at red visual wave-
lengths when observed at different epochs. The visual spectrum reported by
Lazzarin et al. (2003) appears to curve smoothly, gently decreasing in gradient
toward longer visual wavelengths (see Fig. 4.5), while that reported by For-
nasier et al. (2009) appears approximately linear at λ < 0.8 µm before leveling
out towards the NIR (see Fig. 4.4). The spectrum presented here also curves
differently to the other two, appearing approximately linear across the entire
visual range, and does not exhibit significant curvature until it levels out at
NIR wavelengths (λ > 1.0 µm). If not the result of sporadic spectral system-
atic errors, the varying curvature of the visual spectrum of 1999 OX3 observed
at different epochs appears to support the suggestion made by Fornasier et al.
(2009) that the surface properties of 1999 OX3 may not be uniform.

Published NIR spectroscopic observations of 1999 OX3 have shown the clear
presence of water ice absorption features at ∼ 1.6 µm and ∼ 2.0 µm (Barucci
et al. 2011; Brown et al. 2012). No such feature is apparent at ∼ 1.6 µm in the
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Orbit a (a) e (b) i (c) q (d) Class (e)
32.324 0.4562 2.6◦ 17.576 SDO

S′ (f) δS′ (g) Colour δColour λ Range (µm) Source (h)

22.24 0.52 ∼ ∼ 0.558-0.803 X-Shooter Spectrum
23.30 0.51 ∼ ∼ 0.558-0.803 FORS2 Spectrum (1)
25.69 1.95 1.43 0.05 0.551-0.803 V − I (2)
21.01 1.92 1.29 0.06 0.551-0.803 V − I (3)
24.04 1.18 1.38 0.02 0.551-0.803 V − I (4)
26.01 1.97 1.44 0.05 0.551-0.803 V − I (5)
23.37 1.36 1.36 0.03 0.551-0.803 V − I (6)
21.35 2.70 1.30 0.09 0.551-0.803 V − I (7)
22.37 2.54 1.33 0.08 0.551-0.803 V − I (8)

19.25 0.52 ∼ ∼ 0.658-0.803 X-Shooter Spectrum
19.73 0.53 ∼ ∼ 0.658-0.803 FORS2 Spectrum (1)
7.93 1.51 0.47 0.11 0.658-0.803 R− I (9)
29.09 2.84 0.81 0.07 0.658-0.803 R− I (2)
18.62 1.57 0.64 0.05 0.658-0.803 R− I (3)
17.38 2.07 0.62 0.08 0.658-0.803 R− I (4)
19.87 2.54 0.66 0.09 0.658-0.803 R− I (5)
21.73 1.15 0.69 0.02 0.658-0.803 R− I (6)
14.87 2.01 0.58 0.09 0.658-0.803 R− I (7)
17.38 1.88 0.62 0.07 0.658-0.803 R− I (8)

2.43 0.50 ∼ ∼ 1.200-1.700 X-Shooter Spectrum
3.22 1.03 0.43 0.06 1.239-1.650 J − H (5)
0.99 1.02 0.33 0.14 1.239-1.650 J − H (7)

TABLE 4.2: Table presenting the Orbital elements of 1999 OX3 and measurements of its
spectral gradient. (a) semimajor axis (au). (b) eccentricity. (c) inclination. (d) perihe-
lion (au). (e) Orbital classification (Lykawka & Mukai 2007a; Peixinho et al. 2015). (f)
Spectral gradient (% per 0.1 µm). (g) Uncertainty on Spectral gradient (% per 0.1 µm).
(h) 1. Fornasier et al. (2009), 2. Doressoundiram et al. (2002), 3. Bauer et al. (2003b), 4.
Doressoundiram et al. (2005), 5. Doressoundiram et al. (2007), 6. Sheppard (2010), 7.

Perna et al. (2010), 8. Peixinho et al. (2015), 9. Delsanti et al. (2001).
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FIGURE 4.4: The X-Shooter reflectance spectrum of 1999 OX3 (black) gathered as part
of this work, and the FORS2 spectrum of the same object (red) observed by Fornasier
et al. (2009), both normalised to unity around λ = 0.658 µm. Regions of the spectrum
contaminated with Solar metallicity, instrumental, and telluric residuals are plotted as

dotted lines.

reflectance spectrum presented here, however. Inspection of the reflectance
spectrum in this wavelength region by eye shows no sign of any absorption
feature, and testing for the presence of a feature by use of the method described
in section 4.2.2 resulted in a depth measurement of DW = −3.5± 0.4 % relative
to the linear continuum, where DW ≤ 0% is a null detection. The spectrum is
noisy in this wavelength region, however, and it may be possible that a subtle
water ice absorption feature could be hidden in the data. In combination, the
apparent absence of any signature of water ice in the spectrum presented here,
and the clear detections of them on prior occasions by Barucci et al. (2011) and
Brown et al. (2012), may hint that the NIR spectrum of 1999 OX3 may also be
variable, and that the water ice detected on 1999 OX3 may be non-uniformly
distributed across its surface.
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FIGURE 4.5: Reflectance spectra of 6 TNOs and Centaurs reported by Lazzarin et al.
(2003), including that of 1999 OX3.
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(95626) 2002 GZ32

The X-Shooter reflectance spectrum of 2002 GZ32 is presented in figure 4.6.
The NIR region was tested for the presence of an absorption feature at λ ∼
1.55 µm using the method described in section 4.2.2, and a depth measurement
relative to the linear fit of the continuum was found to be DW = 3.6± 0.8%.
While this value of DW is suggestive of the presence of an absorption feature
at λ ∼ 1.55 µm, the measurement appears to be dominated by a single point
in the spectrum at λ ∼ 1.56 µm. In addition, the shape of the putative feature
is inconsistent with that exhibited by water ice due to the apparent lack of ab-
sorption at λ ∼ 1.52 µm. In general, the overall low S/N of the NIR spectrum
of 2002 GZ32 precludes any definitive detection of an absorption feature. Two
NIR spectra of 2002 GZ32 have been published in the past. The first was very
noisy and appeared to be featureless (Barkume et al. 2008), while the second
tested positively for the presence of an absorption feature at λ ∼ 2.0 µm that
was attributed to the presence of surface water ice (Barucci et al. 2011).

At visual wavelengths, the X-Shooter spectrum of 2002 GZ32 is consistent with
that reported by Fornasier et al. (2004), in that it is featureless and neutrally
coloured, with a spectral gradient that slowly increases with wavelength (see
table 4.3). Interestingly, this increase in S′with wavelength appears to continue
into the NIR in the spectrum reported here, giving 2002 GZ32 a similar spectral
appearance to some Cb-type asteroids (DeMeo et al. 2009). This similarity is
not assigned any significance however, as the spectrum has low S/N, and,
on its own such spectral behaviour reveals little about this centaur’s specific
surface composition. 2002 GZ32 is known to be spectrally variable based on its
photometric colours (Doressoundiram et al. 2005), and this variability is also
noticeable in the spectral gradients presented in table 4.3.
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Orbit a (a) e (b) i (c) q (d) Class (e)
23.007 0.2173 15.0◦ 18.007 Centaur

S′ (f) δS′ (g) Colour δColour λ Range (µm) Source (h)

4.69 0.52 ∼ ∼ 0.558-0.803 X-Shooter Spectrum
13.04 2.85 1.061 0.157 0.551-0.803 V − I (1)
7.98 1.13 0.92 0.05 0.551-0.803 V − I (2)

13.36 2.47 1.07 0.13 0.551-0.803 V − I (3)

4.95 0.52 ∼ ∼ 0.658-0.803 X-Shooter Spectrum
4.13 1.05 0.41 0.06 0.658-0.803 R− I (2)

16.75 2.21 0.61 0.09 0.658-0.803 R− I (3)

5.47 0.50 ∼ ∼ 1.200-1.700 X-Shooter Spectrum
3.67 1.04 0.45 0.06 1.239-1.650 J − H (2)

TABLE 4.3: Table presenting the Orbital elements of 2002 GZ32 and measurements of
its spectral gradient. (a) semimajor axis (au). (b) eccentricity. (c) inclination. (d) peri-
helion (au). (e) Orbital classification (Lykawka & Mukai 2007a; Peixinho et al. 2015). (f)
Spectral gradient (% per 0.1 µm). (g) Uncertainty on Spectral gradient (% per 0.1 µm).
(h) 1. Rabinowitz et al. (2007), 2. Doressoundiram et al. (2007), 3. Peixinho et al. (2015).
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FIGURE 4.6: The X-Shooter reflectance spectrum of the 2002 GZ32 system, normalised
to unity around λ = 0.658 µm. Regions of the spectrum contaminated with Solar

metallicity, instrumental, and telluric residuals are plotted as dotted lines.
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Orbit a (a) e (b) i (c) q (d) Class (e)
100.979 0.8241 22.3◦ 17.76 SDO Binary

S′ (f) δS′ (g) Colour δColour λ Range (µm) Source (h)

17.77 0.56 ∼ ∼ 0.440-0.551 FORS2 Spectrum
17.12 1.21 0.86 0.03 0.440-0.551 B−V (1)

TABLE 4.4: Table presenting the Orbital elements of Ceto-Phorcys and measurements
of this system’s combined spectral gradient. (a) semimajor axis (au). (b) eccentricity.
(c) inclination. (d) perihelion (au). (e) Orbital classification (Lykawka & Mukai 2007a;
Peixinho et al. 2015). (f) Spectral gradient (% per 0.1 µm). (g) Uncertainty on Spectral

gradient (% per 0.1 µm). (h) 1. Tegler et al. (2003).
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FIGURE 4.7: The FORS2 reflectance spectrum of the Ceto-Phorcys system, normalised
to unity around λ = 0.55 µm. Regions of the spectrum contaminated with Solar metal-

licity residuals are plotted as dotted lines.

(65489) Ceto-Phorcys
Ceto-Phorcys is a binary TNO comprised of two components with similar vi-
sual colours (Grundy et al. 2007). The two components were not resolved
during the observations performed with FORS2, however. The combined re-
flectance spectrum of the Ceto-Phorcys system is presented in figure 4.7. Un-
fortunately, due to the large difference in metallicity between the Sun and
the Solar calibrator star used to calibrate this spectrum, there were signifi-
cant metallicity residuals present in the reflectance spectrum of Ceto-Phorcys
at λ < 0.45 µm. In the usable wavelength range (λ > 0.45 µm) the spectrum
is typical of the visual spectra of TNOs and centaurs, in that it is featureless
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and linear. The gradient of the spectrum presented in table 4.4 is consistent
with that derived from the B− V colour of Ceto-Phorcys published by Tegler
et al. (2003), and is also consistent with that of a member of the less-red group
of TNOs (Peixinho et al. 2015). To date this spectrum is the only one of Ceto-
Phorcys observed at visual wavelengths; a NIR spectrum of Ceto-Phorcys was
reported by Barkume et al. (2008) that exhibited a weak absorption feature at
λ ∼ 2.0 µm that may be attributable to water ice.
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Orbit a (a) e (b) i (c) q (d) Class (e)
47.793 0.1562 12.1◦ 40.326 Hot Classical

S′ (f) δS′ (g) Colour δColour λ Range (µm) Source (h)

27.26 0.60 ∼ ∼ 0.440-0.551 FORS2 Spectrum
30.17 1.55 1.02 0.03 0.440-0.551 B−V (1)

24.98 0.56 ∼ ∼ 0.470-0.610 FORS2 Spectrum
20.38 1.38 0.77 0.03 0.470-0.618 g′ − r′ (2)

TABLE 4.5: Table presenting the Orbital elements of 2007 JJ43 and measurements of its
spectral gradient. (a) semimajor axis (au). (b) eccentricity. (c) inclination. (d) perihe-
lion (au). (e) Orbital classification (Lykawka & Mukai 2007a; Peixinho et al. 2015). (f)
Spectral gradient (% per 0.1 µm). (g) Uncertainty on Spectral gradient (% per 0.1 µm).

(h) 1. Sheppard (2010), 2. Benecchi & Sheppard (2013).
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FIGURE 4.8: The FORS2 reflectance spectrum of 2007 JJ43, normalised to unity around
λ = 0.55 µm. Regions of the spectrum contaminated with Solar metallicity residuals

are plotted as dotted lines.

(278361) 2007 JJ43

The reflectance spectrum of 2007 JJ43 is presented in figure 4.8. This spectrum is
typical of the generally red, linear, and featureless reflectance spectra of TNOs
and centaurs. The gradients measured for this spectrum and those derived
from published photometric measurements appear to vary at a low level, sug-
gesting that the surface of 2007 JJ43 may be slightly heterogeneous. Reflectance
spectra of 2007 JJ43 have been previously published by Gourgeot et al. (2015).
They were observed with X-Shooter, covered the full VNIR wavelength range
(0.4 . λ . 2.4 µm), and were found to be featureless within the limits per-
mitted by the noise of the data. The observations reported by Gourgeot et al.
(2015) support the suggestion also made by the gradients presented in table
4.5, that 2007 JJ43 has a fairly homogenous surface.
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Orbit a (a) e (b) i (c) q (d) Class (e)
14.763 0.3107 27.1◦ 10.175 Centaur

S′ (f) δS′ (g) Colour δColour λ Range (µm) Source (h)

25.07 0.51 ∼ ∼ 0.558-0.803 X-Shooter Spectrum
23.67 0.51 ∼ ∼ 0.558-0.803 FORS2 Spectrum (1)
22.70 2.30 1.34 0.07 0.551-0.803 V − I (2)

23.73 0.52 ∼ ∼ 0.658-0.803 X-Shooter Spectrum
19.67 0.52 ∼ ∼ 0.658-0.803 FORS2 Spectrum (1)
18.00 2.13 0.63 0.08 0.658-0.803 R− I (2)

5.50 0.50 ∼ ∼ 1.200-1.700 X-Shooter Spectrum
2.55 1.07 0.40 0.11 1.239-1.650 J − H (2)

TABLE 4.6: Table presenting the Orbital elements of 2008 FC76 and measurements of
its spectral gradient. (a) semimajor axis (au). (b) eccentricity. (c) inclination. (d) peri-
helion (au). (e) Orbital classification (Lykawka & Mukai 2007a; Peixinho et al. 2015). (f)
Spectral gradient (% per 0.1 µm). (g) Uncertainty on Spectral gradient (% per 0.1 µm).

(h) 1. Fornasier et al. (2009), 2. Perna et al. (2010).

(281371) 2008 FC76

The VNIR spectrum of 2008 FC76 is presented in figure 4.9 alongside that of
the same object observed with FORS2 and reported by Fornasier et al. (2009).
Both spectra are entirely featureless, but while the FORS2 spectrum has mea-
sured gradients in the visual range that are broadly consistent with those de-
rived from photometric colours, those measured from the X-Shooter spectrum
appear consistently redder throughout the VNIR range (see table 4.6). The
spectrum of 2008 FC76 appears approximately linear through the full visual
wavelength range (covered by the BVRI filters), so with the knowledge that
the colour bifurcation for TNOs and centaurs splits objects with H & 5.6 into
two colour distributions either side of B− R ∼ 1.6 (or S′ ∼ 24% per 0.1 µm;
Fraser & Brown 2012; Peixinho et al. 2012), it may be determined that 2008 FC76

is probably a member of the red group of centaurs. Unlike the X-Shooter spec-
trum of of 2008 FC76 reported here, the FORS2 reflectance spectrum reported
by Fornasier et al. (2009) begins to level out toward the NIR at λ ∼ 0.8 µm.
This, along with the colour difference observed between the two objects in the
redder part of the spectrum suggests that 2008 FC76 is spectrally variable.

The NIR region of the spectrum was tested for the presence of absorption due
to water ice at λ ∼ 1.55 µm using the method described in section 4.2.2, but
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FIGURE 4.9: The X-Shooter reflectance spectrum of 2008 FC76 (black), and a FORS2
reflectance spectrum of the same object reported by Fornasier et al. (2009) (red), both
normalised to unity around λ = 0.658 µm. Regions of the spectrum contaminated
with Solar metallicity, instrumental, and telluric residuals are plotted as dotted lines.

no absorption was detected in this region; the depth measurement result was
DW = −4.5± 0.5% relative to a linear fit to the NIR continuum. A NIR re-
flectance spectrum of 2008 FC76 reported by Barucci et al. (2011) exhibited
weak water ice absorption features at λ ∼ 1.6 µm and λ ∼ 2.0 µm, whereas
the X-Shooter spectrum presented here does not. These differences in the spec-
tra observed at different epochs at both visual and NIR wavelengths are also
suggestive of some level of surface heterogeneity for 2008 FC76. Barucci et
al. (2011) also reported the presence of a tentative absorption feature close to
λ ∼ 2.3 µm in the NIR spectrum of 2008 FC76 that they attributed to the pres-
ence of methanol ice on its surface. The spectrum presented here does not
extend to these wavelengths, however, and the presence of a methanol ice ab-
sorption feature cannot be confirmed with this dataset.
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Orbit a (a) e (b) i (c) q (d) Class (e)
41.613 0.1484 17.7◦ 35.437 18:11 Resonant

S′ (f) δS′ (g) Colour δColour λ Range (µm) Source (h)

3.37 0.51 ∼ ∼ 0.450-0.551 (i) FORS2 Spectrum
3.07 1.01 0.69 0.03 0.440-0.551 B−V (1)

TABLE 4.7: Table presenting the Orbital elements of 2002 MS4 and measurements of its
spectral gradient. (a) semimajor axis (au). (b) eccentricity. (c) inclination. (d) perihe-
lion (au). (e) Orbital classification (Lykawka & Mukai 2007a; Peixinho et al. 2015). (f)
Spectral gradient (% per 0.1 µm). (g) Uncertainty on Spectral gradient (% per 0.1 µm).
(h) 1. Tegler et al. (2016). (i) Due to the very strong metallicity residuals in this spec-

trum at λ < 0.45 µm, the measured wavelength range was shortened slightly.
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FIGURE 4.10: The FORS2 reflectance spectrum of 2002 MS4, normalised to unity
around λ = 0.55 µm. Regions of the spectrum contaminated with Solar metallicity

residuals are plotted as dotted lines.

(307261) 2002 MS4

The featureless and neutrally coloured visual reflectance spectrum of 2002 MS4

is presented in figure 4.10. This reflectance spectrum appears to be the only one
yet obtained for this object. Unfortunately, at wavelengths below 0.45 µm the
spectrum is contaminated with strong residuals caused by the difference in
metallicity between the Sun and the Solar calibrator star used to calibrate the
spectrum. Nevertheless the gradient measured across the usable region of the
spectrum is consistent with that derived from published photometric colours
(see table 4.7; Tegler et al. 2016).
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Orbit a (a) e (b) i (c) q (d) Class (e)
46.058 0.4886 44.9◦ 23.554 SDO

S′ (f) δS′ (g) Colour δColour λ Range (µm) Source (h)

18.64 0.51 ∼ ∼ 0.440-0.610 FORS2 Spectrum
16.34 1.19 1.4 0.03 0.440-0.658 B− R (i) (1)

TABLE 4.8: Table presenting the Orbital elements of 2007 JK43 and measurements of its
spectral gradient. (a) semimajor axis (au). (b) eccentricity. (c) inclination. (d) perihe-
lion (au). (e) Orbital classification (Lykawka & Mukai 2007a; Peixinho et al. 2015). (f)
Spectral gradient (% per 0.1 µm). (g) Uncertainty on Spectral gradient (% per 0.1 µm).
(h) 1. Peixinho et al. (2012). (i) This appears to be the only colour index available in

the literature for this object.
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FIGURE 4.11: The FORS2 reflectance spectrum of 2007 JK43, normalised to unity
around λ = 0.55 µm. Regions of the spectrum contaminated with Solar metallicity

residuals are plotted as dotted lines.

(470309) 2007 JK43

The linear, featureless, and red visual reflectance spectrum of 2007 JK43 is pre-
sented in figure 4.11. This reflectance spectrum appears to be the only one yet
obtained for this object, and its gradient is roughly consistent with that derived
from its only published colour index (see table 4.8; Peixinho et al. 2012), with
the difference between the measured gradients likely resulting from the small
difference between the wavelength ranges covered by each measurement.
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Orbit a (a) e (b) i (c) q (d) Class (e)
70.558 0.5390 29.5◦ 32.524 7:2 Resonant

S′ (f) δS′ (g) Colour δColour λ Range (µm) Source (h)

15.55 0.52 ∼ ∼ 0.618-0.749 X-Shooter Spectrum
15.42 1.15 0.33 0.02 0.618-0.749 r′ − i′ (1)

1.20 0.50 ∼ ∼ 1.200-1.700 X-Shooter Spectrum

TABLE 4.9: Table presenting the Orbital elements of Dziewanna and measurements
of its spectral gradient. (a) semimajor axis (au). (b) eccentricity. (c) inclination.
(d) perihelion (au). (e) Orbital classification determined by M.W. Buie as described
on this archived web page https://web.archive.org/web/20110622042638/http://
www.boulder.swri.edu/~buie/kbo/astrom/10EK139.html, using a method described
by Elliot et al. (2005). (f) Spectral gradient (% per 0.1 µm). (g) Uncertainty on Spectral

gradient (% per 0.1 µm). (h) 1. Benecchi & Sheppard (2013).

(471143) Dziewanna
The VNIR reflectance spectrum of Dziewanna observed with X-Shooter is pre-
sented in figure 4.12. So far, this appears to be the only reflectance spectrum
observed for Dziewanna. Its visual spectral gradient is consistent with that
derived from photometric measurements published by Benecchi & Sheppard
(2013, see table 4.9). The NIR wavelength range of the X-Shooter spectrum
was tested for the presence of an absorption feature at λ ∼ 1.55 µm using
the method described in section 4.2.2; this resulted in a depth measurement
of DW = 1.25 ± 0.1%, which suggests that if a water ice absorption feature
is present in the reflectance spectrum of Dziewanna presented here, it is very
weak. Given the low S/N of the data in the NIR spectrum, and the inconsis-
tency of its shape at λ ∼ 1.55 µm with the presence of a water ice absorption
feature, the depth measurement alone cannot be taken as a conclusive detec-
tion of water ice on Dziewanna.

https://web.archive.org/web/20110622042638/http://www.boulder.swri.edu/~buie/kbo/astrom/10EK139.html
https://web.archive.org/web/20110622042638/http://www.boulder.swri.edu/~buie/kbo/astrom/10EK139.html
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FIGURE 4.12: The X-Shooter reflectance spectrum of Dziewanna, normalised to unity
around λ = 0.658 µm. Regions of the spectrum contaminated with Solar metallicity,

instrumental, and telluric residuals are plotted as dotted lines.
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Orbit a (a) e (b) i (c) q (d) Class (e)
44.636 0.0980 3.4◦ 40.262 Cold Classical

S′ (f) δS′ (g) Colour δColour λ Range (µm) Source (h)

34.41 1.02 ∼ ∼ 0.440-0.551 FORS2 Spectrum
33.38 4.46 1.06 0.10 0.440-0.551 B−V (1)

TABLE 4.10: Table presenting the Orbital elements of 2000 CN105 and measurements of
its spectral gradient. (a) semimajor axis (au). (b) eccentricity. (c) inclination. (d) peri-
helion (au). (e) Orbital classification (Lykawka & Mukai 2007a; Peixinho et al. 2015). (f)
Spectral gradient (% per 0.1 µm). (g) Uncertainty on Spectral gradient (% per 0.1 µm).

(h) 1. Santos-Sanz et al. (2009).
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FIGURE 4.13: The FORS2 reflectance spectrum of 2000 CN105, normalised to unity
around λ = 0.55 µm. Regions of the spectrum contaminated with Solar metallicity

residuals are plotted as dotted lines.

(523588) 2000 CN105

The reflectance spectrum of 2000 CN105 is presented in figure 4.13. This is the
only reflectance spectrum so far obtained for this object. The S/N of the spec-
trum is low due to the faintness of 2000 CN105 when it was observed, but is
clearly very red and approximately linear. The spectrum also appears gen-
erally featureless, although the presence of subtle absorption features cannot
be completely ruled out until a higher S/N reflectance spectrum is observed.
The gradient measured from the spectrum is consistent with that derived from
published B−V colours (see table 4.10).



Chapter 5

The Near-UV Absorption Edge in
the Spectrum of 2012 DR30

“A surprise, to be sure, but a welcome one.”

