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INTRODUCTION: The New Horizons spacecraft
flew past (486958) Arrokoth (provisional des-
ignation 2014 MUg) on 1 January 2019. Arrokoth
is a member of the subclass of trans-neptunian
or Kuiper Belt objects (KBOs), known as the
cold classical KBOs (CCKBOs). Most KBOs
formed in a disk of planetesimals that extended
to about 30 AU from the Sun. Neptune even-
tually disrupted that disk by migrating out-
ward through it, with the migration halted by
the sparseness of the disk beyond 30 AU. That
event eliminated most members of the plan-
etesimal disk, but a minority were emplaced
into dynamically excited orbits in the present-
day Kuiper belt. CCKBOs differ from those
objects in having formed well beyond the
30-AU edge of the main planetesimal disk.
They remain approximately where they formed,
on low-inclination, near-circular orbits between
42 and 47 AU from the Sun, relicts of the early
Solar System. Their distributions of colors, al-
bedos, sizes, and binarity differ from those of
the more excited KBOs.

RATIONALE: Initial results from the exploration
of Arrokoth were published previously. More
data have since been received from the space-
craft, allowing a more detailed analysis. We
analyze a high-spatial resolution color imag-
ing observation, near-infrared spectral imag-
ing, and microwave radiometry of Arrokoth.
The infrared spectral data have been processed
to compensate for the changing range and scale
during the observation. Our multiple scattering
radiative transfer models provide compositional
constraints from the infrared spectral imagery.
Microwave thermal radiometry at 4.2-cm wave-
length is combined with heat transport models
that account for the bilobate shape of Arrokoth
and for self-radiation.

RESULTS: At visual wavelengths, Arrokoth’s re-
flectance rises toward longer wavelengths. This
red coloration is typical of the broader CCKBO
population that has been studied using tele-
scopic observations. Color differences across
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the surface of Arrokoth correspond to geo-
logical features. These color differences are
subtle, with deviations of just a few percent
around the prevailing red coloration. Some of
the color variations are associated with albedo
markings, such as the bright neck between the
two lobes, bright splotches associated with a
large pit or crater on the smaller lobe, and
poorly resolved small bright spots. Methanol

Visible and near-infrared wavelength views of
Arrokoth. (A) Blue, green, and red channels show
wavelengths 0.40 to 0.55 pm, 0.54 to 0.70 pm, and
0.78 to 0.98 pm, respectively. (B) These channels
show wavelengths 1.2 to 1.6 pm, 1.6 to 2.0 pm, and
2.0 to 2.5 pm, respectively.
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ice (CH3;0H) and complex organic tholins dom-
inate the near-infrared reflectance spectrum,
with H,O ice contributing little or no detectable
absorption. At the 4.2-cm microwave wave-
length of New Horizons’ radio system, Arrokoth’s
winter night side glows with an average bright-
ness temperature of 29 + 5 K. This emission
probably emerges from below the cold winter
surface, at depths where warmth from the
previous summer lingers. Our models show
that self-radiation more than compensates

for self-shadowing in the
neck region between the
Read the full article ~ tWO lobes, resulting i.n
at http://dx.doi. warmer temperatures in
org/10.1126/ that region, by up to a few
science.aay3705 Kelvin.

CONCLUSION: The nearly uniform coloration
across Arrokoth is consistent with expect-
ations for an object that accreted too quickly
for the composition of the available nebular
solids to have changed during the course of
its accretion. Radiolysis and photolysis from
long exposure to space radiation would be
expected to result in a dark, space-weathered
surface veneer that is distinct from the more
pristine interior, but there is little evidence
for such a coating, perhaps because radiolyti-
cally processed material is eroded away faster
than it accumulates. The abundance of CH;O0H
ice and apparent scarcity of H,O ice appear
to be signatures of a distinct environment in
the cold, dust-shaded midplane of the outer
nebula during formation of the Solar System.
In this region, temperatures would have been
low enough that volatile CO and CH, could
freeze onto dust grains, enabling production
of CH3;0H and perhaps also destruction of
H,0. When the nebular dust dissipated some
time after Arrokoth’s formation, exposure to
sunlight would have raised its temperature,
rapidly driving off condensed CO and CH,.
The temperature has remained too cold to
crystallize amorphous H,O. Volatile species
may remain trapped in amorphous H,0O ice
within Arrokoth’s interior, but the infrared
spectrum shows little evidence for such ice
at the surface. Although the neck region gets
slightly warmer than the rest of Arrokoth’s sur-
face, this effect is small relative to the winter-
summer temperature contrast and is thus
unlikely to account for the distinctly higher
albedo and slightly less red material that is
seen there. A more plausible explanation for
the neck’s albedo and color contrasts involves
texture changes induced by the merger of the
two lobes or subsequent downslope movement
of material there.
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The outer Solar System object (486958) Arrokoth (provisional designation 2014 MUgg) has been largely
undisturbed since its formation. We studied its surface composition using data collected by the New
Horizons spacecraft. Methanol ice is present along with organic material, which may have formed
through irradiation of simple molecules. Water ice was not detected. This composition indicates
hydrogenation of carbon monoxide-rich ice and/or energetic processing of methane condensed on
water ice grains in the cold, outer edge of the early Solar System. There are only small regional
variations in color and spectra across the surface, which suggests that Arrokoth formed from a
homogeneous or well-mixed reservoir of solids. Microwave thermal emission from the winter night side is
consistent with a mean brightness temperature of 29 + 5 kelvin.