Sen. S. Palpatine
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Orbit a (a) e (b) i (c) q (d) Class (e)
1598.8 0.9909 78◦ 14.6 Centaur/SDO

S′ (f) δS′ (g) Colour δColour λ Range (µm) Source (h)

19.00 0.59 ∼ ∼ 0.450-0.540 X-Shooter Spectrum
18.76 0.51 ∼ ∼ 0.450-0.540 FORS2 Spectrum

19.68 0.51 ∼ ∼ 0.440-0.551 FORS2 Spectrum
-0.5 1.00 0.647 0.038 0.440-0.551 B−V (1)

16.26 0.50 ∼ ∼ 0.470-0.610 FORS2 Spectrum
6.84 1.61 0.55 0.14 0.470-0.618 g′ − r′ (2000-04-05; 2)
3.11 1.08 0.49 0.10 0.470-0.618 g′ − r′ (2013-04-13; 2)

11.18 ∼ 0.62 ∼ 0.470-0.618 g′ − r′ (Goodman HT; 2)*

10.32 0.51 ∼ ∼ 0.558-0.803 X-Shooter Spectrum
10.32 1.21 0.985 0.05 0.551-0.803 V − I (1)

9.05 0.51 ∼ ∼ 0.658-0.803 X-Shooter Spectrum
4.89 1.03 0.422 0.036 0.658-0.803 R− I (1)

8.85 0.51 ∼ ∼ 0.618-0.749 X-Shooter Spectrum
18.19 2.83 0.37 0.11 0.618-0.749 r′ − i′ (2000-04-05; 2)
20.96 3.47 0.41 0.12 0.618-0.749 r′ − i′ (2013-03-23; 2)
36.54 1.99 0.64 0.03 0.618-0.749 r′ − i′ (2013-04-13; 2)
9.83 ∼ 0.25 ∼ 0.618-0.749 r′ − i′ (Goodman HT; 2)*

2.40 0.50 ∼ ∼ 1.200-1.700 X-Shooter Spectrum

TABLE 5.1: Table presenting the Orbital elements of 2012 DR30 and measurements
of its spectral gradient. (a) semimajor axis (au). (b) eccentricity. (c) inclination. (d)
perihelion (au). (e) Orbital classification (Szabó et al. 2018). (f) Spectral gradient
(% per 0.1 µm). (g) Uncertainty on Spectral gradient (% per 0.1 µm). (h) 1. Kiss
et al. (2013), 2. Szabó et al. (2018). *Starred gradient measurements were derived
from colours reported by Szabó et al. (2018) that were themselves derived from the re-
flectance spectrum they observed with the Goodman HT spectrograph on the SOAR
telescope; no uncertainties were provided with the colour measurements reported.

2012 DR30 was observed, reduced, and analysed identically to the spectra pre-
sented in chapter 4. This TNO however, was unique among this sample due to
the curvature observed in its spectrum at λ < 0.6 µm.

5.1 Results for the Spectrum of 2012 DR30

The reflectance properties of 2012 DR30 have been reported on prior occa-
sions in the form of BVRIZ photometry (Kiss et al. 2013), and g′r′i′ photom-
etry alongside VNIR spectroscopic measurements (Szabó et al. 2018). In ag-
gregate these colour measurements suggested a strong variation in the visual
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colours of 2012 DR30 between observational epochs, particularly those deter-
mined from observations made in the r and R bands (see table 5.1). Szabó et al.
(2018) considered multiple causes for this variation, and ruled out variation of
colour with Solar phase angle due to the low levels of wavelength dependent
phase darkening observed for TNOs over the range of phase angles at which
2012 DR30 had been observed 2.4◦ . α . 3.9◦. Cometary activity was also
ruled out as no such activity had been directly observed for 2012 DR30. Var-
iegation of the surface was also considered, but this was difficult to reconcile
with the low amplitude lightcurve reported for 2012 DR30 by Kiss et al. (2013),
as compositional variance would likely also result in roatational variations of
the object’s albedo. Ultimately Szabó et al. (2018) were unable to conclusively
explain why the colour of 2012 DR30 appeared to vary so much, and recom-
mended that further observations be made to shed light on the matter.

The VNIR reflectance spectrum reported by Szabó et al. (2018, also see fig-
ure 5.1) is a composite formed from two separate observations performed in
early 2013. A visual spectrum covering 0.41-0.80 µm was observed with the
Goodman HT spectrograph mounted on the 4.1 m SOuthern Astrophysical Re-
search (SOAR) telescope, and a NIR spectrum covering 0.80-2.43 µm was ob-
served with the Folded-port InfraRed Echellette (FIRE) spectrograph mounted
on the 6.5 m Magellan Baade telescope. As admitted by Szabó et al. (2018),
the visual and NIR spectra they report were likely to be observing separate
faces of 2012 DR30 because they were observed at different times; despite this,
however, the spectra were concatenated and treated as a single dataset. The
spectrum was featureless, red, and approximately linear at λ < 1.7 µm, and
the spectrum’s gradient was measured to be 14.5 ± 1 % per 0.1 µm in the
wavelength range 0.4 − 1.7 µm. The featureless nature of the spectrum at
λ ∼ 0.9 µm ruled out the presence of an absorption feature there that had
been previously suggested to exist by Z-band photometry reported by Kiss et
al. (2013). At∼ 2.0 µm a clear absorption feature was observed in the spectrum
that was attributed to water ice; above the level of the noise, however, a water
ice absorption feature was not detected at λ ∼ 1.55 µm.

The reflectance spectra of 2012 DR30 observed with X-Shooter and FORS2 for
this work are presented in figures 4.1 and 4.2 (spectra B and D respectively);
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FIGURE 5.1: This figure presents all the currently known reflectance spectra observed
for 2012 DR30, and includes the FORS2 and X-Shooter spectra observed as part of the
work presented in this thesis alongside the VNIR spectrum published by Szabó et al.
(2018). As discussed in the text, the visual and NIR reflectance spectra reported by
Szabó et al. (2018) were observed at different epochs and are unlikely to be observa-
tions of the same face of 2012 DR30; these spectra were, however, aligned to each other
via methods described in the associated article and concatenated to comprise a single
dataset. For these reasons the spectrum is presented as it was by Szabó et al. (2018); in
this case, however, the different observations are identifiable by their different colours.
All the spectra in this plot have been normalised to unity around λ = 0.6 µm, and the
spectrum reported by Szabó et al. (2018) has been offset by +0.5 for clarity. Regions of
the X-Shooter spectrum contaminated with Solar metallicity, instrumental, and telluric

residuals are plotted as dotted lines.
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the spectra are also compared to each other and that published by Szabó et
al. (2018) in figures 5.1 and 5.2. The gradients measured from the X-Shooter
and FORS2 spectra are, in most cases, inconsistent with those derived from
the photometry published by Kiss et al. (2013) and Szabó et al. (2018). The
following measurements, however, are consistent. 1: The VRI photometry
reported by Kiss et al. (2013) appears in general to be consistent with the gra-
dients measured from the VIS X-Shooter spectrum. Within the uncertainties
the gradient determined from their V − I colour index is identical to that mea-
sured from the X-Shooter spectrum across the same wavelength range (see ta-
ble 5.1). 2: The visual reflectance spectrum of 2012 DR30 reported by Szabó
et al. (2018) is qualitatively consistent with the X-Shooter spectrum presented
here at 0.6 < λ < 0.8 µm. Unfortunately, the r′ − i′ colour they reported
to be derived from the visual spectrum had no associated uncertainty, pre-
cluding a consistent quantitative comparison between the gradients of their
spectrum and that presented here. The spectroscopic data published by Szabó
et al. (2018) alongside their article was also published without uncertainties
on the reflectance. For this reason, a direct and consistent comparison of the
spectrum’s gradient to that measured from the X-Shooter spectrum was not
possible. In accordance with the findings of Szabó et al. (2018), the putative
feature reported at 0.9 µm in photometry published by Kiss et al. (2013) is not
observed in the X-Shooter spectrum.

The NIR X-Shooter spectrum of 2012 DR30 appears to be very different from
that reported by Szabó et al. (2018), in that it is much more neutral in colour
(see table 5.1). Unfortunately the X-Shooter reflectance spectrum presented
here does not cover the ∼ 2.0 µm region, so the presence of the water ice fea-
ture reported there by Szabó et al. (2018) cannot be confirmed. A search for
water ice absorption was conducted at ∼ 1.55 µm using the method described
in section 4.2.2. This test yielded a measured feature depth of 4.0± 0.2%, and
the shape of the spectrum in this wavelength region appears consistent with
the presence of a water ice absorption feature, even though the spectrum has
fairly low S/N. Hence, both NIR spectra appear to test positively for the pres-
ence of at least one absorption feature due to the presence of water ice on the
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FIGURE 5.2: This plot presents the visual spectra shown in figure 5.1 overlaid for the
purpose of comparison. All the spectra are normalised to unity around 0.6 µm. A
linear least-squares fit has been performed on the X-Shooter spectrum in the range
0.6− 0.9 µm, and this linear profile is extrapolated across the full visual range to rep-
resent the behaviour of the spectrum if it was linear and had constant gradient. Rel-
ative to the linear profile, the drop in the reflectance of 2012 DR30 toward near-UV
wavelengths is clearly visible, and is also apparent to a lesser degree in the spectrum

published by Szabó et al. (2018).

surface of 2012 DR30. This is depsite the fact that each spectrum is very differ-
ent in colour, which suggests that the surface of 2012 DR30 may be heteroge-
nous. Careful future NIR spectroscopic observations of 2012 DR30 should be
able to determine whether this is the case, or whether one of the spectra gath-
ered for this object so far is erroneous.

While the visual X-Shooter reflectance spectrum of 2012 DR30 appears linear
in the range 0.6 − 0.9 µm, the spectrum smoothly drops away from linear-
ity at λ < 0.6 µm. This spectral behaviour at short visual wavelengths is
corroborated by the same behaviour exhibited by the FORS2 spectrum (see
figure 5.2), with gradients measured in the range 0.45 − 0.54 µm from the



124

FORS2 and X-Shooter spectra being completely consistent within the uncer-
tainties. Suble curvature in the continuum of a reflectance spectrum, espe-
cially at blue wavelengths, must be assessed carefully, as the observed gradi-
ent of a minor planet’s reflectance spectrum is sensitive to differences in terres-
trial cloud cover between the minor planet and its associated Solar calibrator
star. If the wavelength dependent attenuation of each spectrum is the same
then the amount of light observed at a given wavelength will still be propor-
tional to that incident from the Solar calibrator and the minor planet at the top
of Earth’s atmosphere, and the reflectance spectrum will be accurate. Differ-
ence in the amount of attenuation experienced by the two spectra, however,
will spoil this proportionality, and will cause the reflectance spectrum to ap-
pear redder or bluer depending on which source was observed through thicker
cloud. According to the night logs recorded by ESO, the X-Shooter spectrum of
2012 DR30 and its Solar calibrator were observed under photometric conditions
(i.e. the skies were cloudless and atmospheric transparency variation was be-
low 2%), meaning that the colour of this reflectance spectrum is very likely to
be representative of the instrinsic colour of 2012 DR30. For the FORS2 spectrum
the Solar calibrator star observation and the latter half of the 2012 DR30 obser-
vations were also conducted in photometric conditions, but the first half of the
2012 DR30 observation was performed in clear conditions (i.e. sky is 90% cloud
free above elevations of 30◦, and atmospheric transparency varies by <10%).
As all the observations were performed at elevations above 45◦, the chance
that both 2012 DR30 and the Solar calibrator were observed through similar
cloud cover is at least 82% (where it is conservatively assumed that the full
2012 DR30 observation was performed in clear conditions), so the FORS2 spec-
trum is also likely to be representative of the intrinsic reflectance of 2012 DR30.
The fact that the X-Shooter spectrum and FORS2 spectrum match so well is also
encouraging in this regard. It is also worth noting that these two reflectance
spectra were observed with different instruments at different epochs, and are
calibrated with different Solar calibrator stars (one of which, HD 97356, is a
known Solar analog; Datson et al. 2012).

Figure 5.2 presents the visual FORS2 and X-Shooter spectra of 2012 DR30, with
the X-Shooter spectrum fitted with a straight line in the region 0.6− 0.9 µm via
a linear least-squares fit. Extending this linear fit to near-UV/blue wavelengths
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reveals that the reflectance of 2012 DR30 at λ < 0.4 µm is almost 25% lower
than it would be if the spectrum was linear throughout the range of wave-
lengths covered. As noted above, the gradient of the visual reflectance spec-
trum of 2012 DR30 reported by Szabó et al. (2018, and also presented in figure
5.2) appears, qualitatively at least, to be consistent with that of the X-Shooter
spectrum and the fitted line in the range 0.6− 0.9 µm. Interestingly, this spec-
trum also exhibits a minor drop away from linearity in the same region as
that observed in the X-Shooter and FORS2 spectra. If not the result of dif-
fering colour between the Solar analog stars used to calibrate each spectrum,
the smaller drop observed towards near-UV wavelengths in the spectrum re-
ported by Szabó et al. (2018) may be the result of variegration of the surface of
2012 DR30, as also implied by the variation observed in the NIR spectoscopic
and visual photometric measurements reported by Kiss et al. (2013) and Szabó
et al. (2018). Confirming this hypothesis, however, will require rotationally
resolved spectroscopic observations of 2012 DR30.

5.2 The Near-UV Absorption Edge

The presence of a drop in reflectance at the blue end of a TNO or centaur spec-
trum is uncommon in the literature; of the TNOs not suspected to originate in
the inner Solar System (see chapter 6) that also have a spectrum covering simi-
lar wavelengths to that of the FORS2 spectra presented here, only the spectrum
of the centaur (32532) Thereus has hinted at having a similar (but so far uncon-
firmed) drop in reflectance toward near-UV wavelengths (Barucci et al. 2002).

Identification the compositional source of the drop may be attempted by pro-
cess of elimination. Immediately it is possible to discount water ice, even
though its NIR absorption features have been detected (see figure 5.1; Szabó
et al. 2018), because water ice does not exhibit strong absorption features in
the wavelength region covered by the FORS2 spectrum of 2012 DR30 (e.g. see
Cruikshank et al. 1998). Frozen volatiles such as methane ice or methanol ice
may also be discounted as neither have been observed in the reflectance spec-
tra of 2012 DR30 reported to date (Szabó et al. 2018). Like water ice, neither of
these materials are strongly absorbing at near-UV/blue wavelengths (e.g. see
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Cruikshank et al. 1998; Schmitt et al. 1998).

The reflectance spectra of silicates (e.g. olivine) and silicate bearing aster-
oids are observed to exhibit a near-UV absorption edge (Sunshine & Pieters
1998; DeMeo et al. 2009), but also tend to exhibit a strong absorption feature at
λ ∼ 1.0 µm (see figure 5.3). While the existence of such a feature in the spec-
trum of 2012 DR30 was hinted to by Z-band photometry reported by Kiss et
al. (2013), subsequent observations of the ∼ 1.0 µm region (Szabó et al. 2018),
including that reported here have exhibited no such feature. Due to the ab-
sence of the ∼ 1.0 µm feature attributable to silicates, these materials may also
be ruled out as a candidate to produce the near-UV/blue drop in the spec-
trum of 2012 DR30. Similar arguments may be made about ferric oxides such
as hematite, which absorb strongly toward near-UV wavelengths and have
been reported to explain the presence of a near-UV absorption edge in the
reflectance spectrum of Saturn’s moon, Iapetus (Clark et al. 2012). Like sili-
cates, however, ferric oxides are known to possess absorption features across
the visual range (e.g. see Cloutis et al. 2011), the absence of which in the vi-
sual spectrum of 2012 DR30 seems to suggest that ferric oxides are unlikely to
be present in quantities that are significant enough to affect the observed re-
flectance spectrum.

A strong contender to be the cause of the absorption edge observed in the
spectrum of 2012 DR30 is a carbonaceous material. As discussed in chapter
1, the red colour of most minor planets in the outer Solar System is likely to
be caused by the presence of complex hydrocarbon molecules on their sur-
faces that have been produced via the irradiation of simple hydrocarbon ices
and water by high energy particles from the Solar wind and comsic rays. The
residues produced by lab experiments which irradiate simple hydrocabon ices
in this way have shown that an absorption edge can be produced that advances
to longer wavelengths as irradiation and dehydrogenation of the hydrocarbon
molecules progresses (e.g. Khare et al. 1989a; Roush & Dalton 2004; Brunetto
et al. 2006). Many complex carbonaceous materials observed in the lab have
been reported to exhibit near-UV absorption edges in their reflectance spectra.
In particular, such absorption edges are more pronounced in materials rich in
hydrocarbons comprised of aromatic rings (i.e. carbon atoms bonded to each
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Figure 1. A suite of olivine reflectance spectra spanning the 
complete range of compositions across the forsterite-fayalite 
solid-solution series. (a) Spectra acquired for this studying 
using the RELAB-BDS spectrometer. (b) Diffuse reflectance 
spectra of Green Sand Beach and olivines separated from the 
Kiglipait mafic intrusion measured with U.S. Geological 
Survey (USGS) Beckman spectrometer, courtesy of King and 
Ridley [1987]. For display purposes, all spectra are scaled to 
1.0 at 1.9 gm and are offset 10% from one another. The 
spectra in each plot are ordered from bottom to top, with 
decreasing iron content (increasing Fo number). 
Compositional analyses for each of the olivine samples used 
in this suite are presented in Table 1. 

the forsterite-fayalite solid-solution series. Such an analysis 
has been performed successfully by Bums for transmission 
spectra of oriented crystals [Burns, 1970b; Burns et al., 1972; 
Burns, 1993]. These MGM analyses reveal several 
interrelationships among the primary olivine absorption 
bands in reflectance spectra, confirming and extending Burns' 
observations of absorptions in transmission spectra of 
oriented olivine crystals. Several compositional trends among 
the band parameters that describe the three primary olivine 
absorptions are quantified with the MGM. Using the 
mathematics of inverse theory, the results from these 
laboratory analyses of olivine spectra are then explicitly 
included in MGM modeling of remotely acquired spectra. As an 
example of the utility of this inverse theory approach, the 
MGM is used to model the telescopic spectrum of the asteroid 
246 Asporina [Chapman and Gaffey, 1979; Cruikshank and 
Hartmann, 1984] and to estimate the composition of olivine 
present on its surface. 

2. Deconvolution of the 1.0-[tm Olivine 
Absorption Feature 

The composite 1.0-gm absorption feature in olivine spectra 
can be explicitly separated into its constituent absorption 
bands using the modified Gaussian model (MGM) of Sunshine 
et al. [1990], the first accurate mathematical description of the 
shape of individual crystal field absorptions. The MGM was 
developed and validated with empirical studies of isolated 
crystal field absorption bands in both transmission and 
reflectance spectra of orthopyroxenes [Sunshine et al., 1990]. 
The MGM can readily be understood in terms of the physical 
processes involved in crystal field absorptions and has proven 
to be a robust approach to deconvolving overlapping 
absorptions in spectra of pyroxene mixtures [Sunshine and 
Pieters, 1993]. The MGM has been used to successfully infer 
the composition of pyroxenes from reflectance spectra of 
basaltic lithologies in both meteorites [Sunshine et al., 1993] 
and on the surface of Mars [Mustard and Sunshine, 1995; 
Mustard et al., 1997]. 

Given its strong foundations and demonstrated successes, 
the MGM is a significant improvement over the Gaussian 
approach used by previous investigators [Burns, 1970a; 
Singer, 1981; Roush and Singer, 1986]. The 1.0-gm olivine 
absorption feature includes substantial overlap among 
absorption bands. This overlap provides sufficient degrees of 
freedom in modeling that either modified Gaussian 
distributions or Gaussian distributions can be used to produce 
models that are mathematically satisfactory. Yet, as can be 
seen by comparing Figures 2a and 2b, the two models result in 
significantly different relationships among the strengths of 
the apparent absorption bands. Results from a Gaussian model 
would suggest that the strongest absorption is the middle 
band, center near 1.0-gm. In contrast, MGM modeling shows 
that the long-wavelength absorption, centered near 1.3 gm, is 
in fact the strongest. This discrepancy illustrates the 
importance of using a physically meaningful representation of 
individual absorption bands, such as the MGM, in quantitative 
modeling. Similarly visual inspections of the 1.0-gm olivine 
feature, which generally focus on the overall band minimum, 
leave an erroneous impression that the central band is the most 
dominant. Here again, interpretations of spectra using the 
human eye can be misleading and less accurate than modeling 
with the physically based MGM, which mathematically 
accounts for the shape of the entire absorption band. As will 
be shown in section 4.3 below, an accurate measurement of the 
relative strengths of the three olivine absorptions is critical to 
determining chemical composition of olivine from spectra. 

As described in detail by Sunshine et al. [1990] and 
Sunshine and Pieters [1993], the MGM is used to deconvolve a 
spectrum into a series of absorption bands superimposed onto 
a baseline or continuum. Under the MGM, absorption bands 
are described by the three model parameters associated with 
each modified Gaussian distribution: a band center, a band 
width, and a band strength. For the analysis of laboratory 
spectra of olivines, continua are modeled as flat lines (i.e., 
lines with no slopes) as shown in Figure 2a and are described 
by one additional model parameter, the offset of the line. In 
the absence of any physical model for continua, flat lines in 
energy are chosen for simplicity. Although MGM modeling is 
carded out in natural log reflectance and energy, for 
convenience, all figures are displayed as a function of 
wavelength. As in previous studies [e.g., Sunshine and 

FIGURE 5.3: This figure presents a sample suite of reflectance spectra observed for a
variety of olivine samples in the laboratory. After Sunshine & Pieters (1998).

other in a planar hexagonal configuration), such as Polycyclic Aromatic Hy-
drocarbons (PAHs) or anthracite coal (Cloutis et al. 2011; Izawa et al. 2014;
Hendrix et al. 2016; Applin et al. 2018). Aromatic hydrocarbons absorb light
strongly at near-UV wavelengths due to the excitation of delocalised π-bonded
electrons from the valence band to the conduction band. In larger networks of
aromatic rings the energy gap between the valence and conduction bands de-
creases, and as a result the absorption edge for larger aromatic hydrocarbons
is observed at longer wavelengths (see figure 5.4 Papoular et al. 1996; Izawa
et al. 2014).

Aromatic hydrocarbons are ubiquitous in the Solar system and beyond, hav-
ing been observed in meteorites (e.g. Cloutis et al. 2011, and references therein)
and interplanetary dust particles (e.g. Clemett et al. 1993), on the surfaces of
the Saturnian satellites Iapetus, Phoebe, and Hyperion (Cruikshank et al. 2007;
Cruikshank et al. 2008), and in the interstellar medium (ISM; e.g. Tielens 2008).
IR observations reported by Brown (2016) also suggest, but do not confirm, the
presence of PAHs on the surfaces of the Jupiter Trojan asteroids. Hence, it ap-
pears reasonable that aromatic hydrocarbons may be the cause of the near-UV
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fluorescence features that are difficult to unambiguously identify
due to their low magnitude (Figs. 6 and 7E, F). There is a general
trend of increasing wavelength of the fluorescence features with
increasing number of aromatic rings, and 5-ring and larger PAHs

do not appear to show unambiguous fluorescence features in the
wavelength range studied here. The presence of side groups
suppresses fluorescence in almost all instances, even in the case
of phenyl side groups, with 9-cyanophenanthrene being the only

Fig. 7. Changes in position and nature of absorption edges and fluorescence features with changes in PAH structure and composition. (A) There is a general trend of increasing
absorption edge wavelength with increasing PAH size, which is most clearly illustrated for the straight-chain compounds naphthalene, anthracene, 2,3-benzanthracene,
benzo[a]pyrene and pentacene. (B) Spectra of larger linear (pentacene) and compact (coronene) PAHs show the competing influences of additional aromatic rings (which
tends to increase the absorption edge wavelength), compactedness (which tends to decrease absorption edge wavelength), extent of embayment and existence of non-
aromatic moieties (which lead to complex absorption edges and may contribute to increasing the spectral range over which the absorption edge occurs, leading to a ‘red
sloped’ appearance, for example as in perylene, where the central ring is non-aromatic). (C) PAHs with four aromatic rings illustrate the variability due to PAH structure, with
a general trend of increasing absorption edge wavelength for less-compact structures (c.f. 2,3-benzanthracene and pyrene). The highly embayed structures of chrysene and
1,2-benzanthracene display more complex absorption edge structures compared to straight-chain 2,3-benzanthracene or compact pyrene or triphenylene. (D) Effect of side-
group substituents on the absorption edge of anthracene, with a general correlation between the position of the absorption edge and the perturbative effect of the substituent
groups, where methyl and phenyl groups are weakly perturbing and amine groups strongly perturbing. (E) Variations in fluorescence feature intensity and position with PAH
composition and structure. The wavelength of the fluorescence features generally increases with larger PAHs. More compact PAHs (c.f. structure of chrysene and (1,2)-
benzanthracene, or anthracene and phenanthrene) tend to have shorter wavelength fluorescence features. (F) Variation in fluorescence behaviour with PAH sample purity.
Higher-purity PAH samples generally display greater magnitude of the fluorescence features. This may be due to quenching via de-excitation through interaction with
impurity molecules. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

M.R.M. Izawa et al. / Icarus 237 (2014) 159–181 171

FIGURE 5.4: This figure presents a set of reflectance spectra observed for a variety
of PAH samples in the laboratory. Note how heavier PAHs, with a larger number of
aromatic rings, tend to exhibit a near-UV absorption edge at longer wavelengths. For
reference, each PAH in this list has one more aromatic ring in its structure than the
last, starting at Napthalene which has two: Napthalene (C10H8), Anthracene (C14H10),
2,3-Benzanthrace (C14H10), pentacene (C22H14), and Benzo[a]pyrene (C20H12). After

Izawa et al. (2014).
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absorption edge observed in the reflectance spectrum of 2012 DR30.

In addition to the near-UV absorption edge present in the reflectance spectra
of aromatic hydrocarbons, NIR absorption features have also been reported
to be observable when the same materials are observed in the lab (e.g. Izawa
et al. 2014). No absorption features have been observed, however, in any NIR
reflectance spectrum of 2012 DR30 other than those attributable to water ice. In
past cases where aromatic hydrocarbons have been observed remotely (either
from spacecraft or from Earth), they have been identified by the presence of
an absorption feature in the target reflectance spectrum at λ ∼ 3.28 µm that
is caused by the fundamental C-H stretching mode in PAHs (e.g. Cruikshank
et al. 2008). The higher harmonics of this mode which appear at ∼ 1.687 µm,
∼ 1.145 µm, and ∼ 0.880 µm (see figure 5.5 and Izawa et al. 2014), were not
observed in those cases either. Hence, it is not reasonable to discount the pres-
ence of aromatic hydrocarbons as the cause of the near-UV absorption edge in
the spectrum of 2012 DR30 purely on the basis that C-H stretching mode ab-
sorption features were not observed. If multiple varieties of aromatic hydro-
carbon are present on the surface of 2012 DR30, which is much more likely than
the presence of a uniform chemical species, the relatively weak C-H stretching
mode absorption features covered within the wavelength range observed in
the X-Shooter spectrum (0.4 − 1.74 µm) could easily be washed out, as they
are typically only identifiable in the reflectance spectra of material samples
that are pure (e.g. Izawa et al. 2014). The relatively strong near-UV absorption
edge, however, is likely to still be visible if different species of hydrocarbons
are mixed.

If the near-UV absorption edge is the result of aromatic hydrocarbons present
on 2012 DR30, the wavelength at which the absorption edge begins (λ ∼ 0.6 µm)
appears to suggest that the molecules contain multiple aromatic rings; as dis-
cussed above, larger aromatic molecules absorb more strongly at visual wave-
lengths. The presence of large aromatic molecules, with a larger C/H ratio,
may also account for the lack of observable NIR C-H stretching mode absorp-
tion features and the overall low albedo of 2012 DR30 (pV ∼ 8%; Kiss et al.
2013).
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Fig. 9. Effects of aliphatic and aromatic side-groups on PAH spectra. (A) Spectra of 1-methylanthracene, 9-methylanthracene, and (9,10)-dimethylanthracene may be
compared with that of the parent compound anthracene; similarly, the spectrum of 7-methylbenzo[a]pyrene may be compared to that of the parent compound
benzo[a]pyrene. Regions within boxes labelled B, C, and D are expanded in the corresponding figure panels. (B and C) Detail of the first (B) and second (C) CAH stretching
overtone regions showing the additional peaks on the long-wavelength side of the aromatic CAH stretching overtone features due to CH stretching modes in the methyl side
groups. (D) Detail of the second combination region. Aliphatic side-groups lead to asymmetry in the envelope of features in this region. Regions within boxes labelled F, G, and
H are expanded in the corresponding figure panels. (E) Spectra of 9-phenylanthracene and (9,10)-diphenylanthracene may be compared with that of anthracene, the parent
compound. Apart from suppression of fluorescence, there are few changes in the spectra with the addition of phenyl side-groups. (F–H) Details of the first (G), second (F) and
third (H), CAH stretching overtone regions showing slight shifts to shorter wavelengths with increasing phenylation.

M.R.M. Izawa et al. / Icarus 237 (2014) 159–181 173

FIGURE 5.5: This figure presents a set of reflectance spectra observed for a three PAH
samples in the laboratory. The boxes are drawn around the second, third, and fourth
harmonic (toward shorter wavelengths) aromatic C-H stretch absorption bands. After

Izawa et al. (2014).

The simultaneous presence of a near-UV absorption edge resulting from aro-
matic hydrocarbons and that of water ice absorption features in the spectrum
of 2012 DR30 is difficult to explain, however, as laboratory experiments re-
ported by Gudipati & Yang (2012) show that PAH molecules chemically react
with water ice on extremely short timescales when the two materials are in
physical contact and irradiated with UV light. They also report that this can
happen at extremely low temperatures (T ∼ 5 K). The PAHs were observed
to chemically bond with the water molecules, become hydrogenated, and pro-
duce aliphatic functional groups and new molecules. This process denatures
the original PAH such that it would not be identifiable as such by its reflectance
spectrum. It was predicted by Gudipati & Yang (2012), that the lifetime of a
PAH in contact with water ice and irradiated by UV light in the ISM would be
several orders of magnitude lower than 107 years. In the outer Solar system
this timescale was predicted to be even shorter due to the higher intensity of
UV radiation emitted by the Sun. Gudipati & Yang (2012) hypothesised that
this chemical process could account for the lack of observed absorption fea-
tures attributable to PAHs in the reflectance spectra of TNOs. This possibly
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indicates that the near-UV absorption edge present in the reflectance spectrum
of 2012 DR30 is not produced by aromatic hydrocarbons at all, but if it is, the
molecules require either a mechanism to preserve them, or replenish them as
they are destroyed.

The unusual orbit of 2012 DR30 is highly eccentric (e = 0.9909), with an aphe-
lion at ∼ 3200 au, and an orientation roughly towards an ecliptic longitude of
∼ 345◦1; such an orbit takes 2012 DR30 in a direction roughly opposite to that
of the heliotail (McComas et al. 2013), and causes it to spend the vast majority
of its time way beyond the heliosphere, instead traversing the local ISM (Kiss
et al. 2013). Therefore, a simple explanation for the presence of large aromatic
hydrocarbon molecules on the surface of 2012 DR30, is that interstellar dust
grains, which may be rich in aromatic hydrocarbons, could be accreted by a
minor planet as it travels through the ISM. Strazzulla et al. (1991) reported that
once an irradiated mantle is established on the surface of a cometary body in
the Oort cloud (where 2012 DR30 has been hypothesised to originate; Kiss et al.
2013), impacting interstellar dust grains may tend to simply accrete onto the
minor planet instead of ejecting material from its surface. Hence, it may be
possible that the reflectance properties of 2012 DR30 may be more representa-
tive of interstellar dust on its surface than its intrinsic composition.

Another possible explanation for why aromatic hydrocarbons may be partially
preserved on the surface of 2012 DR30 is that the molecules may be large, and
while some aromatic rings at their edges may become chemically altered, those
at the centre may survive for longer. The largest type of PAH tested in the
experiments reported by Gudipati & Yang (2012) was anthracene (C14H10),
but larger aromatic molecules have been observed in the ISM (Tielens 2008),
and lab experiments show that pathways do exist to increase the size of PAH
molecules via irradiation (Zhen et al. 2018). Hydrocarbons native to 2012 DR30

may also become aromatised by the extremely strong particle radiation they
experience in interstellar space. Strazzulla et al. (2003) reported that chemically
significant doses of ISM particle radiation may be accumulated by the surface
of an icy minor planet to an optically significant depth (∼ 10 µm) on timescales

1This may be verified by the JPL Horizons online ephemeris service
https://ssd.jpl.nasa.gov/horizons.cgi

https://ssd.jpl.nasa.gov/horizons.cgi
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much less than 107 years; this timescale is lower than that over which the cur-
rent orbit of 2012 DR30 is predicted to be stable (Kiss et al. 2013), and may be
shorter than the timescale over which UV radiation can hydrogenate hydrocar-
bons in contact with water ice in the ISM (Gudipati & Yang 2012). As a result,
it is reasonable to expect that hydrocarbons on the surface of 2012 DR30 may
be more aromatised than those on the surfaces of objects in the TNB, where
the higher level of Solar UV radiation can chemically break down aromatic
molecules much more quickly.

In short, having ruled out multiple candidate materials as causes of the near-
UV absorption edge in the reflectance spectrum of 2012 DR30, it appears that
the edge may be indicative of the presence of highly irradiated and dehydro-
genated aromatic hydrocarbons on the surface of 2012 DR30. This hypothesis
seems consistent with the fact that this object spends the vast majority of its
time beyond the heliosphere in the local ISM (Kiss et al. 2013), where the high
levels of particle radiation likely play a significant role in evolving the mate-
rials on its surface (Strazzulla et al. 1991; Strazzulla et al. 2003; Hudson et al.
2008). Observation of an absorption feature at λ ∼ 3.3 µm in the reflectance
spectrum of 2012 DR30 produced by the aromatic fundamental C-H stretching
mode would be the best step to take next in confirming or refuting this hy-
pothesis. The results presented here agree with those reported by Szabó et al.
(2018), that the VNIR reflectance properties of 2012 DR30 are consistent with
those of an object with a surface comprised, in part, by irradiated hydrocar-
bons and water ice.



Chapter 6

A Hydrated Carbonaceous Asteroid
in the Trans-Neptunian Belt

“It’s not just a boulder, it’s a rock! A rock! A rock! A great, big, beautiful rock!”

S. Squarepants
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6.1 2004 EW95 and its Colours

(120216) 2004 EW95 is a 3:2 Resonant TNO (a = 39.316 au, e = 0.3139, i = 29.3◦;
Peixinho et al. 2015) with a radiometrically determined diameter of 291+20.3

−25.9 km
(Mommert et al. 2012). Within uncertainties, its BVRI colours (see table 6.1)
first appeared consistent with those of an object with roughly linear reflectance
through the visual range; by also being very close to solar colours, they firmly
place 2004 EW95 into the less-red group of dynamically excited TNOs. As dis-
cussed in chapter 1, a linear visual reflectance spectrum is typical for the ma-
jority of TNOs (also see Fornasier et al. 2009).

Higher precision VNIR colours observed with the Hubble Space Telescope’s
(HST’s) Wide Field Camera 3 (WFC3) revealed, however, that the reflectance
spectrum of 2004 EW95 was atypical compared to those of the majority of TNOs
(see figure 6.1 and table 6.2; Fraser & Brown 2012; Fraser et al. 2015). In particu-
lar, of the eight small outer Solar System objects observed by Fraser et al. (2015)
in HST GO-Program 12234, 2004 EW95 was unique in that instead of exhibiting
a linear visual spectrum, it appeared to possess an apparent upward curva-
ture toward longer wavelengths through the visual range (see figure 6.1). In
addition, when considering the BVRI photometry observed at ground-based
facilities alongside the HST data (see table 6.1 and Fraser et al. 2015), there also
appeared to be a drop in 2004 EW95’s near-UV reflectance relative to a linear
continuum projected from longer wavelengths (see figure 6.1).

These peculiarities in the reflectance properties of 2004 EW95 warranted sub-
sequent spectroscopic investigation, as such divergence from linearity in the
visual reflectance spectrum of a minor planet may hint at the presence of ab-
sorption features in its reflectance spectrum that may indicate the presence of

B−V V − R R− I S′ (% per 0.1 µm)

0.70± 0.03 0.38± 0.03 0.46± 0.06 1.71± 2.06

TABLE 6.1: Table presenting the BVRI colours of 2004 EW95 reported by Fraser et
al. (2015), and the visual spectral gradient reported for 2004 EW95 by Peixinho et al.
(2015). Equation 3.12 was used to convert these colours, and the solar BVRI clours
quoted in table 2.4, to the BVRI reflectance values plotted in figures 6.1, 6.2, and 6.12.
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2004 EW95 F606w-F775w F606w-F814w F606w-F098m F606w-F110w F606w-F127m F606w-F139m F606w-F153m

Cycle 17 ∼ −0.4± 0.01 ∼ ∼ ∼ −1.48± 0.01 −1.76± 0.01
Cycle 18 −0.34± 0.01 ∼ −0.74± 0.01 −1.09± 0.01 −1.27± 0.01 ∼ ∼

Solar -0.38 -0.48 -0.90 -1.26 -1.50 -1.70 -1.95

TABLE 6.2: Table presenting the photometric colours of 2004 EW95 in multiple VNIR
filters observed over two epochs with the WFC3 instrument on HST by Fraser et al.
(2015). Solar colours were calculated by Fraser & Brown (2012) and Fraser et al. (2015).
Equation 3.12 was used to convert these colour indices to the HST reflectance values

plotted in figures 6.1, 6.2, and 6.12.
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FIGURE 6.1: The spectral reflectance data for 2004 EW95 plotted in figure 7 of the re-
port by Fraser et al. (2015) has been replotted here; this figure shows the colours of
2004 EW95 (from tables 6.1 and 6.2) plotted as reflectances that have been normalised
to unity in the F606w filter, specifically at the filter’s pivot wavelength (0.589 µm)
as described in the online WFC3 instrument handbook (http://www.stsci.edu/hst/
wfc3/documents/handbooks/currentIHB/c06_uvis06.html#71). Black dashed lines
have been fitted via linear regression to the visual and NIR ranges of the cycle 18 HST
photometric data (yellow circles). The first notable feature of this plot is the drop in re-
flectance in the B filter compared to the visual linear continuum projected from longer
wavelengths; the second is the hint of an increase in the spectrum’s gradient in the
visual range towards longer wavelengths starting at λ ∼ 0.75 µm. These peculiarities
of the spectrum of 2004 EW95 were why this target was deemed to be of interest in

future spectroscopic observations.

http://www.stsci.edu/hst/wfc3/documents/handbooks/currentIHB/c06_uvis06.html#71
http://www.stsci.edu/hst/wfc3/documents/handbooks/currentIHB/c06_uvis06.html#71
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refractory carbonaceous or silicate materials on its surface (e.g. Gaffey et al.
1989)

6.2 Spectroscopic Observations and Data Reduction

Followup spectroscopic observations of 2004 EW95 were performed with the
X-Shooter and FORS2 spectrographs on the ESO VLT as described in chapter
2. Unless otherwise stated the spectra presented in this chapter were reduced
via the methods described in chapter 3, with the following caveats.

Prior to binning the X-Shooter spectrum of 2004 EW95, narrow wavelength re-
gions contaminated with significant artifacts were cut. These artifacts were
caused by very low S/N at the ends of X-Shooter’s echelle orders at 0.454-
0.456 µm, very low S/N between the UVB and VIS arms at 0.55-0.56 µm, and
a large region of bad pixels at 0.637-0.644 µm. Both the FORS2 and X-Shooter
spectra were cut at short wavelengths to λ ∼ 0.4 µm in order to remove re-
gions of the spectra in the near-UV that were heavily contaminated with resid-
uals caused by differences between the metallicities of the Sun and the solar
calibrator stars used to produce the reflectance spectra (cf. Hardorp 1980). The
X-Shooter spectrum was also cut at an upper wavelength limit of 0.9 µm to
remove a region of the spectrum containing telluric residuals (cf. Smette et al.
2015). As metioned in section 3.2.7, due to its insurmountably low S/N the
NIR arm spectrum could not be properly extracted and was disregarded dur-
ing the analysis.

As described in section 3.3.3, prior to being stacked the UVB and VIS arms of
the X-Shooter spectrum were respectively normalised at 0.45 µm and 0.7 µm due
to the low S/N of the unstacked spectra. The visual reflectance spectrum of
2004 EW95 was indeed found to be non-linear (see section 6.3). These two fac-
tors precluded the use of a simple linear regression for the purpose of aligning
the UVB and VIS X-Shooter spectra. As a result, a scaling factor was required
to allow the UVB arm spectrum to be scaled relative to VIS arm spectrum. The
scaling factor was calculated as the ratio of the flux of 2004 EW95 to that of the
solar calibrator star used in the VIS arm at λ ∼ 0.7 µm divided by the same



137

in the UVB arm at λ ∼ 0.45 µm. For the final X-Shooter spectrum which was
calibrated using the star HD 117286 the following calculation was performed,((

5.1× 10−18

6.0× 10−13

)/(
5.8× 10−18

8.8× 10−13

))
= 1.29 (6.1)

where all the values on the left-hand side of the equation are fluxes in units
of erg s-1 cm-2 Å-1. The UVB reflectance spectrum of 2004 EW95 was therefore
aligned to the VIS spectrum by dividing it by 1.29; within the high level of
noise in the spectrum the quality of the alignment of the two arms was accept-
able.

6.3 Results and their Verification

Two features were observed in the reflectance spectra of 2004 EW95 (see figure
6.2). The first feature was a large drop in reflectance at wavelengths below
0.55 µm, that was hinted at in the BVRI ground-based photometry reported
by Fraser et al. (2015, also see figure 6.1), and was observed in both the X-
Shooter and FORS2 spectra presented here. The FORS2 and X-Shooter spectra
fully agree at λ > 0.43 µm, but at λ ∼ 0.415 µm the X-Shooter spectrum has
a greater spectral gradient and is discrepant from the FORS2 spectrum in that
wavelength range by∼ 2σ (see figure 6.5). The difference in S′ in this region of
the spectrum corresponds to the difference in B− V colour between the solar
calibrator stars used to calibrate each spectrum; HD 117286, the X-Shooter cali-
brator star, is bluer than the Sun at these wavelengths (B−V ∼ 0.58 compared
to B − V ∼ 0.65; see tables 2.3 and 2.4), while the colour of BD-00 2514, the
FORS2 calibrator star, has a colour that is much closer to solar (B−V ∼ 0.62).
Hence, the FORS2 spectrum is likely to be a more accurate representation of
2004 EW95’s true reflectance spectrum at these near-UV/blue wavelengths;
the drop in reflectance, nevertheless, is clearly present in both spectroscopic
datasets.

As with the near-UV/blue drop observed in the reflectance spectrum of 2012 DR30

(see section 5.1), it is worth considering the cloud conditions during the obser-
vations of 2004 EW95 to ensure that the near-UV drop in reflectance is intrin-
sic to its reflectance spectrum. On the first night of observing with FORS2,
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2004 EW95 and its Solar calibrator star were both observed in photometric con-
ditions, and were therefore not likely to have been observed through differing
levels of cloud cover. The FORS2 spectrum from the second night, and that ob-
served with X-Shooter, however, were observed in clear conditions. This means
that there is at least an 82% chance per spectrum, that 2004 EW95 and the So-
lar calibrators were observed under the same cloud conditions, and that the
reflectance spectra are therefore representative of the intrinsic surface proper-
ties of 2004 EW95. The discrepancy observed in the strength of the near-UV
drop observed in the spectrum of 2004 EW95 may partly be caused by changes
in cloud cover between observations of the TNO and the Solar calibrator, but
given that the difference in colour appears to correlate with that between the
different Solar calibrator stars used, atmospheric effects only appear to play a
minor part, if any at all.

The second feature observed was a broad (∼ 0.2− 0.3 µm wide) but shallow
absorption feature that appeared to be centred at λ ∼ 0.7 µm; due to the fea-
ture’s shallow nature it manifests more like a change in the gradient of the
spectrum, such that the spectrum is fairly flat at 0.55 . λ . 0.7 µm but has
an increased gradient in the range 0.7 . λ . 0.9 µm. The presence of this
feature in the reflectance spectrum of 2004 EW95 was also hinted at by the HST
photometry reported by Fraser et al. (2015).

The presence of these features in the reflectance spectrum of a TNO are ex-
traordinary, and while they were previously reported for other TNOs, they
were never reliably confirmed in their reflectance spectra. It was reasonable at
first, to regard the apparent detection of these features as somewhat dubious.
In order to be certain that the features present in the noisy X-Shooter spectrum
were not artifacts of the data reduction or post-processing, several comparative
methods were employed to verify that the apparent features were intrinsic to
the reflectance spectrum of 2004 EW95 itself.
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FIGURE 6.2: Spectral photometry (from Fraser et al. 2015) and reflectance spectra of
2004 EW95 collected over five different epochs with four independent observational
setups. Only the high S/N spectrum observed on the first night of the FORS2 ob-
serving run is shown in this figure; that observed on the second night is presented
in figure 6.6. All datasets have their reflectance normalised to unity around the pivot
wavelength of the HST/WFC3 F606w filter at 0.589 µm, and the FORS2 spectrum (plot-
ted in red) is offset by +0.4 for clarity. The drop in reflectance from 0.55 µm towards
the near-UV is clearly present in both the X-Shooter and FORS2 spectra. The broad
and shallow feature at visual wavelengths is discernible in both the HST/WFC3 pho-
tometric data and the X-Shooter reflectance spectrum as an apparent change in the

spectrum’s gradient at around 0.7 µm.
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6.3.1 Verifying with Different Extraction Methods

To determine whether the absorption features observed in the reflectance spec-
trum of 2004 EW95 were artifacts of the data reduction process (particularly
the extraction technique used; see section 3.2), both the X-Shooter and FORS2
spectra were reduced and extracted a second time using the standard methods
offered by the respective ESO data reduction pipelines as discussed in section
3.1.1. These new spectra were compared to those extracted with GME to see if
the absorption features looked different, or disappeared. Use of all these meth-
ods involved the definition of a linear aperture with boundaries set by the user.
To determine the values that should be used to define the linear boundaries for
the sky subtraction, the wavelength dependent boundary values determined
for the upper and lower boundary by GME were combined, then the highest
and lowest values in the resulting array were taken respectively as the upper
and lower boundaries of the linear sky subtraction aperture. An identical pro-
cess was used to define values for the limits of the linear extraction aperture,
by taking the highest and lowest values from the combined wavelength de-
pendent extraction boundaries determined by GME.

Sky subtraction and the removal of cosmic rays from the X-Shooter spectra
were handled by the data reduction pipeline (Modigliani et al. 2010), and the X-
Shooter spectra were extracted with a standard MANUAL aperture extraction
to produce the reflectance spectrum presented in figure 6.3. The pipeline ex-
tracted spectrum matches very well with the GME extracted spectrum, show-
ing a subtle upward curvature in the visual range toward longer wavelengths
relative to the 0.6− 0.7 µm range. The S/N of the pipeline extracted UVB arm
spectrum is extremely low but still exhibits a drop in average reflectance to-
wards shorter wavelengths as seen in the GME extracted spectrum.

Like the X-Shooter spectrum, the FORS2 spectrum was reduced again mak-
ing use of two different extraction settings offered by the ESO data reduction
pipeline. The first was a simple manual aperture extraction, and the second
made use of the optimal extraction method described by Horne (1986). Both
of these methods required the extraction limits to be set manually and in both
cases they were set to values determined by the same method as that used
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FIGURE 6.3: This figure compares the X-Shooter reflectance spectrum of 2004 EW95
when extracted using GME (see section 3.2), to that extracted using the standard man-
ual aperture extraction offered by the ESO data reduction pipeline (Modigliani et al.
2010). Both spectra are normalised to unity at 0.589 µm, and while both spectra are
noisy (especially the manually extracted UVB arm spectrum), both exhibit a drop in
near-UV/blue reflectance at λ . 0.55 µm, and a subtle upward curvature through the

visual wavelength range.
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FIGURE 6.4: This figure compares the FORS2 reflectance spectrum of 2004 EW95 when
extracted using GME (see section 3.2), to those extracted using the aperture method
and the optimal method (Horne 1986) offered by the ESO data reduction pipeline. All
spectra are normalised to unity at 0.55 µm. They are plotted over each other at the
bottom of the figure. Each spectrum is also plotted individually for clarity, with an
offset of +0.2 relative to the spectrum plotted below it. As can be seen when they are
overlaid, the spectra are essentially identical and exhibit the same general behaviour
regardless of extraction method used. The only notable difference is the increased S/N

when GME is used to extract the spectrum.
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FIGURE 6.5: This figure compares the X-Shooter and FORS2 spectra of 2004 EW95
and the X-Shooter spectrum of 1999 OX3 (see chapter 4). Regions of the spectrum of
1999 OX3 affected by low S/N or solar metallicity residuals are plotted with a dotted
line. The spectra of 2004 EW95 agree with each other very well at λ > 0.43 µm. Below
0.43 µm there is a divergence in the gradient of each spectrum caused by a difference
in colour of the solar calibrator stars used to calibrate each spectrum (see section 6.3).
Both 2004 EW95 and 1999 OX3 were of similar brightness when observed (see table
2.5), and if affected by artifacts from the extraction process should exhibit the same
non-linear behaviour. The spectrum of 1999 OX3, however, appears to be unaffected

despite being extracted via the same technique as that of 2004 EW95.
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for the X-Shooter spectrum described above. Again, the sky subtraction and
removal of cosmic rays was handled by the pipeline for both methods. The re-
flectance spectra of 2004 EW95 extracted with the optimal and aperture meth-
ods are presented in figure 6.4, and both exhibit the drop in reflectance ob-
served in the reflectance spectrum extracted via GME.

To further display the integrity of the data reduction method used for the
spectrum of 2004 EW95, a comparison of the spectrum was made to that of
1999 OX3 as observed during the second X-Shooter observing run (ESO Pe-
riod 95). The X-Shooter spectrum for 1999 OX3 exhibits a very similar S/N to
that of 2004 EW95. Thus, any extraction issues in GME that may be apparent
in the spectrum of 2004 EW95 should be equally apparent in the spectrum of
1999 OX3. As can be seen in figure 6.5, the visual spectrum of 1999 OX3 ex-
tracted with GME is typical of TNOs and centaurs, in that it is red, linear, and
featureless. Based on this, and the comparisons to different extraction tech-
niques provided above, it was concluded that the apparent absorption features
in the reflectance spectrum of 2004 EW95 are not an artifact of the reduction or
extraction process.
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6.3.2 Verifying with Different Solar Calibrator Stars

It was also necessary to determine that the features in the reflectance spectrum
of 2004 EW95 were not an artifact caused by a poor choice of solar calibrator
star. For this reason, the X-Shooter and FORS2 spectra were calibrated with
multiple different stars that were observed close in in time to 2004 EW95. The
resulting reflectance spectra were compared to see if the spectral features dis-
appeared with use of different stars. As can be seen in figures 6.6, 6.7, and 6.8
the use of different calibrator stars does not remove the observed features from
2004 EW95’s reflectance spectrum.
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FIGURE 6.6: This figure shows the spectrum of 2004 EW95 as observed on each night of
the FORS2 observing run. Both spectra are normalised to unity around λ = 0.589 µm.
The spectrum from the first night (black) has been used as the final FORS2 spectrum
due to its higher S/N. Each of these spectra is calibrated with a different star observed
on the same night as 2004 EW95. The star used for the first night is BD-00 2514, and that
for the second is HD 156114 (see table 2.3). Despite the use of different calibrator stars
on each night the spectra both exhibit the same drop in reflectance toward shorter
wavelengths. The second night reflectance spectrum is not as red as that from the
first. This is likely a result of the slightly redder colour of HD 156114 compared to
that of BD-00 2514. At the shortest wavelengths the noise in the spectrum from the
second night is considerable and a large residual caused by a cosmic ray that GME
failed to remove is present in the spectrum at λ ∼ 0.41 µm. As a result the second
night spectrum is disregarded at λ < 0.413 µm. The average seeing during both
observations of 2004 EW95 was approximately equal (see tables 2.7 and 2.8), but the
second night’s spectrum was observed with a narrower slit (as discussed in section
3.3.2) resulting in a lower flux being collected during this observation compared to the
first, accounting for the lower S/N of the spectrum from the second night compared

to that from the first.
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FIGURE 6.7: This figure compares the FORS2 reflectance spectrum of 2004 EW95 when
calibrated with three different solar calibrator stars; the stellar spectra and that of
2004 EW95 were all observed on the first night of the FORS2 observing run. Each
spectrum has been normalised to unity at 0.589 µm with each offset by +0.2 relative
that plotted below it. As presented in table 2.3, BD-00 2514 was ultimately chosen to
calibrate this spectrum. Like the X-Shooter spectra presented in figure 6.8, all of the
spectra presented here exhibit near-UV/blue drop regardless of the solar calibrator
used. The difference in colour between the spectra results from the difference in the
colour of the calibrator stars used. All spectra in plotted here were observed the night

starting 2017/04/21.
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FIGURE 6.8: This figure compares the X-Shooter reflectance spectrum of 2004 EW95
when calibrated with three different calibrator stars, all of which were observed close
in time to 2004 EW95 itself (see table 2.6). Each spectrum has been normalised at
0.589 µm with each offset by +0.5 relative that plotted below it. As presented in ta-
ble 2.3, HD 117286 was ultimately chosen to calibrate the spectrum. All of the spectra
presented here exhibit near-UV/blue drop and curvature through the visual range re-
gardless of the solar calibrator used. All spectra in plotted here were observed the

night starting 2014/08/0.2
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6.3.3 Quantitative Analysis of the 0.7 µm Feature

Quantitative analysis of the 0.7 µm feature was undertaken primarily to assess
the significance of its detection. Before analysis of the feature could begin it
was necessary to normalise the continuum of 2004 EW95’s reflectance spectrum
in the feature’s vicinity. Only the region of the X-Shooter reflectance spectrum
of 2004 EW95 from 0.53− 0.90 µm was considered. First, the gradient of the
continuum had to be removed; the continuum regions of the spectrum were
defined at 0.53 − 0.58 µm and 0.85 − 0.90 µm. After the continuum regions
were sigma-clipped at 2σ to remove outlying points a line was fit to them via
linear regression. The spectrum was then divided by the fitted line to remove
the gradient in the continuum and normalise the continuum to a reflectance
of unity. The resulting linear fit to the continuum and the spectrum following
normalisation are plotted in figure 6.9.

The spectral gradient, S′, of the continuum was determined to be consistent
with that determined from photometric data by Peixinho et al. (2015), with a
value of 3.4± 0.7 % per 0.1 µm (see table 6.1). As discussed in section 3.4.2, the
value of S′ quoted here is updated compared to that originally published in
the article associated with this work (see item number two under Publications
in the preamble) and originally had a value of 3.6± 1.3 % per 0.1 µm. This up-
date was necessary due to an error in the formula used to calculate the value
of S′ that resulted in an exaggerated redness of the measured slope. This error
does not affect the linear regression fit of the continuum of the spectrum, and
hence does not affect the following modelling of the 0.7 µm absorption feature;
it only affects the reported value of S′.

The 0.7 µm feature was assumed to be well described by a gaussian function,
which is adequate given the low S/N of the data. The normalised reflectance
spectrum was modelled with the following function,

f (λ) = 1− Ae−
(λ−c)2

2σ2 , (6.2)

where λ is wavelength, A is the depth of the model absorption feature, c is
its central wavelength, and σ is its standard deviation. A, c, and σ were es-
timated for the normalised reflectance spectrum by fitting equation 6.2 to the
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FIGURE 6.9: The upper panel of this figure shows the linear fit to the continuum re-
gions either side of the 0.7 µm absorption feature present in the X-Shooter reflectance
spectrum of 2004 EW95. The linear continuum was estimated to have a gradient of
S′ = 3.6± 1.3 % per 0.1 µm. The lower panel of this figure shows the same spectrum

with the linear continuum of the spectrum in this region normalised to unity.
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spectrum in a maximum likelihood sense using the emcee Markov Chain Monte
Carlo sampler (Foreman-Mackey et al. 2013). emcee was programmed to seek
the model parameters that would maximise the following function of the log
likelihood,

ln(L) = −1
2 ∑

i

(si − fi)
2

δs2
i

, (6.3)

where the uncertainties on the data have been assumed to be gaussian dis-
tributed, the normalisation constant of the gaussian likelihood function has
been ignored, si is the ith datapoint in the spectroscopic data to be fit, fi is the
ith datapoint in the model produced with equation 6.2, and δsi is the uncer-
tainty on si (c.f. Wall & Jenkins 2003).

Priors were set to be uniform within predefined ranges for c and σ. Accept-
able values for c were constrained to the region of wavelength space between
the two continuum regions used to normalise the spectrum (i.e. in the range
0.58 < λ < 0.85 µm). Acceptable values for σ had to have a lower bound set at
0.04 µm so emcee would avoid fitting the gaussian to noisy spikes in the data
as if they were features. An upper bound also had to be set at 0.185 µm to
ensure that the feature could not be wider than the wavelength range of the
data itself. Due to the low S/N of the spectrum, the width of the feature is the
least well constrained parameter.

Initial conditions for the emcee sampler were set up as follows. The initial val-
ues of A, c, and σ for 104 walkers were randomly sampled from a uniform
distribution within certain initial ranges. Initial values for A were set within
the range 0.045− 0.055, those for c were set in the range 0.65− 0.75 µm, and
those for σ were set in the range 0.075− 0.125 µm. An initial burn-in run of
500 steps was conducted with emcee to allow the walkers to converge toward
their target distributions, after which it was run for a further 1000 steps for the
purpose of sampling those distributions.

The resulting sample distributions of A, c, and σ are presented in figure 6.10,
along with the median values of those distributions, their 1σ uncertainties,
and the values determined by emcee to have the maximum likelihood. The
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FIGURE 6.10: This corner plot displays scatter plots of the distributions of sampled
model parameters and their covariances. Histograms of the sampled distributions of
each model parameter are also displayed. Yellow lines mark the median sample value
of the sample distribution for each model parameter, and correspond to the values
presented on top of each histogram panel. The black dashed lines mark the edges of
the 1σ sampling range about the median for each parameter distribution. Respectively,
the values of the distribution median and 1σ sampling range were taken as the best-fit
parameters and the uncertainties on those fits. Red lines plotted over the distribution
histograms mark the values deemed by emcee to have the maximum log likelihood.
These values match well with the median sample values in the case of A and c, but
is somewhat smaller than the median sample value determined for σ, showing that
the width of the 0.7 µm absorption feature is much less constrained by the model than
the other parameters. The most likely values corresponding to the red lines in each
histogram are A = 0.04 (to two decimal places), c = 0.734 µm, and σ = 0.108 µm. The
yellow and red lines in the histograms are also mapped onto the covariance scatter

plots as points.
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FIGURE 6.11: Both panels in this figure present the best fit model of the 0.7 µm ab-
sorption feature plotted over the spectroscopic data. In the upper panel the spectrum
is unaltered, but the lower panel shows the model and spectrum with the linear con-

tinuum gradient removed.
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median sampling point of each of these distributions was adopted as the best
fit for their respective parameters, and the 1σ sampling range was adopted as
the uncertainty. This resulted in a best fit depth and central wavelength for
the feature of A = 0.04± 0.01 and c = 0.735+0.041

−0.042 µm, respectively. The best
fit standard deviation of the feature was estimated to be 0.128+0.037

−0.039 µm. This
value was converted to a FWHM via the use of FWHM = 2

√
2ln(2)σ, and

FWHM = 0.301+0.088
−0.092 µm was adopted as the width of the absorption feature.

The feature’s width and centre have significant uncertainty due to the low S/N
of the spectroscopic data. Figure 6.11 presents the best fit model of the feature
overplotted on the reflectance spectrum of 2004 EW95. emcee also calculated
the values within the sample distribution for each parameter with the high-
est log likelihood. These were measured to be A = 0.04, c = 0.734 µm, and
σ = 0.108 µm which corresponds to FWHM = 0.253 µm. The most likely val-
ues for A and c are conspicuously close to the median sample values adopted
as the best fits, demonstrating that the fit is robust and that the feature detec-
tion is significant. On the other hand, the most likely value for σ is somewhat
lower than the median sample value, showing that the width of the feature is
not well defined due to the low S/N of the reflectance spectrum and the shal-
lowness of the feature.

The fitted values presented here differ slightly from those previously pub-
lished in the article associated with this work (see item two listed under Pub-
lications), because the 0.7 µm feature was remodelled for this thesis using the
same method as that used originally, but with minor changes made to the prior
distributions of the parameters A and σ that were found to increase the qual-
ity of the model fit. Previously, the prior distributions of A, c, and σ had been
defined with uniform sampling probability across the ranges −0.2 < A < 0.2
and 0.04 < σ < 0.2 µm respectively; outside these regions the probability of
sampling these values was set to zero. The use of different priors for these pa-
rameters resulted in only very minor changes to the optimal values determined
for the the depth and central wavelength for the feature. A larger change was
noted in σ, however, which is to be expected given how poorly constrained
this parameter is.
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FIGURE 6.12: This figure presents the same data as that in figure 6.2, with the VNIR
reflectance spectrum of a hydrated C-type asteroid 38 Leda plotted alongside for the
purpose of comparison (Bus & Binzel 2002b; Bus & Binzel 2002a; DeMeo et al. 2009).
All datasets have their reflectance normalised to unity at 0.589 µm, and the FORS2
spectrum (plotted in red) is offset by +0.4 for clarity. 38 Leda and 2004 EW95 share
a drop in reflectance towards near-UV wavelengths and a broad shallow absorption
feature centred at ∼ 0.7 µm. The reflectance of 2004 EW95 drops slightly at ∼ 1.5 µm,

hinting at possible absorption due to surface water ice.

6.4 The Surface Composition of 2004 EW95

In general, the visual reflectance spectrum of 2004 EW95 bears a striking re-
semblance to those of primitive carbonaceous (C-type) asteroids. Specifically,
2004 EW95 resembles a hydrated C-type asteroid like 38 Leda, the reflectance
spectrum of which is compared to that of 2004 EW95 in figure 6.12. The broad,
shallow 0.7 µm absorption feature detected in the spectrum of 2004 EW95 de-
fines the hydrated Ch and Cgh subclasses of carbonaceous asteroid (Bus &
Binzel 2002b; Bus & Binzel 2002a; DeMeo et al. 2009; Vernazza et al. 2016) and
is observed in ∼ 30% of C-types (Rivkin 2012). As discussed in chapter 1,
the presence of this feature in an object’s reflectance spectrum is commonly
associated with absorption of light via Fe2+→ Fe3+ intervalence charge trans-
fer (IVCT) within iron-bearing phyllosilicates on that object’s surface (Vilas &
Gaffey 1989; Vilas et al. 1993; Vilas 1994; Fornasier et al. 2014; Rivkin et al.
2015). The detection of only this feature in an object’s reflectance spectrum,
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however, is not diagnostic of the presence of phyllosilicates. The additional de-
tection of a strong IR feature at 3.0 µm indicative of structural hydroxyl (OH)
or adsorbed water present between layered phyllosilicates would be required
for a definitive confirmation of their presence (Vilas 1994; Rivkin et al. 2015).

On prior occasions the presence of 0.7 µm phyllosilicate absorption features
have been reported in the reflectance spectra of TNOs (208996) 2003 AZ84 (For-
nasier et al. 2004; Alvarez-Candal et al. 2008), (38628) Huya (a.k.a. 2000 EB173),
and (47932) 2000 GN171 (Lazzarin et al. 2003; de Bergh et al. 2004), but fol-
lowup reflectance spectra of sufficient quality to detect those features have re-
vealed featureless spectra for these objects on later occasions. Rotational var-
iegation of the surface of these objects has been reported as a possible but un-
confirmed reason for the apparent disappearance of the 0.7 µm phyllosilicate
absorption features from their visual spectra (Fornasier et al. 2004; Fornasier
et al. 2009; Merlin et al. 2017). Repeat observations of 2004 EW95 with HST re-
ported by Fraser et al. (2015) showed its reflectance spectrum to be invariable,
which is supported by the consistency between that HST spectrophotometry
and the reflectance spectra reported in this work (see figure 6.2). The observed
consistency of the reflectance properties of 2004 EW95 over multiple observa-
tional epochs and with multiple observational setups makes this detection of
a 0.7 µm absorption feature in the reflectance spectrum of 2004 EW95 the most
confident yet reported for any TNO, and hence is the strongest evidence yet
reported for the presence of phyllosilicate material on the surface of any TNO.

The drop in the reflectivity of 2004 EW95 at λ < 0.55 µm is a property shared
by some asteroids belonging to the S-, V-, and C-type spectral classes. Notably
these classes include the hydrated C-type asteroids to which 2004 EW95 is most
similar, with asteroids in the Cgh class having reflectance spectra with a more
pronounced drop in reflectance in this wavelength region in comparison to ob-
jects in the Ch class (Bus & Binzel 2002a). For hydrated C-types the feature has
been attributed to strongly absorbing IVCT transitions present in ferric oxides
on their surfaces, suggesting also the presence of iron-bearing minerals on the
surface of 2004 EW95. The existence of this feature may be associated with the
presence of iron-bearing phyllosilicates on the surface of this object but it is not
uniquely attributable to them (Vilas 1994). Complex aromatic hydrocarbons
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also exhibit a similar drop in reflectance towards near-UV wavelengths (Izawa
et al. 2014; Hendrix et al. 2016), although organic rich bodies such as the D-,
T-, and P-type asteroids do not exhibit this near-UV drop in their reflectance
spectra (Bus & Binzel 2002a; DeMeo et al. 2009; Marsset et al. 2014). Other than
2004 EW95, of the 41 published visual reflectance spectra of TNOs and centaurs
with sufficient wavelength coverage, only the centaur (32532) Thereus hints at
the presence of a near-UV drop that begins at a similar wavelength (Barucci
et al. 2002). Though the presence of this feature in the spectrum of Thereus has
not been confirmed. Note that the drop reported in the reflectance spectrum of
2012 DR30 in chapter 5 differs from that which is observed in the spectrum of
2004 EW95 in that it occurs more gradually and begins at a longer wavelength
of λ ∼ 0.6 µm.

The longest wavelength at which 2004 EW95 was observed was in the HST/WFC3
153m filter centred at 1.5322 µm (see figures 6.2 and 6.12). Here the observed
reflectance of the object appears to decrease relative to the NIR photometric
points from 1.0-1.4 µm. The decrease is consistent with the presence of a small
amount of water ice, which characteristically absorbs at these wavelengths
(e.g. Brown et al. 2007b; Guilbert et al. 2009; Barucci et al. 2011; Brown et al.
2012). This feature, if confirmed spectroscopically, would be the only one to
distinguish the reflectance spectrum of 2004 EW95 from that of a hydrated C-
type asteroid, and suggests that unlike the C-types in the outer asteroid belt,
2004 EW95 may have retained its primordial surface water ice content.

The reflectance spectrum of 2004 EW95 is unusual in comparison to those of
the average TNO or centaur, possessing distinct absorption features at visual
wavelengths, while visual TNO and centaur spectra are typically linear and
featureless. The absorption features in the reflectance spectrum of 2004 EW95

are suggestive of a surface that possesses hydrated iron-bearing silicate mate-
rial and ferric oxides, one that is particularly similar in composition to those of
the aquesously altered Ch- and Cgh-type asteroids (Vilas & Gaffey 1989; Bus
& Binzel 2002b; Bus & Binzel 2002a; DeMeo et al. 2009; Rivkin et al. 2015).



158

6.5 Aqueously Altering 2004 EW95

The subsolar temperature of 2004 EW95’s surface at its current perihelion, and
therefore the highest surface temperature that can be achieved considering
only solar insolation, may be estimated with the following equation,

TSS = T�(1− A)1/4
(

R�
rH

)1/2

(6.4)

where T� = 5778 K is the solar effective temperature, A = 0.044 is the ra-
diometrically determined albedo of 2004 EW95 (Mommert et al. 2012), R� =

6.95× 108 m is the radius of the Sun and rH = 4.036× 1012 m is the perihe-
lion distance of 2004 EW95 (which is equivalent to rH ∼ 27 au). This results in a
maximum surface temperature for 2004 EW95 on its current orbit of TSS ∼ 75 K.
The apparent presence of phyllosilicates on the surface of a 2004 EW95, there-
fore, raises questions about how they could have become aqueously altered,
as such a process typically requires temperatures of T > 273 K to melt the
constituent water ice of a body such that liquid water may aqueously alter
the body’s constituent silicates. Even hydrocryogenic alteration processes that
have been suggested to occur in comets require silicates, and the interfacial
water ice therein, to be at a temperature between 200 K and 273 K (Reitmeijer
& MacKinnon 1987).

Electromagnetic induction heating has been proposed as a source of heat that
drove the thermal evolution of asteroids in the very early solar system. It has
been suggested that as planetesimals moved through the strong magnetic field
and stellar winds of the T Tauri phase Sun, electric currents would have been
induced in the materials comprising the planetesimals, causing resistive heat-
ing inside them (see Ghosh et al. 2006, and references therein). Parameters
in models of this phenomenon remain unconstrained, however (Ghosh et al.
2006), and its ability to heat objects in the outer solar system would likely be
extremely limited (Jones et al. 1990). For this reason electromagnetic induction
heating is discounted as a likely source of heat for 2004 EW95.

Collisions are a plausible way in which the surface of a TNO can be heated (Ru-
bin 1995; Leinhardt et al. 2008), with the caveat that they only heat the surface
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locally (Ghosh et al. 2006). Based on the consistency between the observations
reported here and those from previous epochs (Fraser et al. 2015), the silicates
observable on 2004 EW95 appear to be aqueously altered across the majority
of the surface. Hence, if a single collision is responsible for supplying heat to
most of the surface of 2004 EW95, it would have had to have been significant.
A collisional bombardment of the surface by a larger number of smaller objects
may have also been able to significantly heat the surface of 2004 EW95.

Radiogenic heating by short-lived radionuclides contained within minor plan-
ets is often favoured as a primary method by which they can be thermally
evolved. In particular Aluminium-26 (26Al), with its radioactive half-life of
1.06 × 106 years (Merk & Prialnik 2003), has been suggested as a significant
source of radiogenic heat within asteroids and protoplanets during the earli-
est epochs of the solar system’s history. Published results from thermal mod-
elling of radiogenic heating in TNOs suggest, however, that it is unlikely that
radiogenic heating could have raised the temperature of the surface of a 3:2
resonant TNO, like 2004 EW95, to temperatures sufficient to melt water ice.
Such models reported by Choi et al. (2002) and Coradini et al. (2008) show
that internal radiogenic heating of a TNO orbiting the Sun at a heliocentric
distance of ∼ 30− 40 au is efficient in raising the temperature the TNO’s in-
terior, but the low solar insolation in the TNB leaves the surface layers cold
(to a depth of ∼ 1 km), with temperatures of ∼ 40− 50 K (Choi et al. 2002).
Merk & Prialnik (2003) modelled the radiogenic heating of TNOs while also
taking account of accretion processes, and showed that TNOs having size of
order that of 2004 EW95 (i.e. R ∼ 102 km) should be expected to have surfaces
that are less thermally evolved by radiogenic heating compared to objects with
size R ∼ 10 km. The smallest objects struggle to reach sufficiently high tem-
peratures for aqueous alteration via radiogenic heating due to their greater
surface-area/volume ratio, causing them to radiate their thermal energy as IR
radiation and cool much faster than larger objects. In the outer solar system
the accretion timescale of planetesimals is longer than the radioactive half-life
of 26Al (Grimm & McSween 1993). As a result of these two factors, a large
TNO (R ∼ 102 km) in the late stages of accretion will be building its surface by
accreting small objects which are less thermally evolved. Additionally those
small objects will also be depleted in radionuclides, such that the large TNO’s
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surface will stay cold and unaltered relative to smaller objects with R ∼ 10 km
(Merk & Prialnik 2003; Ghosh et al. 2006).

If aqueous alteration of silicates on the surface of 2004 EW95 is assumed to be
the result of only radiogenic heating via the decay of 26Al, the fact that it is
aqueously altered at the surface would suggest that the bulk composition of
2004 EW95 is very different from that of other TNOs of a similar size. Specifi-
cally it would suggest that 2004 EW95 once contained a high concentration of
26Al relative to similar TNOs, and by extension, has a much higher bulk sili-
cate/ice ratio (Ghosh et al. 2006). One possible origin of an object of this kind
would be in the differentiated core of a larger object which was destroyed by a
catastrophic collision. To date, however, only one collisional family of objects
has been identified in the TNB, the Haumea family (Brown et al. 2007b). The
orbit of 2004 EW95 appears inconsistent with those of the Haumea family, and
its surface composition is unique within the aggregate of TNOs and centaurs
that have been observed spectroscopically so far. If 2004 EW95 is a member of
a trans-neptunian collisional family, that family has not yet been identified.

Another possible heat source for the aqueous alteration of silicates on the sur-
face of 2004 EW95 is solar insolation. On its current orbit the surface of 2004 EW95

never reaches a high enough temperature to melt any water ice present there
(see above). In order for this to have occurred in the past 2004 EW95 would
have had to have been on a different orbit that passed closer to the Sun for long
enough that aqueous alteration could have occurred; the amount of time this
would take is temperature dependent, however, and difficult to pin down pre-
cisely, but at high enough temperatures (T > 300 K) it may have progressed
very rapidly (e.g. Jones & Brearley 2006). An upper limit to the heliocentric
distances where aqueous alteration could occur by solar insolation alone may
be determined by rearranging equation 6.4 to solve for rH and plugging in
TSS = 200 K. For 2004 EW95 this upper limit is rH . 3.8 au. Aqueous alteration
at greater rH is likely to be possible when accounting for both solar insola-
tion and radiogenic heating, and therefore it appears plausible that an object
could become aqueously altered after forming in the early Solar System’s giant
planet region (3.5 . rH . 8 au; e.g. Walsh et al. 2011).
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FIGURE 6.13: This figure presents the growth (a) and orbital migration (b) of the giant
planets during a simulation of the Grand Tack. After Walsh et al. (2011)

6.6 The Origin of 2004 EW95

The striking overall similarity between the reflectance spectrum (and hence
the surface composition) of 2004 EW95 and those of hydrated carbonaceous
asteroids points to a plausible idea that 2004 EW95 shares a common origin
with them. The question, therefore, is how an object compositionally related
to those in the asteroid belt at 2.0 . rH . 3.5 au could be found on a 3:2 reso-
nant TNO orbit at rH > 27 au?

Based upon models of gas-driven type II planetary migration through a gaseous
protoplanetary disk (Kley & Nelson 2012), Walsh et al. (2011) and Walsh et al.
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(2012) proposed a model to explain the diverse composition of asteroids ob-
served in the main asteroid belt. The model posits that prior to the formation
of the terrestrial planets and the dissipation of the gas in the Sun’s protoplan-
etary disk, Jupiter and Saturn both formed in the outer region of what is now
regarded as the inner Solar System (3 . rH . 5 au), and underwent inward
gas-driven migration of their orbits. Such migration is predicted by models
of planetary formation (Kley & Nelson 2012), and is also believed to be the
process by which many gas giants become Hot Jupiters, (massive gas giants
which orbit extremely closely to their host star; e.g. Wang et al. 2015). Simula-
tions of this scenario run by Walsh et al. (2012) start with a nominal dynamical
configuration for the outer giant planets where Jupiter begins fully formed at
r ∼ 3.5 au and is large enough to carve a gap in the protoplanetary gas disk and
commence rapid type II migration. Meanwhile Saturn, Uranus, and Neptune
are still growing at 4.5, 6, and 8 au respectively (see figure 6.13). After ∼ 105

years Jupiter has migrated inward to rH ∼ 1.5 au, and Saturn has reached suf-
ficient mass to commence rapid type II migration. Soon Saturn migrates to,
and becomes captured in, Jupiter’s 3:2 mean motion resonance (MMR). At this
point the orbits of the simulated Jupiter and Saturn became resonantly cou-
pled, altering the exchange of angular momentum between them and the disk
such that they both migrate outward through the disk again to just beyond the
edge of the inner Solar System. As they migrate outward Uranus and Nep-
tune are each captured into resonant orbits, forming a compact resonant (or
quasi-resonant) configuration similar to that identified as an initial condition
for the dynamical instability described by the Nice model (Gomes et al. 2005;
Morbidelli et al. 2005; Tsiganis et al. 2005). The reversal of the migration of
Jupiter by Saturn was dubbed the Grand Tack, and hence the model reported
by Walsh et al. (2011) and Walsh et al. (2012) is known as the Grand Tack model.

The primary implication of the Grand Tack model for the primordial asteroid
population is one of massive disruption to their orbits. In the initial config-
uration of the model (Walsh et al. 2011; Walsh et al. 2012), primordial silicate
(S-type) asteroids are predicted to be orbiting the Sun inside the orbit of Jupiter,
while the C-type asteroids are predicted to orbit the Sun between the forming
giant planets, and more primitive objects reside in a Trans-Neptunian Disk
which lies at rH > 8 au. The initial inward migration of Jupiter results in
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and planetesimals (small), while the planetesimal population exterior
to Jupiter is partitioned between inter-planetary belts and a trans-
Neptunian disk (8–13 AU). The planetesimals from the inner disk are
considered to be ‘S type’ and those from the outer regions ‘C type’. The
computation of gas drag assumes 100-km-diameter planetesimals and
uses a radial gas density profile taken directly from hydrodynamic
simulations4 (see Supplementary Information for details).

The inward migration of the giant planets shepherds much of the
S-type material inward by resonant trapping, eccentricity excitation
and gas drag. The mass of the disk inside 1 AU doubles, reaching
*2M+. This reshaped inner disk constitutes the initial condition
for terrestrial planet formation. However, a fraction of the inner disk
(,14%) is scattered outward, ending up beyond 3 AU. During the
subsequent outward migration of the giant planets, this scattered disk
of S-type material is encountered again. Of this material, a small frac-
tion (,0.5%) is scattered inward and left decoupled from Jupiter in the
asteroid belt region as the planets migrate away. The giant planets then
encounter the material in the Jupiter–Neptune formation region, some
of which (,0.5%) is also scattered into the asteroid belt. Finally, the
giant planets encounter the disk of material beyond Neptune (within
13 AU) of which only ,0.025% reaches a final orbit in the asteroid belt.
When the giant planets have finished their migration, the asteroid belt
population is in place, whereas the terrestrial planets require an addi-
tional ,30 Myr to complete their accretion.

The asteroid belt implanted in the simulations is composed of two
separate populations: the S-type bodies originally from within 3.0 AU,

and the C types from between the giant planets and from 8.0 to 13.0 AU.
The present-day asteroid belt consists of more than just S- and C-type
asteroids, but this diversity is expected to result from compositional
gradients within each parent population (Supplementary Information).
There is a correlation between the initial and final locations of
implanted asteroids (Fig. 3a). Thus, S-type objects dominate in the
inner belt, while C-type objects dominate in the outer belt (Fig. 3b).
Both types of asteroid share similar distributions of eccentricity and
inclination (Fig. 3c, d). The present-day asteroid belt is expected to have
had its eccentricities and inclinations reshuffled during the so-called
late heavy bombardment (LHB)13,14; the final orbital distribution in our
simulations matches the conditions required by LHB models.

Given the overall efficiency of implantation of ,0.07%, our model
yields*1:3|10{3 M+ of S-type asteroids at the time of the dissipation
of the solar nebula. In the subsequent 4.5 Gyr, this population will be
depleted by 50–90% during the LHB event13,14 and by a further factor of
,2–3 by chaotic diffusion15. The present-day asteroid belt is estimated to
have a mass of 6|10{4 M+, of which 1/4 is S-type and 3/4 is C-type12.
Thus our result is consistent within a factor of a few with the S-type
portion of the asteroid belt.

The C-type share of the asteroid belt is determined by the total mass
of planetesimals between the giant planets and between 8 and 13 AU,
which are not known a priori. Requiring that the mass of implanted
C-type material be three times that of the S-type, and given the
implantation efficiencies reported above, this implies that the following
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Figure 2 | The evolution of the small-body populations during the growth
and migration of the giant planets, as described in Fig. 1. Jupiter, Saturn,
Uranus and Neptune are represented by large black filled circles with evident
inward-then-outward migration, and evident growth of Saturn, Uranus and
Neptune. S-type planetesimals are represented by red dots, initially located
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The C-type planetesimals starting between the giant planets are shown as light
blue dots, and the outer-disk planetesimals as dark blue dots, initially between
8.0 and 13.0 AU. For all planetesimals, filled dots are used if they are inside the
main asteroid belt and smaller open dots otherwise. The approximate
boundaries of the main belt are drawn with dashed curves. The bottom panel
combines the end state of the giant planet migration simulation (including only
those planetesimals that finish in the asteroid belt) with the results of
simulations of inner disk material (semimajor axis a , 2) evolved for 150 Myr
(see Fig. 4), reproducing successful terrestrial planet simulations8.
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FIGURE 6.14: This figure presents the dynamical evolution of the silicaceous inner
asteroids (red), the carbonaceous interplanetary asteroids (blue), and the primordial
TNOs (purple) during the giant planet migrations predicted by the Grand Tack model.
Large black circles denote the giant planets, with Jupiter and Saturn migrating to-
wards the Sun and then away again over time. Terrestreial planet embryos are rep-
resented by growing and migrating open circles. Note how the carbonaceous inter-
planetary asteroids are scattered both into the outer asteroid belt, as well as outward

beyond Neptune. After Walsh et al. (2011)
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Jupiter’s MMRs sweeping through the region inhabited by the primordial S-
type asteroids, many of which are swept inward along with those resonances.
Some S-type asteroids are also predicted to have been scattered outward be-
yond Jupter. Later a similar process occurs as Saturn also migrates inward, but
as Saturn begins from further out it scatters both S-type and C-tpye asteroids
out further from the Sun, potentially into the Trans-Neptunian region. Follow-
ing the grand tack Saturn and Jupiter traverse the inner Solar System again,
scattering some of the S-types in their path (the ones previously scattered out-
ward), back into the inner Solar System onto more dynamically excited orbits.
The continued migration of Saturn and Jupiter leads them to interact with the
primitive C-types, scattering a small proportion of them into the inner Solar
System too. As a result, the region of the Solar System in which the asteroid
belt is observed, is now populated by S-types in its inner regions, and mainly
C-types in its outer regions (e.g. Tholen & Barucci 1989). These planetesimals
are dynamically excited with broad distributions of both inclination and eccen-
tricity. The eccentricity distribution produced does not match that of asteroids
observed today, but simulations show that a Nice-like instability could have
altered the eccentricity distribution of the asteroids (Minton & Malhotra 2009).
The inclination distribution produced by the Grand Tack model, however, ap-
pears consistent with that which is observed in the asteroid belt today (Walsh
et al. 2012). In the context of this work it is important to note that the dynam-
ical simulations of Walsh et al. (2011) show that the migrating planets could
have scattered a small fraction of C-type asteroids onto dynamically excited
orbits in the Trans-Neptunian region of the Solar System (see figure 6.14).

In addition, models reported by Raymond & Izidoro (2017) showed that the
rapid expansion of the masses of the giant planets during the rapid gas-accretion
phase of their growth was sufficient on its own to disrupt the orbits of nearby
planetesimals. Results from these models also show that carbonaceous plan-
etesimals from the giant planet region could have been scattered both into the
inner Solar System and also outward. Interestingly these models show that
planetary migration is not necessarily a requirement when it comes to moving
planetesimals from one region of the Solar System to the other. Nevertheless,
it may have taken multiple dynamical mechanisms to scatter 2004 EW95 from
the giant planet region, and since those reported by Walsh et al. (2011), Walsh
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et al. (2012), and Raymond & Izidoro (2017) are not mutually exclusive, they
may be considered equally valid for now.

To reproduce the current orbit of 2004 EW95 (a = 39.316 au, e = 0.3139,
i = 29.3◦), it is necessary for the object, once scattered outward, to become
captured into a 3:2 MMR with Neptune. The mechanism by which this oc-
curred partially depends on the nature of the outward migration of Neptune
into the Trans-Neptunian disk. One such proposed mechanism is resonance
sweeping, whereby Neptune’s mean motion resonances pick up objects in the
Trans-Neptunian region and migrate their orbits outward at the same rate as
Neptune’s migration (Malhotra 1993; Malhotra 1995; Hahn & Malhotra 2005).
While resonance sweeping does successfully reproduce resonant populations
of objects in the TNB and their range of orbital eccentricities, it struggles to
reproduce objects like 2004 EW95 which are resonant, but also have high incli-
nations i > 15◦ (Hahn & Malhotra 2005).

Levison et al. (2008) describe a resonance capture method that is an extension
of the Nice model (Gomes et al. 2005; Morbidelli et al. 2005; Tsiganis et al. 2005),
in which the giant planets undergo a large but short-lived mutual dynamical
instability whereby their orbits become eccentric. Levison et al. (2008) mod-
elled the behaviour of the MMRs of Neptune during a putative high eccen-
tricity period following the Nice instability, finding that the resonances were
much wider during that time, allowing the orbits of objects within them to
freely evolve. As the eccentricity of Neptune was damped by dynamical fric-
tion, however, the resonances narrowed, trapping the objects orbiting inside
them. This method of resonance capture better produces resonant objects on
high inclination orbits like 2004 EW95, and the models also account for objects
which are initialised in a dynamically hot state. Hence, this method of reso-
nance capture appears more consistent with the likely history of 2004 EW95 if,
indeed, its origins lie with those of the C-type asteroids resident in the outer
asteroid belt.

In their dynamical simulations of 2004 EW95, Lykawka & Mukai (2007a) iden-
tified that its orbit is locked into Kozai resonance, in addition to the 3:2 MMR
with Neptune. Gravitational perturbation of the orbit of a small solar system
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object by a planet (e.g. a TNO perturbed by Neptune) is known to alter the
argument of perihelion ω of that small object. If the small object is orbiting
the Sun at high inclination relative to the perturbing planet, however, ω may
become locked into a resonant libration around a value of 90◦ or 270◦ which
is known as Lidov-Kozai resonance (Kozai 1962). The oscillation in ω drives
coupled oscillations in the small object’s orbital eccentricity and inclination.
Lykawka & Mukai (2007a) showed that the Kozai libration of 2004 EW95 is cen-
tred around 270◦ and has a large amplitude of 81± 5◦. For 3:2 resonant TNOs
detected in several observational surveys or produced by different models of
planetary migration, Lawler & Gladman (2013) compared the distribution of
libration amplitudes of those objects also in Kozai resonance. The models com-
pared included those published by Hahn & Malhotra (2005) and Levison et al.
(2008). This comparison showed that relative to the resonance sweeping model
proposed by Hahn & Malhotra (2005), that presented by Levison et al. (2008)
is much more likely to produce objects like 2004 EW95, which are both in Nep-
tune’s 3:2 MMR and have a large Kozai libration amplitude. Hence, it appears
that the large amplitude of the Kozai libration of 2004 EW95 further supports
the prediction that 2004 EW95 was dynamically excited and then captured into
3:2 MMR with Neptune, instead of being captured from the primordial Trans-
Neptunian Disk via resonance sweeping.

In combination, the present orbit of 2004 EW95 and its reflectance spectrum are
strongly suggestive that this object did not form in the TNB. Rather, it appears
to be a thermally evolved object that may have formed much closer to the Sun
than it is today. Based on the dynamcal arguments made above, it appears
that there are dynamical pathways by which an object that formed close to, or
within, the inner solar system could have been transported to, and captured
within, the TNB. Detailed dynamical analysis of these pathways, however, is
beyond the scope of this thesis.



Chapter 7

The Effects of Cometary Activity on
a Centaur’s Surface Composition

“Never try an’ get a straight answer out of a centaur.”

R. Hagrid
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7.1 Cometary Activity and Surface Composition

As discussed in chapter 1, centaurs are a population of minor planets that cur-
rently reside on relatively unstable orbits among the Solar system’s giant outer
planets. It has been estimated that the orbits of around a third of centaurs will
successfully traverse the giant planet region and diffuse into the inner Solar
system, supplying new members to the JFC population (Levison & Duncan
1997; Tiscareno & Malhotra 2003). As centaurs migrate toward the inner So-
lar system they experience higher temperatures, and some exhibit the onset
of cometary activity. To date around 13% of known centaurs have been ob-
served to show such activity (Jewitt 2009). It has been suggested that cometary
outbursts should cause the surface properties (i.e. albedo, colour, and surface
composition) of red centaurs to change, such that they no longer look like red
TNOs, and instead look more similar to the neutrally coloured JFCs (Luu &
Jewitt 1996b; Jewitt 2002; Jewitt 2015; Lamy & Toth 2009).

7.1.1 Activity Driven Surface Changes on a JFC

In comparison to the centaurs, the surfaces of active JFCs have been studied in
much more spatially resolved detail through spacecraft visits and flybys. From
in-situ observations of the active JFC 67P/Churyumov-Gerasimenko (here-
after 67P) made by the European Space Agency’s Rosetta spacecraft, it is known
that cometary activity changes the surface properties of a cometary nucleus. Fi-
lacchione et al. (2016a) reported that at 67P Rosetta’s Visible and Infrared Ther-
mal Imaging Spectrometer instrument observed the single scattering albedo
of active areas increasing, and their spectral gradients decreasing, suggesting
that cometary outgassing was lifting redder dust from the surface to reveal
more reflective and bluer subsurface water ice. The increase in surface water
ice abundance was also observed in reflectance spectra of the active regions by
the increasing depth of an absorption feature observed at λ ∼ 3.2 µm, and the
distortion of its center toward shorter wavelengths (Filacchione et al. 2016a).
Ciarniello et al. (2016) reported that the level of activity observed, and there-
fore the abundance of water ice revealed, in the active regions of 67P would
vary seasonally subject to the location of the subsolar point on the comet’s sur-
face. Seasonal variation in the local insolation of the nucleus also led to the
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sublimation of a very volatile surface deposit of CO2 ice over a 3 week pe-
riod following its first observation (Filacchione et al. 2016b). The very active
neck region between the two lobes of the nucleus of 67P was observed to un-
dergo diurnal variation in activity and water ice abundance that was depen-
dent on whether it was shadowed by one of the lobes or illuminated, which
itself was dependent on the rotational phase of the nucleus (Ciarniello et al.
2016). Increased activity, and the exposure of subsurface water ice has been
linked to localised geological disturbances such as landslides or cliff erosion
(Filacchione et al. 2019). It is worth noting that such patches of exposed wa-
ter ice on the surface of 67P were observed to have a life cycle beginning with
increased sublimation with increasing insolation, and ending when the water
ice was depleted (Raponi et al. 2016). Therefore, while localised cometary ac-
tivity may be associated with an increase in local water ice abundance, it may
also lead to the depletion of surface volatiles, and a decrease of the strength of
their signatures in the reflectance spectra of those regions in which they were
initially identified.

7.1.2 Revealing Subsurface Material

While the activity driven changes are clear in the measurements of the surface
of 67P, similar changes have not yet been observed on the surface of an active
centaur. Direct observation of the signatures of materials present in the fresh
subsurface of an active centaur would greatly increase the understanding of
the compositions of both TNOs and centaurs. If spectroscopic observations
can be made soon after an outburst of activity, they could reveal subsurface
materials before they sublimate or become chemically processed by Solar UV
radiation, the Solar wind, and cosmic rays.

If activity were to reveal observable water ice on the surface of a centaur, its
characteristic absorption features would be expected to appear in the centaur’s
NIR reflectance spectrum at∼ 1.6 µm and∼ 2.0 µm. It would also be expected
that the spectrum’s visual and NIR spectral gradients would decrease (i.e. the
centaur would become less-red; Filacchione et al. 2016a). Likewise for mafic
silicate material such as olivine and pyroxene, it is likely that the characteris-
tic strong absorption band centred at ∼ 1.0 µm would appear in the centaur’s
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reflectance spectrum (e.g. see DeMeo et al. 2009). If fresh hydrocarbons are
revealed on the surface of a centaur it is likely that the largest effect would be a
change in the VNIR spectral gradients, as the colour of a centaur is predicted to
be dominated by both the chemical species of hydrocarbons on its surface and
the level to which they have been irradiated (e.g. Moroz et al. 2004; Brunetto
et al. 2006; Izawa et al. 2014). Due to the large number of species of hydro-
carbons, and their diverse structural forms, it is extremely difficult to predict
whether identifiable C-H absorption bands would appear in the NIR region of
a centaur’s reflectance spectrum as the result of them becoming observable in
subsurface layers freshly revealed by cometary activity. It is also plausible that
volatile ice such as methanol could be revealed on the surface, and could be
identifiable by the appearance of one of a characteristic absorption feature in
the centaur’s reflectance spectrum at λ = 2.27 µm.

7.1.3 The Activity and Colours of Centaurs

To date, the only plausible evidence for centaur surface changes due to activ-
ity comes from hemispherically averaged colour measurements. As discussed
in chapter 1, the colours (or spectral gradients) of centaurs are bimodally dis-
tributed into a red group and a less-red group (Peixinho et al. 2003; Barucci
et al. 2005a; Tegler et al. 2008a; Perna et al. 2010). Notably, active centaurs have
only been observed within the less-red group (Jewitt 2009; Jewitt 2015). Red
surfaces are also reported to be less common on centaurs with perihelia below
∼10 au. This heliocentric distance roughly coincides with that where activity
is observed to begin (Jewitt 2015). If, as is predicted for the majority of TNOs
and centaurs, the visual reflectance properties (and colours) of centaurs are
dominated by the complex hydrocarbon molecules on their surfaces, it is pos-
sible that activity could destroy the original red irradiated crust of a centaur
and resurface it with less-red unirradiated subsurface material that falls back
from the coma under gravity (Jewitt 2002; Delsanti et al. 2004; Doressoundiram
et al. 2005). Despite the apparent trend for activity to cause a centaur’s visual
spectrum to decrease in redness, no changes in the surface spectral properties
of active centaurs have yet been directly detected following an outburst.
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7.2 174P/Echeclus

174P/Echeclus (also known as (60558) Echeclus, formerly known as 2000 EC98;
Scotti et al. 2000, and hereafter simply referred to as Echeclus) is an active
centaur that has been extensively studied while both active and inactive. Its
orbit (see table 7.1 for the orbital elements) has been described as Jupiter cou-
pled by Gladman et al. (2008), whose numerical integrations found Echeclus
to be rapidly perturbed by the gravitational influence of Jupiter. Echeclus is
in the less-red group of centaurs, and the majority of slope measurements
obtained for the featureless visual spectrum of its bare nucleus are consis-
tent at ∼10 − 13 % per 0.1 µm (see table 7.2). A near-infrared (NIR) spec-
trum of Echeclus reported by Guilbert et al. (2009) has a low spectral slope of
2.53± 0.33 % per 0.1 µm, and no detected absorption features.

Since its discovery, Echeclus has been observed to sporadically undergo out-
bursts of cometary activity on four separate occasions. The first, discovered
by Choi et al. (2006a), was a large outburst that occurred in 2005 December.
Two minor outbursts occurred in 2011 May (Jaeger et al. 2011) and 2016 Au-
gust (Miles et al. 2016). Most recently another large outburst was discovered
in 2017 December by amateur astronomers and reported on the website of the
British Astronomical Association1.

Multiple works have been published on Echeclus’ outburst of 2005-2006, which
was one of the largest centaur outbursts ever observed. Persisting for several
months, it rose in visual magnitude from∼21 to∼14 (Rousselot 2008). Unusu-
ally, the source of activity appeared to be distinct from Echeclus itself, and was
possibly a fragment of the nucleus broken off by the outburst (Choi et al. 2006b;

1https://www.britastro.org/node/11931

a (au) e i (◦) q (au) tq
a

10.68 0.46 4.34 5.82 2015 April 22

TABLE 7.1: Table presenting the basic orbital elements of 174P/Echeclus taken from
the online database of the International Astronomical Union (IAU) Planet Center. a:

Date of most recent perihelion passage.

https://www.britastro.org/node/11931
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S′ (% per 0.1 µm) δS′ (% per 0.1 µm) Reference

9.964 3.425 Boehnhardt et al. (2002)
10 ∼ Bauer et al. (2003b)

23.7 0.6 Lazzarin et al. (2003)
12.5 0.7 Alvarez-Candal et al. (2008)

10.43 4.83 Stansberry et al. (2008)
12.93 4.19 Peixinho et al. (2015)

TABLE 7.2: Visual wavelength spectral gradients and their uncertainties published for
174P/Echeclus.

Weissman et al. 2006; Bauer et al. 2008; Rousselot 2008; Fernández 2009). For
this outburst, both Bauer et al. (2008) and Rousselot (2008) reported high dust
production rates, low gas–dust ratios, and dust colours that were redder than
Solar. The dust colours reported by both studies indicated that the dust was
approximately the same colour as Echeclus itself, but also hint that the dust
may be slightly less-red than its parent body. During Echeclus’ 2011 outburst
Rousselot et al. (2016) also observed that the combined colour of Echeclus and
its coma was approximately the same as that observed for the bare nucleus
during an inactive period two years later. Dust colours like those reported
for Echeclus during its 2005-2006 and 2011 outbursts are consistent with the
general trend for active centaurs and JFCs, which have dust comae that are
typically redder than Solar, but may be slightly less red than their associated
nucleus (e.g. Jewitt 2009; Jewitt 2015). While the outbursts of Echeclus’ and
its CO outgassing (Wierzchos et al. 2017) have received much attention, any
effects of an outburst on this centaur’s surface composition and albedo have
not been reported.

7.3 Project Aims and Observations

On the night beginning 2014 August 2, as part of the first X-Shooter observing
run discussed in chapter 2 (run ID: 093.C-0259(A)), a high-quality VNIR spec-
trum of Echeclus’ bare nucleus was observed. Echeclus unexpectedly began
an outburst of cometary activity on 2016 August 27 at a heliocentric distance
of 6.27 au, increasing in brightness by 2.6 mag in r′ in less than a day (Miles et
al. 2016). Additional spectra of similarly high quality were gathered six weeks
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FIGURE 7.1: This figure shows a debiased, flat-fielded, 45 second r′ exposure of
Echeclus and its coma, observed with the AGC of X-Shooter on 2016 October 7. The
dashed ring has a radius of 26′′ (∼ 1 × 105 km at Echeclus) and is centered on the
nucleus, marking the point at which the radially averaged surface brightness of the
coma blends into that of the background sky. The small black rectangle marks the size
and average orientation of the slit of X-Shooter while obtaining spectra of Echeclus on
2016 October 7. Arrows labeled N and E respectively mark the north and east direc-
tions on the sky. Arrows labeled PsAng and PsAMV respectively point in directions
opposite to the position of the Sun on the sky, and opposite to the heliocentric orbital
motion of Echeclus (angle values are reported in table 7.3). A similar observing geom-
etry occurred on the second post-outburst night of observing as the observations were
performed almost exactly 24 hrs apart. Echeclus also appeared similar in the images

obtained in g′.
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FIGURE 7.2: This figure shows a zoomed contour plot of the same image presented
in figure 7.1 after it was smoothed with a gaussian filter. It has linear scaling, and
shows the observed morphology of Echeclus’ coma, which is similar to that observed
in our g′ image on the same night. The lowest contour is set at one standard deviation
of the background noise above the median background level. The + symbol marks a

background source that is unrelated to Echeclus.
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after the outburst on the nights beginning 2016 October 6-7 during 3.8 hours
of Director’s Discretionary Time awarded at the VLT. These observations were
conducted in an attempt to directly observe and measure new absorption fea-
tures, changes in Echeclus’ visual and NIR spectral slopes, and the colour of
any residual dust coma resulting from the outburst.

Observations were conducted as discussed in chapter 2, and were designed to
be identical over each observation epoch. It was ensured that at least one So-
lar calibrator star observed during each observing run, Hip 107708, was com-
mon to both runs so a direct comparison could be made between the pre- and
post-outburst reflectance spectra resulting from these observations. Imaging
of Echeclus during the post-outburst run revealed that Echeclus still had an
asymmetric residual coma. Despite this, the primary target of interest was the
nucleus, and due to X-Shooter’s disabled ADCs it was essential that the slit
remained aligned as close to the parallactic angle as possible throughout the
spectroscopic observing sequences. It was fortunate, however, that the coma
was conveniently aligned on the sky such that when the slit was centred on
the nucleus, the coma was sampled at one end of it, and due to the asymmetry
of the coma the opposite end of the slit was dominated by sky. This offered an
opportunity to simultaneously spectroscopically observe both Echeclus and its
residual coma (see figures 7.1 and 7.2).

The post-outburst observing program made use of the imaging mode of X-
Shooter’s AGC (discussed in section 2.1.2). On the first night of the post-
outburst observing run three images were obtained in both SDSS g′ and r′

filters, one each of exposure lengths 5 s, 15 s, and 45 s (see figures 7.1 and 7.2).
Appropriate bias frames, and twilight sky-flat frames were observed as part of
the standard calibration program for X-Shooter’s AGC. Analysis of the images
observed is detailed in section 7.7.

7.4 Spectroscopic Data Reduction

Reduction of the observed spectroscopic data was mostly undertaken as de-
scribed in chapter 3. They did, however, require some deviation from that
method, especially for the extraction of the dust spectrum.
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7.4.1 Echeclus

Reduction and extraction of the spectrum of Echeclus was carried out exactly
as described in chapter 3, with the important caveat that, to correctly subtract
the sky and the residual coma present on one side of the 2D spectrum in the
spatial direction, a linear profile was fitted to the background pixels in each
pixel column along the dispersion axis instead of simply taking their median
value as the background for that column.

The extraction method described in chapter 3 is good for extracting the spectra
of faint sources (e.g. Fitzsimmons et al. 2018), but use of this method some-
times makes the task of aligning the spectra observed in each of the arms of
X-Shooter non-trivial. Alignment of the spectra must be treated with care, be-
cause GME typically cuts off the overlapping ends of each spectral arm where
X-Shooter’s dichroics reduce the S/N of the spectrum to a point where it is too
low to properly extract. For spectra of Echeclus itself, the UVB and VIS spectra
were simply aligned via a linear fit through the spectral ranges adjacent to the
join between them. In all of the VIS arm reflectance spectra, however, there is
a strong telluric residual feature at 0.9–0.98 µm (see Smette et al. 2015). This
produced a large enough gap in usable continuum between the VIS and NIR
spectra that it was deemed unreasonable to attempt to align the VIS and NIR
arms of the spectra. Hence, in the following analysis the combined UVB-VIS
spectrum and the NIR spectrum are considered separately.

All of the spectra have been cut below 0.4 µm due to strong residuals caused
by differences in metallicity between the Sun and the calibrator star used (see
Hardorp 1980). The spectra have also been cut above 2.1 µm where the sky sub-
traction was very poor. Direct comparison of the pre- and post-outburst spec-
tra was also not possible at wavelengths above 2.1 µm due to the K-blocking
filter used in the post-outburst observations.

7.4.2 The Dust

As discussed in Section 2.3, Echeclus was observed in a three-point dither pat-
tern. In the first dither position Echeclus was centered in the slit. In the second
and third dithers Echeclus was positioned respectively at +2.5′′and -2.5′′ along
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the slit relative to the center. With the combined asymmetry of the dust coma
and the convenient orientation of X-Shooter’s slit during the post-outburst ob-
servations, it was possible to extract a VNIR spectrum of Echeclus’ dust coma
from the same 2D spectra that were observed to obtain a spectrum of Echeclus
itself. To extract the dust spectrum only the spectra acquired at the second and
third dither positions were used, respectively to extract the dust and the sky
spectra.

The post-outburst 2D rectified and merged spectra produced by the ESO pipeline,
and the sky boundaries drawn by the extraction process described in Section
3.2.4 were used to sky-subtract and extract the spectrum of the coma. The sky
region for each dust spectrum was defined in the third dither in each triplet of
observations, on the dust-free side of the spectral image at > 3 ∗ FWHM from
the center of Echeclus’ spatial profile. Likewise, the dust region in each triplet
was defined in the second dither, on the dusty side of the spectral image at
> 3 ∗ FWHM from the center of Echeclus’ spatial profile. A sky spectrum was
produced for each triplet by taking a median of the pixels in each wavelength
element in the 2D sky region. This sky spectrum was then subtracted from
the second dither 2D spectrum, and pixels in each wavelength element in the
dust region were summed to produce a sky-subtracted 1D dust spectrum. As
a result of summing only the flux at > 3 ∗ FWHM from Echeclus’ nucleus the
contamination of the dust spectrum by that of Echeclus itself is expected to be
minimal.

Like the spectra of the nucleus, the four resulting dust spectra were stacked
(combining those observed on both nights of the post-outburst run), Solar
calibrated, and binned as described in section 3.3. The uncertainties in each
spectral bin were determined in the same way as for those in the spectrum of
Echeclus (see section 3.3.4). The dust reflectance spectrum appeared to have
a nearly linear behavior through the VNIR range (from ∼0.4-1.3 µm; see Fig.
7.4) and so it was possible to align the UVB, VIS, and NIR spectra by aligning
the UVB and NIR spectra to a linear fit of the VIS spectrum. The dust spectrum
was cut above 1.76 µm where the S/N of the spectrum is extremely low.
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7.5 Results from Reflectance Spectroscopy

For Echeclus, three reflectance spectra were obtained in both the visual (com-
bined UVB+VIS arms) and NIR ranges (see Fig. 7.3). In each range one pre-
outburst baseline spectrum was observed along with two post-outburst spec-
tra. One full VNIR spectrum of Echeclus’ dust coma was also obtained from
the combined post-outburst observations (see section 7.5.2). Prior to the Solar
calibration of the data the post-outburst spectra were searched for cometary
emission lines that might have indicated ongoing activity, but none were found
above the level of the noise.

7.5.1 Echeclus

Unfortunately, no appreciable change in the reflectance properties of Echeclus’
nucleus was observed post-outburst compared to the pre-outburst baseline
spectrum; no observable ice, silicate, or hydrocarbon absorption features ap-
peared, nor did the shape of the spectrum itself alter.

Ratioed spectra were produced to probe for subtle changes in Echeclus’ re-
flectance properties (see Fig. 7.3). They show very slight curvature in the vi-
sual range, and at longer wavelengths they have a small negative gradient.
These residual features are not significant, producing maximum residual spec-
tral gradients of order 0.5 % per 0.1 µm. These residual features are likely not
intrinsic to Echeclus, but instead are the result of strong telluric residual con-
tamination and systematic errors introduced by imperfect calibration.

The spectral gradient, S′ was measured in each of the spectra presented here to
determine whether the outburst had observably changed the colour of Echeclus.
Such a colour change would have likely indicated either the removal of an
older surface by the outburst (cf. Filacchione et al. 2016a), or that an older sur-
face had been obscured by a blanket of material falling back to the nucleus
from the coma under gravity (cf. Jewitt 2009). The method used to calculate
S′ for each of these spectra is described in section 3.4. The S′ standard errors
are very small (0.01 % per 0.1 µm) and do not account for systematic errors of
order 0.5 % per 0.1 µm introduced by imperfect calibration of the data. These
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FIGURE 7.3: Reflectance spectra and ratioed spectra of Echeclus’ surface from both
observing epochs. All of panels on the left, (A), (C), and (E), show the visual range
and are normalised at 0.658 µm, while those on the right, (B), (D), and (F), display the
NIR and are normalised at 1.6 µm. In all of the panels the y-axis scaling is the same,
and spectral regions contaminated by telluric or Solar metallicity residuals are plotted
with dotted lines. In panels (A) and (B) the reflectance spectra of Echeclus’ surface are
shown, with each spectrum ordered from bottom to top in order of when they were
observed, and offset for clarity by +0.1 with respect to the previous spectrum. During
both observing epochs the visual spectrum of Echeclus is featureless, and no statisti-
cally significant change in the spectral gradient is observed. The same is observed in
the NIR. The differing strength and width of the telluric residual bands are related to
the difference in air mass at which Echeclus and the calibrator star were observed on
a given night (see table 2.6). All of the spectra displayed have been calibrated using
the spectrum of Hip 107708. The ratioed spectra in panels (C) and (D) were created
by dividing the reflectance spectra from 2014 August 3 by those from 2016 October 7.
The same applies to panels (E) and (F) where spectra from 2014 August 3 and 2016

October 8 were used. See Section 7.5.1 for discussion of the ratioed spectra.
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Obs Date S′ Original (a) (% per 0.1 µm) S′ Updated (b) (% per 0.1 µm) Standard Error (c) (% per 0.1 µm)

Visual

2014 Aug 3 11.64 10.30 ±0.01
2016 Oct 7 11.39 10.11 ±0.01
2016 Oct 8 12.12 10.67 ±0.01

NIR

2014 Aug 3 1.26 1.22 ±0.01
2016 Oct 7 1.69 1.63 ±0.01
2016 Oct 8 1.34 1.29 ±0.01

TABLE 7.4: Reflectance Spectrum gradients calculated with VIS and NIR reflectance
respectively normalised at 0.575 µm and 1.25 µm. Unfortunately when this work
was published in The Astronomical Journal these normalisation wavelengths were erro-
neously quoted as 0.658 µm and 1.6 µm. This does not change the results of the work,
however, as all the pre- and post-outburst spectra in a given wavelength range were
normalised at the same wavelength. a: the original values of S′ calculated before the
error described in section 3.4.2 was identified. b: the updated values calculated with
the correct formula as described in section 3.4.2. c: to account for systematic errors
increase these values by 0.5 % per 0.1 µm. The uncertainties determined for both the

original and updated values of S′ are the same to two decimal places.

systematics can be seen in the curvature and slopes of the ratioed spectra dis-
played in Fig. 7.3. Hence, the measured uncertainty of 0.01 % per 0.1 µm
is reported as the limit of precision obtainable from the continuum measure-
ments of these spectra. The uncertainties quoted in table 7.4 do not include the
systematic errors.

In the visual spectra, the spectral gradient was measured at 0.575-0.800 µm while
ignoring the telluric residuals at 0.758-0.767 µm. Visual S′ values and their un-
certainties are presented in Table 7.4. The visual spectral gradients reported
here are all consistent with literature values previously published for Echeclus
when systematic errors are accounted for (Alvarez-Candal et al. 2008; Stans-
berry et al. 2008; Peixinho et al. 2015).

To enable direct comparison between the pre- and post-outburst NIR S′ mea-
surements, the spectral gradient was measured in the wavelength range of
1.25-1.7 µm, but only in regions with minimal telluric residual contamination
due to atmospheric H2O (see Smette et al. 2015). Hence, only reflectivity val-
ues in the ranges of 1.25-1.3 µm and 1.5-1.7 µm were included in the measure-
ment of S′. Outside of these regions even subtle telluric residuals were able to
affect S′, despite their apparent absence from the spectrum. At λ < 1.2 µm the
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slope of Echeclus’ NIR spectrum begins to increase toward the visual range
and drops away from linearity. This is why these wavelengths were not in-
cluded in the NIR measurements of S′. NIR S′ values and their uncertainties
are also presented in Table 7.4. The NIR spectral gradients are broadly neutral
like that reported by Guilbert et al. (2009), but values measured for the spectra
presented here are not formally consistent with theirs. Due to the significant
difference between the wavelength range measured in that study and this one,
however, they are not directly comparable. It is also unlikely that these spec-
tra are normalised at the same wavelength as that published by Guilbert et al.
(2009).

As discussed in section 3.4.2, the values of S′ quoted here are updated com-
pared to those originally published in the article associated with this work (see
item number three under Publications in the preamble). The original values of
S′ are reported here alongside the updated values in table 7.4. These updates
were necessary due to an error in the formula used to calculate the values of
S′ that resulted in the measured slopes having exaggerated redness. This error
does not affect the linear regression fit of the continuum of the spectrum, and
hence does not affect the overall result of this work. It only affects the values
of S′ reported for the spectra.

Taking into account both the formal and systematic uncertainties in the mea-
surements of S′ presented here, it cannot be concluded that the visual or NIR
spectral gradients of these spectra have been observed to change between the
pre- and post-outburst epochs in a way that is attributable to changes in the
reflectance properties of Echeclus. Subtle changes in measured spectral gra-
dients appear to largely result from imperfect calibration, and differences in
the strength of the telluric residuals present in the spectra. By extension the
difference in the strength of the telluric residuals between observations made
on different nights results from the changing difference in the airmass between
observations of Echeclus and the Solar calibrator star when observed on dif-
ferent nights.
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FIGURE 7.4: The blue, featureless reflectance spectrum of Echeclus’ dust coma ob-
served post-outburst. The spectrum and the best fit line are both normalised at
0.658 µm. The dotted lines indicate regions of telluric residuals and systematic resid-
uals produced by very low S/N at the ends of X-Shooter’s echelle orders. The red
dotted line plots the measured best-fit slope across the 0.40-1.35 µm range. The black
dotted-dashed line at zero reflectance indicates the lower limit of the plot where re-
flectances are still physical. This spectrum was also calibrated using that of Hip

107708.
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7.5.2 The Dust

The reflectance spectrum of Echeclus’ dust coma appears entirely featureless,
but surprisingly blue in the visual range. The spectrum’s gradient, S′, was
measured in the highest S/N region of the VIS dust spectrum (0.61-0.88 µm;
normalised at 0.61 µm) using the method outlined in section 3.4, while ignor-
ing wavelength regions containing telluric and calibration residuals (specif-
ically these were regions of very low S/N at the end of X-Shooter’s echelle
orders). The gradient of the VIS dust spectrum and its standard error at 99.7%
confidence was measured to be−7.2± 0.5 % per 0.1 µm. Adding 0.5 % per 0.1 µm
to the gradient’s uncertainty in quadrature to account for systematic error re-
sults in a final S′ measurement of −7.2± 0.7 % per 0.1 µm. The spectrum is
broadly linear and appears to have a constant gradient from 0.4 to 1.3 µm,
while leveling out at longer wavelengths. The same updates in the value
of S′ for Echeclus also apply to that for the original S′ value measured for
the dust (as described in section 3.4.2). Originally S′ was reported as −7.7±
0.6 % per 0.1 µm, and the updated value is consistent with this within the un-
certainty.

7.6 Reduction of the Images

Post-ouburst images were observed with the aim of studying Echeclus’ re-
maining dust coma. To maximise the S/N only the g′ and r′ images with the
longest exposure time of 45s were used. There is no dedicated data reduction
pipeline for images observed by the AGC of X-Shooter, so the images were de-
biased and flat-fielded with custom scripts written in Python v. 2.7.132. Bias
frames were median stacked to make a master bias frame, which was sub-
tracted from the sky flats and the image. The bias-subtracted sky flats were
averaged, normalised, and divided from the image to flat-field it. It should be
noted that the quality of the flat field was moderately poor towards the edges
of the image. The calibrated image was sky-subtracted with the Trailed Image
Photometry in Python software package (TRIPPy; Fraser et al. 2016).

2https://www.python.org/

https://www.python.org/
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Before photometric analysis could begin the zero-point magnitudes of the im-
ages had to be found by taking the observed counts and catalogued g′ and r′

magnitudes for stellar sources in the images and applying those values to the
following equation,

zX = mX + 2.5log10

(
nc

ti

)
, (7.1)

where zX is the zero-point magnitude of the image observed through photo-
metric filter X, mX is the catalogued magnitude of a given stellar source in
filter X, nC is the number of counts recorded in the image for the star, and ti is
the integration time for the image.

Due to the very small field of view of X-Shooter’s AGC (1.5′ × 1.5′), only one
stellar source was available in each image to calculate their zero-point magni-
tudes. Cross-referencing the images with the catalogues of the SDSS (Abolfathi
et al. 2018) and the Panoramic Survey Telescope and Rapid Response System
(Pan-STARRS; Flewelling et al. 2016, in preparation) revealed that they con-
tained only one usable stellar source, as all others beside Echeclus were galax-
ies. In g′ the uncertainty in the star’s catalogued magnitude was significant
(∼ 0.13 mag) and an accurate zero-point for this image could not be deter-
mined. As a result the colours determined for Echeclus and its coma also have
significant uncertainty. The uncertainty of all subsequent photometric mea-
surements is dominated by that of the measured zero-points of the images.

7.7 Results from Photometry

The reduced post-outburst g′ and r′ images were used to study the residual
dust coma of Echeclus. Following the calibrations described in Section 7.6,
the locations of sources in the image were found using SExtractor (Bertin &
Arnouts 1996) and using the single stellar source available (see section 7.6),
a stellar point-spread function (PSF) was fitted by TRIPPy (Fraser et al. 2016).
TRIPPy was also used for all subsequent photometric measurements. The pixel
values of three bright sources close to Echeclus in the image were replaced
with values randomly sampled from a gaussian distribution calculated from
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the median and standard deviation of the background local to each star. This
removed these sources from the image while preserving the background coma.

7.7.1 Colours

In order to corroborate the post-outburst measurements of the spectral gradi-
ents of Echeclus and its coma, their g′ − r′ colours were measured photomet-
rically from the 45 s g′ and r′ images observed during the post-outburst run.
First, to measure the colour of Echeclus, aperture photometry was performed
with a circular aperture of radius, ρ = 0.33”, equal to 1

2 ∗ FWHM of the see-
ing disk. This aperture was chosen to probe the colour of the nucleus and
minimize coma contamination. Second, to measure the colour of the coma,
photometry was performed for a ring centered on the photocenter of Echeclus
with an inner bound at ρ = 1.98” (3 ∗ FWHM of Echeclus’ seeing disk) and
an outer bound at ρ = 26”. This included most of Echeclus’ observable coma,
but minimized contamination by flux from the nucleus. The g′ − r′ colours
were measured to be 0.65 ± 0.14 and 0.29 ± 0.14 for Echeclus and its coma
respectively, where the uncertainties are dominated by the uncertainty intro-
duced by the zero-point calibration of the g′ image. It is important to note
here that an assumption is made that the nucleus is observable through the
coma (i.e. that the coma is optically thin). Also, while the nucleus likely con-
tributes to the measured flux, that from the dust in the coma between Echeclus
and the observer is certain to be contaminating it. This means that the mea-
sured photometric colour of the nucleus may not be representative of its true
colour. While this must be kept in mind, it is encouraging that the pre-outburst
S′ value measured from the reflectance spectra matches so closely with those
measured from the post-outburst spectra, as any coma which affects the pho-
tometric measurements, should equally be affecting the spectroscopic ones.

Despite the large uncertainty in the colour measurements, the colours of Echeclus
and its dust coma are not consistent. Importantly, the coma’s colour is neutral-
blue (the Sun has g′ − r′ = 0.44± 0.02)3 while Echeclus is red, just as observed
via the spectroscopic measurements. Even if the nucleus colour measurement
is being affected by comatic dust between the nucleus surface and the observer,

3https://www.sdss.org/dr12/algorithms/ugrizvegasun/

https://www.sdss.org/dr12/algorithms/ugrizvegasun/


187

it is clear that the colours of the nucleus and the dust are discrepant within their
uncertainties by nearly a tenth of a magnitude. These colours, primarily due
to their very large uncertainties, are also consistent with the spectral gradients
determined from the X-Shooter spectra presented in table 7.4, with the colours
of Echeclus and the coma respectively corresponding to S′ values of approxi-
mately ∼12 % per 0.1 µm and ∼ − 10 % per 0.1 µm (see section 3.4.1 for the
method of calculation for these values).

7.7.2 Coma Geometry

The orbital trajectories of grains in a cometary dust tail can be adequately mod-
elled by assuming that they are completely decoupled from the gas emitted by
the cometary nucleus, that the dust grains were emitted at zero velocity rela-
tive to the nucelus, and that the only forces felt by the grains are those of Solar
radiation pressure and Solar gravitation (Fulle 2004). In this model, the Solar
radiation pressure acts to fractionally reduce the Solar gravity felt by the dust
grains of a given mass density to an extent that is inversely proportional to
their diameter. In mathematical terms this can be presented as

FR =

(
1− FRAD

FGRAV

)
FGRAV ∝

1
ρdd

(7.2)

where FR is the repulsive force felt by the grains from the Sun, FRAD is the force
of the Solar radiation pressure, FGRAV is the force of Solar gravitation, ρd is the
mass density of the dust grains, and d is their diameter.

Using a model described by Finson & Probstein (1968) it is possible to plot the
geometry of a comet’s dust tail on the sky (considering only particles released
in the comet’s orbital plane) by drawing synchrones and syndynes. Synchrones
are lines drawn on the sky that link regions of the tail in which dust grains
were simultaneously emitted from the nucleus, and syndynes are lines that link
regions in which the grains experience the same repulsive force due to Solar ra-
diation. By extension, syndynes link regions of the tail in which the dust grains
are approximately the same size. The geometry of the synchrones and syndynes
in a Finson–Probstein diagram can be readily compared with observed images,
and adequately describe the shape of a cometary tail as observed from Earth
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FIGURE 7.5: This figure is the same as 7.1. It has been reproduced here for convenient
comparison to figure 7.6.
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FIGURE 7.6: A Finson–Probstein diargram created for a model dust tail of
174P/Echeclus at the position and time it was observed during the first night of the
post-outburst observing run (2016 Oct 6) using the online tool developed by Vin-
cent (2014). In this diagram north is up and east is left. Vectors pointing toward
the Sun and in the direction of Echeclus’ orbital motion (the opposites of PsAng
and PsAMV, respectively) are respectively plotted in yellow and blue. Due to the
geometry of the diagram it is difficult to resolve the individual synchrones and syn-
dynes which are respectively plotted overlapping each other as black solid lines and
grey dashed lines (see the Vincent’s website for better examples of these diagrams;
http://comet-toolbox.com/FP.html). Numbers in black show synchrones denoting
the position of dust emitted by the nucleus at 20, 25, 30, 35, 40, 45, 50, and 55 days
previous to the observation. Grey numbers mark the position of syndynes connecting
regions of the tail where the dust grains feel Solar radiation pressure with 10% and
20% the strength of the force of Solar gravity. The point of showing this plot is to con-
trast it with figure 7.5. If the observed dust was emitted by Echeclus as an extended
coma at zero velocity relative to the nucleus it would appear oriented roughly west-
ward on the sky as shown in this diagram. The fact that the coma appears instead to
be oriented toward the south (i.e. downward in this diagram) indicates that it likely

results from a cometary jet. For comparison see figure 7.5.

http://comet-toolbox.com/FP.html
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(e.g. Jewitt et al. 2013).

During the post-outburst observations of Echeclus, both its orbital velocity
vector and the vector pointing from Echeclus to the Sun (the respective nega-
tives of PsAMV and PsAng; see Fig. 7.1 and Table 7.3) were pointing roughly
eastward on the sky. The angle between the Earth and Echeclus’ orbital plane
was also small, at ∼0.3◦. From this vantage point we would expect that an
extended coma would appear in the image to be oriented roughly westward if
emitted with zero velocity relative to Echeclus and influenced only by forces of
Solar gravitation and the Solar wind. This can easily be verified via the Finson–
Probstein model (Finson & Probstein 1968) implemented by Vincent (2014, see
figure 7.6)4. The fact that the observed coma is oriented roughly southward
(see figure 7.1) indicates that it was emitted with some velocity, and is prob-
ably the remnant of a jet-like feature. The lack of broadening of this feature
toward the anti-Solar direction and the fact that it still remains six weeks post-
outburst indicates that Solar radiation pressure has not significantly affected
its morphology, and likely indicates that the observed dust coma is comprised
of large grains.

7.8 No Observed Changes to the Nucleus Surface

Despite evidence that cometary outbursts should change the surface proper-
ties of a centaur, including that gathered in-situ at comet 67P (Filacchione et al.
2016a) and from laboratory experiments (Poch et al. 2016a; Poch et al. 2016b),
no changes in the reflectance spectrum of Echeclus were observed as a result
of its 2016 outburst. No direct evidence was found to suggest the removal of
an irradiated surface crust or the uncovering of fresh subsurface ices, silicates,
or hydrocarbons as predicted by Delsanti et al. (2004) and Doressoundiram
et al. (2005). Due to Echeclus’ unchanging visual and NIR spectral gradients,
these observations also offer no evidence in support of the hypothesis that an
older surface rich in irradiated hydrocarbons was being blanketed by fresher
less-red material falling back from the coma as predicted by Jewitt (2009) and
Jewitt (2015).

4http://comet-toolbox.com/FP.html

http://comet-toolbox.com/FP.html
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The exposure of volatile ices such as carbon dioxide (CO2) to seasonal heating
on 67P has been shown to change the local surface composition on a timescale
of weeks (Filacchione et al. 2016b). The observations presented here, however,
imply a rapid disappearance of any potential deposit of volatile ices in any
freshly exposed subsurface layers of Echeclus.

If any large regions of subsurface material had been exposed by the outburst,
they could not have been transformed by heat and irradiation from the Sun to
be indistinguishable from the rest of Echeclus in only six weeks. Crystalline
water ice is thermodynamically stable at >5 au and should have been observ-
able if it was present on the Earth-facing side of Echeclus during the post-
outburst observations. Additionally, any irradiation mantle destroyed by ac-
tivity could not be replaced by the irradiation of simple subsurface organics in
the time between the outburst and the post-outburst observations. Strazzulla
et al. (2003) report that the production of a complex refractory organic crust
requires ion irradiation doses of the order of 102 eV (16 amu)−1 based on labo-
ratory experiments. Under the Solar wind at heliocentric distances of 5-10 au a
surface takes∼102− 103 years to receive a total ion dose this high (Kaňuchová
et al. 2012; Melita et al. 2015). Hence, if a large region of irradiated surface had
been destroyed by the outburst to reveal an unirradiated subsurface, it would
likely have been detected by changes in Echeclus’ spectral gradient.

A simple explanation for the lack of change in Echeclus’ spectrum may be that
the outburst was not large enough to expose much of Echeclus’s subsurface.
Even on the much more active JFC 67P, it was found that the largest changes
were localized to the most active regions of the nucleus surface (Filacchione
et al. 2016a). If changes were localized to a small area they may not have been
observable in these spatially unresolved measurements.

Another likely explanation for the lack of change in the nucleus’ surface prop-
erties is that not enough comatic material fell to Echeclus’ surface. If, as ap-
pears to be the case, the observed coma is a remnant of a cometary jet, and
the dust ejected was traveling at a velocity much higher than Echeclus’ es-
cape velocity, it is likely that little of the coma material would have returned to
Echeclus’ surface under gravity. Assuming a spherical shape for the nucleus,
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a bulk density similar to that of 67P (∼ 500 kg m-3; Preusker et al. 2015; Jorda
et al. 2016), and a diameter of around 60 km (Bauer et al. 2013; Duffard et al.
2014), Echeclus’ escape velocity can be estimated at around 16 m s-1. Early
images of the 2016 outburst were submitted to the joint comet image archive
of the British Astronomical Association and The Astronomer by R. Miles and A.
Watkins5. These images allowed them to estimate the expansion velocity of
the coma of Echeclus to be 95± 4 m s-1. Hence, it appears that if this expansion
velocity is representative of the velocity at which the majority of coma material
was ejected, most of the dust ejected by the outburst would have been travel-
ing too rapidly to be recaptured by Echeclus’ low gravity, thus preventing the
blanketing of the nucleus surface with blue comatic dust.

7.9 Composition of the Blue Dust Coma

The blue reflectance spectrum of Echeclus’ dust coma, with a visual slope of
−7.2± 0.7 % per 0.1 µm, is unusual among active centaurs observed to date.
Multiple active centaurs and JFCs, including Echeclus, have been reported to
have comae that are more neutrally coloured than the surfaces of their respec-
tive nuclei (A’Hearn et al. 1989; Jewitt & Luu 1989; Bauer et al. 2003a; Bauer
et al. 2008; Rousselot 2008; Jewitt 2009; Fernández et al. 2017). They are, how-
ever, typically still redder than Solar at visual wavelengths (Jewitt & Meech
1986; Storrs et al. 1992; Hyland et al. 2019). A notable exception, however, is
(2060) Chiron. West (1991) reported that Chiron’s coma was both bluer than
Chiron and bluer than the Sun when observed in 1990, with B−V = 0.3± 0.1
(Solar B−V = 0.653± 0.003; Ramírez et al. 2012). The coma was observed to
be bluest closest to the nucleus where, due to Chiron’s large size, the coma is
gravitationally bound (Fulle et al. 1995). West (1991) attributed the blue colour
of the coma to the presence of small non-geometrically scattering particles. In
contradiction to this, however, Fulle (1994) reported that, based on models of
Chiron’s coma, the bound inner region of the coma was most likely dominated
by larger grains of the order of 0.1 mm in size.

5http://www.britastro.org/cometobs/174p/174p_20160905_rmiles.html

http://www.britastro.org/cometobs/174p/174p_20160905_rmiles.html
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In typical cases of activity, non-geometric (or Rayleigh; Rayleigh 1899) scatter-
ing is often invoked as a cause for more neutral or blue coloured comae, espe-
cially at larger cometocentric distances where smaller, non-geometrically scat-
tering grains have been thrown off faster and further from the nucleus. It has
been reported, however, that while optically small particles are numerically
dominant in cometary comae, optically large particles dominate the scattering
cross section, and the neutral/blue colour of coma material is not dominated
by small-particle scattering (Jewitt & Meech 1986; Jewitt 2015). In the case of
Echeclus this interpretation is reinforced by the fact that the coma observations
presented here were performed six weeks post-outburst, after Solar radiation
pressure has likely dispersed the smallest grains. Those still observable are
large enough to remain mostly unaffected by the influence of Solar radiation
pressure, and the lack of significant broadening of the observed coma toward
the anti-Solar direction (i.e. in the direction of PsAng in Fig. 7.1) supports this
assessment.

The apparent presence of large blue dust grains in the comae of both Echeclus
and Chiron is intriguing. The observations presented in this chapter and those
of West (1991) may be recording the effects of similar bluing processes happen-
ing in the comae of both these centaurs. Unfortunately, making direct compar-
isons between the dust present in the very different coma environments of
Echeclus and Chiron is non-trivial, and in fact to do so may be entirely unrea-
sonable.

If the colour of Echeclus’ dust coma is not a scattering effect it may be reflec-
tive of the dust’s composition, with the best compositional candidate being
carbon-rich organic matter. In the lab, amorphous carbon black, carbonaceous
chondrites, and insoluble organic matter (IOM) from the Murchison meteorite
have been observed to show dark, featureless, blue-sloped reflectance spectra
at visual wavelengths (Cloutis et al. 1994; Cloutis et al. 2011; Clark et al. 2010).
Hydrocarbon and carbon-phase molecular fragments contained in dust parti-
cles released by active comets have also been measured or collected in-situ on
multiple occasions: at 1P/Halley by the Vega and Giotto missions (Kissel et al.
1986b; Kissel et al. 1986a), at 81P/Wild by the Stardust mission (Sandford et al.
2006), and at 67P by multiple instruments onboard the Rosetta spacecraft and
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its lander, Philae (Goesmann et al. 2015; Wright et al. 2015; Fray et al. 2016).
Additionally, it was reported by Bardyn et al. (2017) that hydrocarbons are the
dominant refractory material in 67P’s dust grains, making up 50% of the dust
by mass. Hydrocarbons can become dehydrogenated when exposed to pho-
tonic and ionic radiation leading to a loss of their red reflectance properties in
favor of a more neutral-blue spectrum (Cloutis et al. 1994; Moroz et al. 1998;
Moroz et al. 2004). This is borne out by studies of amorphous carbon collected
at 81P which, if not primordial, was likely created by the breakup of more
structured hydrocarbons by ion irradiation (Muñoz Caro et al. 2008; Brunetto
et al. 2009). Fomenkova et al. (1994) also found that in the coma of 1P, organic
molecules were more abundant near to the nucleus compared to further away,
suggesting that they were decomposing in the coma environment. Given that
the dust observed and presented in this work had been exposed to direct Solar
irradiation for around six weeks, it is possible that complex hydrocarbons at
the surface of the grains may have been dehydrogenated and broken up, such
that the dust grains now have blue featureless reflectance properties domi-
nated by relatively dehydrogenated amorphous carbon.

While composition is a tempting hypothesis to explain the dust’s blue colour,
there are other ways to produce a blue slope that are worth noting. Laboratory
experiments have observed that removal of the smallest particles from sam-
ples of CI (Ivuna-like) and CM (Mighei-like) carbonaceous chondrites6 pro-
duces a bluer reflectance spectrum compared to the original ensemble (Clark
et al. 2010; Hiroi et al. 2010; Cloutis et al. 2013). Observations of Murchison
IOM have also been observed to be blue in colour when observed at low phase
angles (α ∼ 10◦; Cloutis et al. 2011). Our observations were performed at
a low phase angle of ∼0.9◦ and are likely dominated by larger grains. Hence,
we cannot rule out these effects when considering the colour of Echeclus’ dust.

The way in which the dust’s reflectance spectrum is blue in the visual, but
levels out toward the NIR may have interesting implications for understand-
ing the effects of blanketing that may take place as a result of cometary activity
(Jewitt 2002). Mixing enough of this blue dust into the red regolith of an unpro-
cessed centaur would have a much stronger colour neutralizing effect at visual

6Meteorite classification is described in detail by Weisberg et al. (2006)
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wavelengths, while in the NIR the colour may remain largely unchanged. This
is something observed in the colours of centaurs, whereby their visual colours
are bimodally distributed, but toward the NIR the colour bifurcation is ab-
sent (e.g. Peixinho et al. 2015). Also, if the dust’s colour is indicative of a low
albedo carbon-rich composition, deposition of this dust onto a centaur’s sur-
face would likely lower its albedo alongside neutralizing its colour. Blanketing
by carbon-rich dust of this kind could be a viable way to push a centaur from
the higher albedo red colour group of centaurs into the lower albedo less-red
colour group (Lacerda et al. 2014).

7.10 Constraining the Mass of the Coma

This section discusses efforts to constrain the mass of the coma from the r′

image observed during the first night of the post-outburst observing run. The
estimations presented here are of limited precision due to the large uncertainty
in the imaging data obtained. They are also only lower limits to the mass of the
coma, in part because the single r′ image used is only sensitive to coma grain
sizes within a certain range, and also because it is not possible to completely
disentangle the flux observed from the nucleus and the coma. The 45 s r′ im-
age observed during the post-outburst observing run was analysed to further
study the dust coma of Echeclus. Only the r′ image was used due to the higher
precision of its zero-point calibration. To examine the coma, an attempt was
made to separate its flux from that of the nucleus. Two methods were used for
this purpose, the first being the separation of the surface brightness profiles of
the nucleus and coma, and the second was aperture photometry.

7.10.1 Using Surface Brightness Profiles

The surface brightness σ of an extended source is simply its measured counts
per second per unit area of sky within an aperture of area A measured in
square-arcseconds, or σ = F/A where F = nc/ti, nc is the number of counts
measured within the aperture, and ti is the integration time of the image. Sur-
face brightness is usually expressed in units of mag*arcsec-2, however, and can
be converted to these units with the following expression,



196

SB = z− 2.5log10

(
F
A

)
= z− 2.5log10(σ) (7.3)

where SB is the surface brightness, and z is the zero-point magnitude of the
image. This equation can be rearranged to be expressed in terms of the photo-
metric magnitude m measured for the source within the aperture. In this case
the following equation can be used,

SB = z−m + 2.5log10(A). (7.4)

The combined radially averaged SBP of Echeclus and its coma was determined
by first measuring their combined magnitude in concentric rings centered on
the photocenter of Echeclus. The rings had constant width and monotonically
increasing radius, ρ. These magnitudes were then plugged into equation 7.4
along with the area of each associated ring measured in arcsec2. The resulting
radially averaged SBP of Echeclus plus the coma is displayed in Figure 7.7.

To remove flux from the nucleus as much as possible from that of the coma, an
attempt was made to disentangle the SBP of the former from that of the latter.
To work well, this technique requires an image with high spatial resolution, as
it is extremely difficult to differentiate flux reflected by the near-nucleus coma
from that reflected by the nucleus itself. For the analysis performed here, how-
ever, the method is still effective in determining a lower limit on the flux from
the coma, and therefore a lower limit on the mass of the coma. The nucleus
SBP was assumed to have the same shape as a stellar PSF. To remove the SBP
of the nucleus a procedure was followed that was broadly described by Kulyk
et al. (2016). First, both the SBP of Echeclus and the SBP of the previously saved
stellar PSF (see section 7.7) were normalised. The SBPs were normalised to one
at their peaks and to zero in their wings, and in both cases the wings were nor-
malised to the median surface brightness in the region 26” < ρ < 30”, after
the points in that region were sigma clipped at 3σ to remove outliers. Beyond
ρ ∼ 26” the surface brightness of the coma blends into that of the background
sky (see Figs. 7.1 & 7.8).

In each concentric ring of area, A, the total flux FT is the sum of the flux from
the nucleus FN and flux from the coma FC. Again, the surface brightness is
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FIGURE 7.7: Radially averaged SBP of Echeclus produced from the 45 s r′ image plot-
ted in units of magnitudes per arcsec2. As explained in the section 7.6 the photometric
uncertainties should be considered larger than they are presented here due to the poor
flat-field calibration of the image. Residual flux from an incompletely subtracted stel-

lar PSF appears to be causing a small peak in the SBP at ρ ∼ 11”.

given by σ = (F/A). It is assumed that the flux contribution from the coma is
negligible close to the nucleus, which is incorrect, but makes the following ap-
proximations possible. Based on this assumption, the ratio of nucleus surface
brightness to total surface brightness in each ring is equal to the proportion of
the total flux contributed by the nucleus, or σN/σT = FN/FT. Therefore in each
ring, FN = FT(σN/σT) and FC = FT(1− (σN/σT)). Hence, it follows that it is
possible to use the normalised Echeclus-plus-coma SBP and the normalised
stellar SBP to approximately estimate the relative contributions to flux from
the nucleus and coma in each ring (see Fig. 7.8).
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FIGURE 7.8: The SBP of Echeclus normalised to one at its peak and to zero in the wings
is shown with the normalised SPB calculated from a single fitted stellar PSF which we
use as a proxy for the SBP of Echeclus’ bare nucleus. The normalised SBP of the coma,
produced by subtracting the stellar profile from the total profile, is also presented. The
negative coma SBP at small ρ is caused by the stellar SBP being wider than the total
SBP close to the nucleus. A discussed in the text, the stellar SBP’s greater broadness is

an artifact of the non-sidereal tracking of Echeclus during the observation.
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With a photometric aperture of radius 26", the total brightness of Echeclus
plus the coma was determined to be r′T = 15.98± 0.05 mag, and their bright-
nesses were respectively estimated to be r′N = 16.89 ± 0.05 mag and r′C =

16.62± 0.05 mag.

It is important to note here that the coma’s contribution to the flux is likely
underestimated, and consequently the nucleus flux is overestimated. First and
foremost this derives from the incorrect assumption made earlier that the flux
from near-nucleus coma is negligible; in fact in many comatary observations
the flux from the coma will dominate, or completely obscure, that from the nu-
cleus. Another factor to note is that the stellar SBP measured from the image
is broader than that of Echeclus at small values of ρ, and that flux from the
near-nucleus coma is undersampled. Examination of the PSF of the star used
to measure the stellar SBP using SAOImageDS9 (Joye & Mandel 2003) revealed
that the star was trailed parallel to Echeclus’ observed motion by around 0.19"
due to the non-sidereal tracking of Echeclus. The extent of this trailing is con-
sistent with the discrepancy between the width of the stellar SBP and that of
Echeclus at small ρ. It is also worth noting that with only a single stellar source
from which to measure the stellar PSF, and the poor flat-fielding of the image,
the estimated coma flux values and magnitudes very likely have larger uncer-
tainties than those quoted here. As a result of these factors, the subsequent
estimate for the mass of the dust ejected by the outburst is quoted merely at
order-of-magnitude precision, and is a lower limit only.

From the coma magnitude estimated previously (r′C = 16.62± 0.05), the first
step taken to estimate the mass of Echeclus’ coma was to estimate the Solar
flux reflected by a single dust grain in the coma by rearranging the following
equation (Russell 1916) to solve for FD,

p =
2.25× 1022∆2rH

2

rD2
FD

F�
, (7.5)

where ∆ = 5.35 au and rH = 6.35 au. The grain’s albedo p was assumed
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to be the same as that of Echeclus (0.052; Duffard et al. 2014), and it was as-
sumed that the grains observed in the image were in the Mie resonant scatter-
ing regime (see Hapke 2012b) with a radius of, rD = 0.5 µm.

To obtain a value of F� in the r′ filter it was necessary to start by calculating a
value for Solar flux density with the following equation,

fr′ = f0r′10−0.4r′� (7.6)

where fr′0 = 2.55856× 10−9 erg s-1 cm-2 Å-1 and r′� = −26.93. These values
are the zero-point flux density of the r′ filter and the apparent r′ magnitude of
the Sun as reported by Willmer (2018). Performing this calculation resulted in
fr′� = 151.35459 erg s-1 cm-2 Å-1.

Assuming that the transmission functions of the instrument and atmosphere
are folded into the image’s zero-point calibration and that the r′ filter’s re-
sponse function can be approximated by a square shape, the throughput of the
r′ filter is approximately its peak transmission multiplied by its bandwidth.
This means that the total Solar flux that would be observed at earth through
the r′ filter (i.e. F�) can be approximated by multiplying fr′� by the bandwidth
of the r′ filter, which according to Willmer (2018) is 0.1111 µm, or 1111 Å. Per-
forming this multiplication yields an r′ Solar flux of F� = 1.7× 105 erg s-1 cm-2.
By plugging the values estimated above into equation 7.5 and solving for FD,
the reflected flux from a single dust grain in Echeclus’ coma was estimated to
be FD = 8.5× 10−35 erg s-1 cm-2.

By plugging the measured coma magnitude, r′C = 16.62, into equation 7.6 re-
sults in a flux density of fr′C = 5.75434 × 10−16 erg s-1 cm-2 Å-1. Integrat-
ing this flux density over the r′ filter response function and taking the same
assumptions described above results in a value for the r′ coma flux, FC =

6.39× 10−13 erg s-1 cm-2. After applying the phase angle correction of Schle-
icher et al. (1998) to the flux estimate, a the value of FC was corrected to 6.6×
10−13 erg s-1 cm-2. The correction in the flux value due to phase angle was
small because Echeclus was observed at a phase angle of 0.9454◦, and within
our large uncertainty margin this correction was negligible.
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A lower limit to the number of dust grains in Echeclus’ coma N was calculated
to be the ratio of the estimated flux observed for a single dust grain FD to the
flux observed for the entire coma FC. Mathematically speaking, N = FC/FD ∼
8× 1021. Assuming spherical dust grains with a density of ∼ 1× 103 kg m-3

like those measured at 67P by the GIADA instrument onboard Rosetta (Rotundi
et al. 2015), a lower limit on the total mass of Echeclus’ dust coma may be
estimated to be of the order of∼ 106 kg. Assuming a bulk density for Echeclus
similar to that of 67P (∼ 500 kg m-3; Preusker et al. 2015; Jorda et al. 2016), and
a diameter of around 60 km (Bauer et al. 2013; Duffard et al. 2014), the mass
of Echeclus may be estimated at ∼ 5.7× 1016 kg, or around 57× 109 times the
mass of the observed dust coma.

7.10.2 Using Photometry

From the photometry performed on the r′ image in section 7.7.1, it was pos-
sible to estimate a lower-limit to the mass of Echeclus’ coma during the post-
outburst observations independently of the surface brightness profile tecnique
used in section 7.10.1. Instead of using the r′ magnitude of the coma estimated
from the surface brightness profiles, the magnitude of the coma measured in
section 7.7.1 was used as a starting point. Estimation of the flux reflected by
a single dust grain was calculated in identical fashion to that described in sec-
tion 7.10.1.

The r′ magnitude of the coma measured in section 7.7.1 was r′C = 16.52± 0.05;
as the aperture used did not contain all the comatic dust this value is also
taken as a lower limit to the coma brightness (or an upper limit to the magni-
tude value). Plugging r′C into equation 7.6 results in a flux density of fr′C >

6.30951× 10−16 erg s-1 cm-2 Å-1. Integrating this flux density over the r′ filter
response function and taking the same assumptions described above results in
a lower limit for the r′ coma flux, FC > 7.01× 10−13 erg s-1 cm-2. After apply-
ing the phase angle correction of Schleicher et al. (1998) to the flux estimate, FC

was corrected to > 7.29× 10−13 erg s-1 cm-2.

A lower limit to the number of dust grains in Echeclus’ coma N was estimated
to be N > FC/FD ∼ 8× 1021. Again, assuming spherical dust grains with a
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density of ∼ 1× 103 kg m-3 like those measured at 67P by the GIADA instru-
ment onboard Rosetta (Rotundi et al. 2015), a lower limit on the total mass of
Echeclus’ dust coma at the time it was observed may be estimated to be of the
order of ∼ 106 kg. Within the limits of the precision possible with this data the
lower limit estimates on the mass of the coma are equivalent.



Chapter 8

Conclusions and Future Work

“Begin at the beginning, and go on until you come to the end: then stop.”

King of Hearts
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8.1 Conclusions

The research presented in this thesis derives from observations of the VNIR re-
flectance spectra of TNOs and centaurs gathered in an effort to directly detect
absorption bands therein that may be indicative of the presence of the refrac-
tory hydrocarbons and silicates that are predicted to be present on the surfaces
of these distant minor planets (Fraser & Brown 2012). In total, the reflectance
spectra of nine TNOs and four centaurs were successfully observed over four
epochs at the ESO VLT with the X-Shooter and FORS2 spectrographs.

8.1.1 The Typical TNOs and Centaurs

Seven TNOs and three centaurs were found to have VNIR reflectance spectra
without absorption bands attributable to refractory hydrocarbons or silicates;
these were discussed in chapter 4. The VNIR X-Shooter spectra of (44954)
1999 OX3, (95626) 2002 GZ32, (281371) 2008 FC76, and (471143) Dziewanna had
wavelength coverage from ∼ 0.4− 1.7 µm, while the FORS2 spectra of (28978)
Ixion, (65489) Ceto-Phorcys, (278361) 2007 JJ43, (307261) 2002 MS4, (470309)
2007 JK43, and (523588) 2000 CN105, covered the range ∼ 0.37− 0.61 µm. The
reflectance spectra reported here for Dziewanna, 2002 MS4, 2007 JK43, and
2000 CN105 are the first ever reported for these objects. The spectrum of Ceto-
Phorcys is the first reported for this binary system at visual wavelengths.

As generally observed for TNOs and centaurs on previous occasions (e.g. For-
nasier et al. 2009), the majority of these objects had visual reflectance spectra
that were linear and featureless, with positive spectral gradients. Contrary to
the typical decrease in gradient observed with increasing wavelength in most
TNO and centaur spectra (e.g. Fornasier et al. 2009), that of 2002 GZ32 was
found to exhibit a very subtle upward curvature across the visible wavelength
range. Fornasier et al. (2004) also independently reported the same behaviour
in their spectrum of 2002 GZ32, so the curvature is likely to be real. Unfortu-
nately, the S/N of the spectroscopic observation of 2002 GZ32 reported in this
thesis is not sufficient to infer composition, but higher S/N observations of this
unusual object in the future may be informative as to its makeup. The visual
spectral gradients measured from the spectra of all the objects were compared



205

to those derived from photometric colours reported in the literature in an ef-
fort to detect spectral variability. Notably, all the inactive centaurs presented
here (1999 OX3, 2002 GZ32, and 2008 FC76) appear to have variable spectra,
with the measured visual gradients of each varying across a range of at least
2% per 0.1 µm. In addition, H2O ice, which had been clearly detected on the
surfaces of 1999 OX3 and 2008 FC76 on prior occasions (Barucci et al. 2011;
Brown et al. 2012), were absent in the spectra presented in this thesis. This
result supports a conclusion drawn by Barucci et al. (2011), that the surfaces of
all centaurs appear to be compositionally variable. Such variability does not
appear to extend to the active centaur 174P/Echeclus, however, as the high
S/N spectra gathered for it as part of this work have not observably changed
between observing epochs, even following a cometary outburst which should
have altered its reflectance properties (see chapter 7 and section 8.1.4). Future
rotationally resolved high S/N spectroscopic surveys of centaurs may be able
to shed light on this curious discrepancy.

At NIR wavelengths, weak 1.55 µm absorption bands attributable to water ice
were hinted to be present in the reflectance spectra of 2002 GZ32 and Dziewanna,
but the NIR X-Shooter spectra lack the quality sufficient to report a confi-
dent observation of H2O ice on their surfaces. Repeat spectroscopic obser-
vations with higher S/N will be required to confirm the presence of the puta-
tive H2O ice bands in the spectra of these objects. The NIR reflectance spec-
tra of all the other objects observed with X-Shooter (excluding 2012 DR30 and
2004 EW95; see below) were entirely featureless within the wavelength range
covered by the spectroscopic data.

8.1.2 2012 DR30

As discussed in chapter 5, the X-Shooter reflectance spectrum of 2012 DR30, an
SDO on an extremely eccentric and inclined orbit (a = 1598.8 au, e = 0.9909,
i = 78◦; Kiss et al. 2013), was observed to exhibit an unusual drop away from
linearity at wavelengths λ . 0.6 µm, as well as an absorption band with a
depth of 4% at λ ∼ 1.55 µm that was attributed to H2O ice. The presence of the
near-UV drop was subsequently confirmed by its presence in a followup spec-
trum observed with FORS2. The drop in reflectance appears to be a near-UV
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absorption edge, but due to insufficient near-UV coverage by the data, conclu-
sive identification of the material causing the absorption was not possible. It
was possible, however, to rule out several candidate materials based on their
VNIR spectral behaviour. Ices, including H2O and CH3OH, were ruled out be-
cause they do not absorb strongly at λ . 0.6 µm (Schmitt et al. 1998). Silicates
and ferric oxides, such as olivine and hematite respectively, do exhibit near-
UV absorption edges in their spectra, but also have strong absorption features
at VNIR wavelengths (Sunshine & Pieters 1998; Cloutis et al. 2011) that do not
appear in the reflectance spectrum of 2012 DR30. Hence, silicates and ferric
oxides were also ruled out as likely causes for the near-UV absorption edge in
the reflectance spectrum of 2012 DR30.

It was concluded that the absorption edge appeared most consistent with those
exhibited by complex aromatic hydrocarbons (Izawa et al. 2014; Applin et al.
2018). The presence of highly aromatised hydrocarbons on 2012 DR30 is con-
sistent with the appearance of the start of the absorption edge at visual wave-
lengths (λ ∼ 0.6 µm), as PAHs with greater numbers of aromatic rings in their
structure are observed to possess absorption edges that begin at increasingly
long wavelengths (e.g. Izawa et al. 2014). High aromaticity also suggests that
the C/H ratio of the molecules is high, and may also account for the lack of
NIR absorption bands at λ ∼ 0.880 µm, λ ∼ 1.145 µm, and λ ∼ 1.687 µm,
that normally would be attributed to higher harmonics of the C-H aromatic
stretching mode observed in the spectra of pure samples of aromatic hydro-
carbons (Izawa et al. 2014). The absence of these C-H stretching harmonic
bands is consistent with prior remote observations of PAHs on solar system
objects, in which only the fundamental C-H stretch mode was observed due to
a weak band at λ ∼ 3.28 µm (e.g. Cruikshank et al. 2007). Confirmation of a
3.28 µm C-H band in the IR spectrum of 2012 DR30 would confirm the presence
of the aromatic hydrocarbons on its surface.

Laboratory results have shown that PAHs are rapidly hydrogenated when in
physical contact with H2O ice and irradiated with UV photons (Gudipati &
Yang 2012). Destruction of a PAH moluecule in this way may occur at cryo-
genic temperatures, and on timescales that are orders of magnitude shorter
than 107 years (Gudipati & Yang 2012). It was therefore concluded, based on
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the simultaneous observation of the absorption edge and a H2O ice band in
the spectrum of 2012 DR30, that if the absorption edge is caused by aromatic
hydrocarbons, a mechanism is required to either protect them from chemical
destruction, or to replenish them over time. It was hypothesised in chapter
5 that large aromatic hydrocarbons on the surface of 2012 DR30 may be pre-
served for longer in an icy environment, as their larger aromatic carbon lattices
may take longer to break down chemically when irradiated. Two hypotheses
were also posited as to how aromatic hydrocarbons might, instead, be replen-
ished on the surface of 2012 DR30. Both of these relate to the extreme orbit of
2012 DR30, on which it traverses the local ISM (Kiss et al. 2013). First, extreme
particle radiation in the ISM may aromatise the hydrocarbons on the surface of
2012 DR30 faster than UV photon flux can rehydrogenate them. Second, some
proportion of the aromatic hydrocarbons that may be present on the surface
of 2012DR30, may be accreted in the ISM on interstellar dust grains. In any
case, it was concluded that the surface properties of 2012 DR30 are likely to be
strongly influenced by radiation and material in the ISM, where this curious
object spends the majority of its time.

8.1.3 (120216) 2004 EW95

As discussed in chapter 6, the reflectance spectrum of 2004 EW95 was first iden-
tified to be non-linear at visual wavelengths (and therefore different to those
of the majority of TNOs; Fornasier et al. 2009) based on HST photometry re-
ported by Fraser et al. (2015). Specifically, the spectrum indicated a drop in B-
band reflectance away from linearity, as well as an upward curvature toward
longer wavelengths through the visual range. Followup spectra of 2004 EW95

were observed with both X-Shooter and FORS2 in order to confirm this curious
spectral behaviour. The resulting X-Shooter spectrum also exhibited a drop in
near-UV reflectance at λ < 0.55 µm, and a broad but shallow absorption fea-
ture in the visual range that was centred at λ ∼ 0.7 µm. These two features
of the spectrum remain regardless of both the solar calibrator star used to the
calibrate the spectrum and the method used to extract it. That these features
do not appear in similar quality spectra of other targets observed and reduced
in the same way, therefore we concluded that the features are not artifacts of
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the observations or data reduction.

The 0.7 µm absorption band was fitted with a model gaussian profile to deter-
mine its central wavelength, width, and depth, which were respectively deter-
mined to be 0.735+0.041

−0.042 µm, 0.301+0.088
−0.092 µm, and 4± 1% relative to a normalised

linear continuum. It was concluded that the observed absorption bands are
most likely to be respectively associated with ferric oxides and aqueously al-
tered silicates on the surface of 2004 EW95 (e.g. Vilas 1994). Aqueous alteration
features of this kind have been reported to be present in the reflectance spec-
tra of other TNOs on previous occasions but have been difficult to confirm in
followup observations (e.g. Fornasier et al. 2009). Taken together, the near-UV
drop and the shallow 0.7 µm absorption band, which have each been observed
on at least two separate occasions, represent the strongest evidence yet for the
presence of aqueously altered silicates on the surface of an object in the TNB.
Unfortunately, however, aqueous alteration bands at visual wavelengths are
only suggestive of the presence of hydrated silicates, and in order to diag-
nostically confirm the presence of these materials on 2004 EW95, detection of
a hydration band at ∼ 3 µm in its IR spectrum will be required (Vilas 1994;
Rivkin et al. 2015).

In reference to 2004 EW95, processes by which TNOs may become aqueously
altered were also discussed in chapter 6. Based on the consistent appearance
of the 0.7 µm feature in the spectrum of 2004 EW95, it appears that hydrated
silicates may be present across much of its surface. It was concluded that while
it is likely that 2004 EW95 has experienced localised collisional heating on its
surface and radiogenic heating from within, it appears unlikely that these pro-
cesses alone could have raised the temperature of the majority of its surface
high enough for aqueous alteration to occur globally (Merk & Prialnik 2003;
Coradini et al. 2008). Hence, it was concluded that solar insolation likely
played a significant role in heating the surface of 2004 EW95, which suggested
that it had spent some time on an orbit significantly closer to the Sun than its
current orbital perihelion.

The reflectance spectrum of 2004 EW95 bears a striking resemblance to those
of hydrated carbonaceous asteroids (e.g. DeMeo et al. 2009), suggesting that
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2004 EW95 shares a common origin with these objects. Models of planetary
formation and dynamical evolution predict that asteroids with C-type surfaces
likely formed among the giant planets in the protoplanetary disk, before the
forming and migrating planets scattered them, evolving some of their orbits
into the present day outer asteroid belt (Walsh et al. 2011; Walsh et al. 2012;
Raymond & Izidoro 2017). These models also predict the ejection of C-types
into the outer Solar system on excited scattering orbits. The present day orbit
of 2004 EW95, a high inclination orbit in 3:2 MMR with Neptune with high am-
plitude Lidov-Kozai libration (Lykawka & Mukai 2007a), is much more consis-
tent with the capture of an object scattered violently into the TNB (e.g. Levison
et al. 2008) than it is with an object that has been captured via the sweeping
of Neptune’s MMRs through primordial TNB as it migrated (Hahn & Mal-
hotra 2005). In conclusion, when considering both the reflectance spectrum of
2004 EW95 and its present day orbit in combination, it appears to be a hydrated
carbonaceous asteroid that has been scattered from its formation region among
the giant planets to the TNB by the formation and early orbital migrations of
Jupiter and Saturn.

8.1.4 174P/Echeclus

In chapter 7, the VNIR reflectance spectra of the active centaur 174P/Echeclus,
covering the 0.4− 2.1 µm range and observed six weeks following its 2016 out-
burst, were compared to the same observed during an inactive period in 2014.
This was done in an effort to determine whether the outburst had observably
altered the reflectance spectrum of the nucleus, and by extension, changed its
surface composition. The high S/N spectra were observed and reduced con-
sistently and using identical solar calibrator stars across both observing epochs
to ensure direct comparability between the the spectra. It was predicted that
activity may drive changes on the surface of Echeclus, like the exposure of
fresh subsurface material, which may produce new absorption bands in its re-
flectance spectrum (e.g. Filacchione et al. 2016a). Blanketing of the old surface
with fresher subsurface material was also predicted to drive a change in the
VNIR colours of Echeclus (e.g. Jewitt 2015). Unfortunately, no new absorp-
tion bands were observed in the reflectance spectrum of Echeclus following
the outburst, and the VNIR gradients of the spectrum remained static within
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their uncertainties. All the spectral gradients measured from the spectra of
Echeclus presented in this thesis were consistent with those reported in the lit-
erature (e.g. Alvarez-Candal et al. 2008; Stansberry et al. 2008; Guilbert et al.
2009; Peixinho et al. 2015). The lack of change in the reflectance properties of
Echeclus is likely due to the outburst not being large enough to cause a change
to the surface that would be observable from Earth. The apparent jet-like na-
ture of the outburst suggests that most of the material ejected would easily
escape the low gravity of Echeclus, with only small amounts of comatic mate-
rial falling back to blanket the surface. If any significant change to Echeclus’
surface has occurred, then it must be present at locations that were not Earth-
facing during the outburst.

An unexpected result of this work was that the residual coma of Echeclus
was observed to be very blue in colour at visual wavelengths. From the re-
flectance spectrum of the dust, a visual spectral gradient was measured to
be −7.2± 0.7 % per 0.1 µm, leveling out toward the NIR. Analysis of photo-
metric measurements made post-outburst, although uncertain, also revealed
that the colour of the dust is consistent with being bluer than solar, with g′ −
r′ = 0.29 ± 0.14, corroborating the spectroscopic observations. It was con-
cluded that it was unlikely that the blue colour of the dust is the result of non-
geometric scattering effects as the grains in the residual coma appear to be
large. Instead it was deemed more likely that the dust was blue because of it’s
carbon-rich composition. Without discernible absorption features in the low
S/N reflectance spectrum of the dust, however, this cannot be confirmed. If
the colour of the dust is representative of its composition, deposition of enough
of this material on the surface of a centaur may cause a neutralisation of the
centaur’s, initially red, visual colour. Based on photometric analysis of an r′

image obtained post-outburst, a lower limit to the mass of the residual coma
of Echeclus was estimated at ∼ 106 kg at the time of observation.

8.2 Summary & Future Work

The primary takeaway from the research presented in this thesis is that, while
directly observable VNIR silicate and refractory hydrocarbon absorption bands
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remain elusive in the reflectance spectra of most TNOs and centaurs, a minor-
ity of objects in the TNB are willing to give up the secrets of their surface com-
position. Although requiring confirmation of absorption bands at IR wave-
lengths (λ ∼ 3.0 µm), the spectroscopic observations presented in this thesis
carry strong evidence to support the respective presence of aromatic hydrocar-
bons and iron-bearing aqueously altered silicates on the surfaces of the TNOs
2012 DR30 and 2004 EW95. As shown by the discussion presented in chap-
ters 5 and 6, this evidence has proven valuable in testing hypotheses about the
formation and surface evolution of these individual objects as well as the for-
mation and dynamical evolution of the Solar System itself.

This work has also shown that preliminary identification of TNOs and cen-
taurs with unusual spectroscopic characteristics may be performed via photo-
metric means. The effective confirmation of the (often subtle) absorption bands
in their spectra that cause these photometric irregularities requires extremely
careful, consistent, and properly calibrated spectroscopic observations, along
with the use of commensurately careful data reduction techniques. The spec-
trum extraction technique developed as part of the work that went into this
thesis (GME; see chapter 3) shows that modest improvements in the methods
employed during data reduction may reap big rewards in terms of data qual-
ity. Specifically, this work shows that by simply accounting for the wavelength
dependent S/N of a spectrum when localising it prior to performing sky sub-
traction and spectrum extraction, it is possible to extract spectra of publishable
quality for minor planets as faint as mV < 22.5 when observing with an 8 m
telescope (see chapter 4 and item 1 in the publication list). Use of GME has also
been shown to improve the S/N of the final spectra of brighter targets in the
sample presented here, in comparison to the same extracted with a standard
aperture extraction.

Despite best efforts to observe changes and new absorption bands in the re-
flectance spectrum of 174P/Echeclus following its 2016 outburst, the exact sur-
face composition of this object remains elusive. The blue visual colour of its
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residual coma was certainly curious, and while this is suggestive of a carbon-
rich composition for the comatic dust, the S/N of the coma’s apparently fea-
tureless reflectance spectrum was too low to determine its composition con-
clusively. Nevertheless, this study of Echeclus could be a basis for a similar,
but deeper study of centaur activity. A monitoring program could be set up to
trigger when a centaur begins an outburst of cometary activity. Periodic spec-
troscopic observations of the centaur throughout the outburst could track the
evolution of the coma’s morphology, gaseous composition, and the evolution
of the colour and composition of the comatic dust. Provided a comparable pre-
outburst spectrum was available for the centaur’s bare nucleus, post-outburst
reflectance spectra of the same could be compared to it. If the post-outburst
nucleus were to be observed over several epochs, it is likely that it would be
observed at multiple rotational phases, increasing the likelihood that any lo-
calised surface changes resulting from the outburst would be observed.

There are multiple avenues of research that can be explored from this point
with regard to detecting the non-icy surface materials on TNOs and centaurs.
As discussed in chapter 1, only ∼ 100 TNOs and centaurs have been observed
spectroscopically, and spectroscopic observation of these objects is a time con-
suming and expensive process. High precision photometric colours, however,
have been observed for hundreds of TNOs; these colours may be used in a
preliminary capacity to search for objects with VNIR reflectance spectra that
potentially exhibit absorption bands attributable to silicates or refractory hy-
drocarbons. This can be done in much the same way that the HST photome-
try published by Fraser et al. (2015) was used to determine the non-linearity
present in the spectrum of 2004 EW95. Example sources of photometric data
include the colour databases of Delsanti et al. (2006), MBOSS-II (Hainaut et al.
2012), Peixinho et al. (2015), and Col-OSSOS (Schwamb et al. 2019). Use of
photometric colours in this way allows for targeted spectroscopic surveys of
objects which are suspected to be unusual. Currently there are two popula-
tions of objects that have been identified photometrically as having interesting
reflectance spectra, and hence would be worthy of spectroscopic followup; de-
scriptions of these populations follow.

The confirmation of a 0.7 µm absorption band in the spectrum of 2004 EW95
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that may be associated with hydrated silicates on this object’s surface has raised
multiple questions: How many objects like 2004 EW95 are there? Is 2004 EW95

a member of a new compositional group of TNOs? How might the orbits of
these objects be distributed? What does the presence of a potential hydration
feature say about a TNO’s thermal and dynamical history? It is clear that more
TNOs need to be carefully spectroscopically observed in order to confirm and
characterise the putative absorption bands reported in their spectra. A num-
ber of TNOs that appear to look very similar to 2004 EW95 (with potential up-
ward curvature in their visual spectra), have been identified photometrically
by Peixinho et al. (2015). It is likely that as colour surveys like Col-OSSOS
(Schwamb et al. 2019) continue to release new results, more of these objects
will be identified, and hence will require spectroscopic followup observations.
With the improved spectrum extraction techniques employed in this thesis it
may also be worthwhile to revisit the spectra of objects like 2003 AZ84, in the
form of new observations, or fresh reductions of their archival spectra, to ob-
tain final spectra with higher S/N that may conclusively prove or refute the
reported presence of aqueous alteration features within them (e.g. Fornasier
et al. 2009). In future it would also be worthwhile to test the hypothesis that
these objects are compositionally heterogenous (e.g. Fornasier et al. 2009), by
performing rotationally resolved spectroscopic observations.

Photometric measurements of cold classical TNOs observed as part of Col-
OSSOS (Schwamb et al. 2019) and published by Pike et al. (2017) have con-
firmed that these objects occupy their own compositional class. Pike et al.
(2017) report that the reflectance of cold classical TNOs appears to exhibit a
marked drop at λ ∼ 0.9 µm in comparison to those of dynamically hot TNOs
of a similar size. This suggests that unlike their dynamically hot cousins, the
cold classical TNOs may possess an absorption band in this wavelength re-
gion of their reflectance spectra. Interestingly, it is at these wavelengths (λ ∼
1.0 µm) that the spectra of mafic silicates, and silicate-rich asteroids exhibit
strong blended absorption bands. As discussed in chapter 1, no mafic silicates
have ever been observed in the reflectance spectrum of a TNO, so it would
be interesting to see if spectroscopic observations can determine whether sil-
icates really are causing this drop in the reflectance of cold classical TNOs at
λ ∼ 1.0 µm, and determine what this might mean for these extremely faint,
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and still somewhat enigmatic objects.

The most prominent and diagnostic absorption bands exhibited in the reflectance
spectra of macromolecular hydrocarbons and silicates occur at IR wavelengths,
particularly in the λ ∼ 3.0 µm region. Observations at these wavelengths with
the James Webb Space Telescope (JWST) will no doubt revolutionise the field
of TNO reflectance spectroscopy (Parker et al. 2016) by allowing the detection
of strong fundamental absorption bands that may be attributable to hydrocar-
bons with specific chemical structures (i.e. aromatic vs. aliphatic). Of crucial
importance, will also be confirmatory detections of silicates and refractory hy-
drocarbons in the IR that have also been observed at VNIR wavelengths.
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Kaňuchová, Z., Brunetto, R., Melita, M., & Strazzulla, G., (2012). “Space weath-
ering and the color indexes of minor bodies in the outer Solar System”, Icarus
221, 12–19

Kavelaars, J. J., Jones, R. L., Gladman, B. J., et al., (2009). “The Canada-France
Ecliptic Plane Survey–L3 Data Release: The Orbital Structure of the Kuiper
Belt”, The Astronomical Journal 137, 4917–4935

Khare, B. N., Thompson, W. R., Chyba, C. F., Arakawa, E. T., & Sagan, C.,
(1989). “Organic solids produced from simple C/H/O/N ices by charged
particles - Applications to the outer solar system”, Advances in Space Research
9, 41–53

Khare, B. N., Thompson, W. R., Murray, B. G. J. P. T., et al., (1989). “Solid organic
residues produced by irradiation of hydrocarbon-containing H 2O and H

2O/NH 3 ices: Infrared spectroscopy and astronomical implications”, Icarus
79, 350–361

Kiss, C., Szabó, G., Horner, J., et al., (2013). “A portrait of the extreme solar
system object 2012 DR30”, Astronomy & Astrophysics 555, A3

Kissel, J., Brownlee, D. E., Buchler, K., et al., (1986). “Composition of comet
Halley dust particles from Giotto observations”, Nature 321, 336

Kissel, J., Sagdeev, R. Z., Bertaux, J. L., et al., (1986). “Composition of comet
Halley dust particles from VEGA observations”, Nature 321, 280–282

Kley, W. & Nelson, R. P., (2012). “Planet-Disk Interaction and Orbital Evolu-
tion”, Annual Reviews of Astronomy & Astrophysics 50, 211–249

Kozai, Y., (1962). “Secular perturbations of asteroids with high inclination and
eccentricity”, The Astronomical Journal 67, 591



233

Kuiper, G. P., (1951). “On the Origin of the Solar System”, Proceedings of the
National Academy of Science 37, 1–14

Kuiper, G. P., (1956). “The Formation of the Planets, Part III”, Journal of the Royal
Astronomical Society of Canada 50, 158

Kulyk, I., Korsun, P., Rousselot, P., Afanasiev, V., & Ivanova, O., (2016). “P/2008
CL94 (Lemmon) and P/2011 S1 (Gibbs): comet-like activity at large heliocen-
tric distances”, Icarus 271, 314–325

Lacerda, P., Fornasier, S., Lellouch, E., et al., (2014). “The Albedo-Color Diver-
sity of Transneptunian Objects”, The Astrophysical Journal 793, L2

Lacerda, P., Jewitt, D., & Peixinho, N., (2008). “High-Precision Photometry of
Extreme KBO 2003 EL61”, The Astronomical Journal 135, 1749–1756

Lamy, P. & Toth, I., (2009). “The colors of cometary nuclei–Comparison with
other primitive bodies of the Solar System and implications for their origin”,
Icarus 201, 674–713

Lawler, S. M. & Gladman, B., (2013). “Plutino Detection Biases, Including the
Kozai Resonance”, The Astronomical Journal 146, 6

Lazzarin, M., Barucci, M. A., Boehnhardt, H., et al., (2003). “ESO Large Pro-
gramme on Physical Studies of Trans-Neptunian Objects and Centaurs: Vis-
ible Spectroscopy”, The Astronomical Journal 125, 1554–1558

Leinhardt, Z. M., Stewart, S. T., & Schultz, P. H., (2008). “Physical Effects of
Collisions in the Kuiper Belt”, in The Solar System Beyond Neptune, ed. by
Barucci, M. A., Boehnhardt, H., Cruikshank, D. P., Morbidelli, A., & Dotson,
R. (Tucson, AZ: Arizona Univ. Press) , 195–211

Lellouch, E., Santos-Sanz, P., Lacerda, P., et al., (2013). ““TNOs are Cool”: A
survey of the trans-Neptunian region. IX. Thermal properties of Kuiper belt
objects and Centaurs from combined Herschel and Spitzer observations”,
Astronomy & Astrophysics 557, A60

Leuschner, A. O., (1927). “The Pons-Winnecke Comet”, Publications of the As-
tronomical Society of the Pacific 39, 275



234

Levenberg, K., (1944). “A Method for the Solution of Non-Linear Problems in
Least Squares”, Quarterly of Applied Mathematics 2, 164–168

Levison, H. F. & Duncan, M. J., (1997). “From the Kuiper Belt to Jupiter-Family
Comets: The Spatial Distribution of Ecliptic Comets”, Icarus 127, 13–32

Levison, H. F., Morbidelli, A., Van Laerhoven, C., Gomes, R., & Tsiganis, K.,
(2008). “Origin of the structure of the Kuiper belt during a dynamical insta-
bility in the orbits of Uranus and Neptune”, Icarus 196, 258–273

Levison, H. F. & Stern, S. A., (2001). “On the Size Dependence of the Inclination
Distribution of the Main Kuiper Belt”, The Astronomical Journal 121, 1730–
1735

Licandro, J., Grundy, W. M., Pinilla-Alonso, N., & Leisy, P., (2006). “Visible
spectroscopy of 2003 UB313: evidence for N2 ice on the surface of the largest
TNO?”, Astronomy & Astrophysics 458, L5–L8

Licandro, J., Pinilla-Alonso, N., Pedani, M., et al., (2006). “The methane ice rich
surface of large TNO 2005 FY_9: a Pluto-twin in the trans-neptunian belt?”,
Astronomy & Astrophysics 445, L35–L38

Luu, J. X. & Jewitt, D. C., (1996). “Reflection Spectrum of the Kuiper Belt Object
1993 SC”, The Astronomical Journal 111, 499

Luu, J. & Jewitt, D., (1996). “Color Diversity Among the Centaurs and Kuiper
Belt Objects”, The Astronomical Journal 112, 2310

Luu, J., Jewitt, D., & Cloutis, E., (1994). “Near-infrared spectroscopy of primi-
tive solar system objects”, Icarus 109, 133–144

Lykawka, P. S. & Mukai, T., (2007). “Dynamical classification of trans-neptunian
objects: Probing their origin, evolution, and interrelation”, Icarus 189, 213–
232

Lykawka, P. S. & Mukai, T., (2007). “Resonance sticking in the scattered disk”,
Icarus 192, 238–247

Malhotra, R., (1993). “The origin of Pluto’s peculiar orbit”, Nature 365, 819–821

Malhotra, R., (1995). “The Origin of Pluto’s Orbit: Implications for the Solar
System Beyond Neptune”, The Astronomical Journal 110, 420



235

Marchi, S., Lazzarin, M., Magrin, S., & Barbieri, C., (2003). “Visible spectroscopy
of the two largest known trans-Neptunian objects: Ixion and Quaoar”, As-
tronomy & Astrophysics 408, L17–L19

Marquardt, D. W., (1963). “An Algorithm for Least-Squares Estimation of Non-
linear Parameters”, Journal of the Society for Industrial and Applied Mathematics
11, 431–441

Marsset, M., Vernazza, P., Gourgeot, F., et al., (2014). “Similar origin for low-
and high-albedo Jovian Trojans and Hilda asteroids?”, Astronomy & Astro-
physics 568, L7

Marsset, M., Fraser, W. C., Pike, R. E., et al., (2019). “Col-OSSOS: Color and In-
clination Are Correlated throughout the Kuiper Belt”, The Astronomical Jour-
nal 157, 94

Martayan, C., Mehner, A., Beccari, G., et al., (2014). “The X-shooter Imaging
Mode”, The Messenger 156, 21–23

Mastrapa, R. M. E. & Brown, R. H., (2006). “Ion irradiation of crystalline H

2O-ice: Effect on the 1.65-µm band”, Icarus 183, 207–214

McComas, D. J., Dayeh, M. A., Funsten, H. O., Livadiotis, G., & Schwadron,
N. A., (2013). “The Heliotail Revealed by the Interstellar Boundary Explorer”,
The Astrophysical Journal 771, 77

McKinnon, W. B., Prialnik, D., Stern, S. A., & Coradini, A., (2008). “Structure
and Evolution of Kuiper Belt Objects and Dwarf Planets”, in The Solar System
Beyond Neptune, ed. by Barucci, M. A., Boehnhardt, H., Cruikshank, D. P.,
Morbidelli, A., & Dotson, R. (Tucson, AZ: Arizona Univ. Press) , 213–241
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Appendix A

UVB and NIR GME Plots

This appendix presents plots of the extraction process described in chapter 3
that are equivalent to the X-Shooter VIS arm plots presented there. These plots
are equivalent, but instead show the UVB and NIR arm spectra.
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FIGURE A.1: This figure is equivalent to figure 3.4 but instead shows the UVB arm.
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FIGURE A.2: This figure is equivalent to figure 3.5 but instead shows the UVB arm.
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FIGURE A.3: This figure is equivalent to figure 3.6 but instead shows the UVB arm.
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FIGURE A.4: This figure is equivalent to figure 3.7 but instead shows the UVB arm.
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FIGURE A.5: This figure is equivalent to figure 3.8 but instead shows the UVB arm.
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FIGURE A.6: This figure is equivalent to figure 3.4 but instead shows the NIR arm.
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FIGURE A.7: This figure is equivalent to figure 3.5 but instead shows the NIR arm.
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FIGURE A.8: This figure is equivalent to figure 3.6 but instead shows the NR arm.
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FIGURE A.9: This figure is equivalent to figure 3.7 but instead shows the NIR arm.
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FIGURE A.10: This figure is equivalent to figure 3.8 but instead shows the NIR arm.
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