he New Horizons spacecraft flew past
(486958) Arrokoth at the beginning of
2019 (7). Arrokoth rotates with a 15.9-hour
period, about a spin axis inclined 99.3° to
the pole of its 298-year orbit, at a mean
distance from the Sun of 44.2 AU (2, 3). Its near-
circular orbit, with a mean eccentricity of 0.03
and inclination of 2.4° to the plane of the Solar
System, makes it a Kuiper Belt object (KBO) and
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specifically a member of the “kernel” sub-
population of the cold classical KBOs (CCKBOs)
(4). The origins and properties of CCKBOs are
distinct from those of KBOs on more excited
orbits, which are thought to have formed closer
to the Sun before being perturbed outward by
migrating giant planets early in Solar System
history (5). CCKBOs still orbit where they
formed in the protoplanetary nebula (the
accretion disk of gas and dust around the
young Sun). CCKBOs have a high fraction of
binary objects (6), a uniformly red color dis-
tribution (7, 8), a size-frequency distribution
deficient in large objects (9, 10), and higher
albedos (11, 12) than other KBOs. These prop-
erties arise from the environment at the out-
ermost edge of the protoplanetary nebula,
from a distinct history of subsequent evolu-
tion of CCKBOs relative to other KBOs, or of
some combination of these two. Arrokoth
provides a record of the process of forming
planetesimals—the first generation of gravi-
tationally bound bodies—that has been min-
imally altered by subsequent processes such
as heating and impactor bombardment (3).
Its distinctive bilobed, 35-km-long shape with
few impact craters favors formation via rapid
gravitational collapse, rather than scenarios in-
volving more gradual accretion via piecewise
agglomeration of dust particles to assemble
incrementally larger aggregates (13). We study
Arrokoth’s color, composition, and thermal en-
vironment using data from the New Horizons
flyby and discuss the resulting implications for
its formation and subsequent evolution.

28 February 2020

Instruments and data

New Horizons encountered Arrokoth when it
was 43.28 AU from the Sun, collecting data
with a suite of scientific instruments. Color
and compositional remote sensing data were
provided by the Ralph color camera and im-
aging spectrometer, sensitive to wavelengths
between 0.4 and 2.5 um (14). Over this wave-
length range, all light observed from Arrokoth
is reflected sunlight, with the wavelength de-
pendence of the reflectance indicative of sur-
face composition and texture. Ralph’s two focal
planes share a single 75-mm aperture tele-
scope using a dichroic beamsplitter. The Multi-
spectral Visible Imaging Camera (MVIC) provides
panchromatic and color imaging in four color
filters: BLUE (400 to 550 nm), RED (540 to
700 nm), NIR (780 to 975 nm), and CH4: (860 to
910 nm) (75). The highest-spatial resolution
MVIC color observation of Arrokoth, desig-
nated as CAO5, was obtained on 1 January 2019
at 05:14 UTC (coordinated universal time), from
arange of 17,200 km, at an image scale of 340 m
per pixel and phase angle of 15.5°. This provides
more spatial detail than the CA02 MVIC color
scan at 860 m per pixel (7).

Ralph’s Linear Etalon Infrared Spectral Array
(LEISA) images its target scene through a lin-
ear variable filter covering wavelengths from
1.2 to 2.5 um at a spectral resolving power of
about 240. Frames are recorded while the
spacecraft scans LEISA’s field of view across
the scene; this enables each location to be
captured at each wavelength of the filter. The
highest-spatial resolution LEISA observation,
designated as CA04, was executed around
04:58 UTC, shortly before the CA05 MVIC ob-
servation, from a phase angle of 12.6° and a
mean range of 31,000 km, resulting in a mean
image scale of 1.9 km per pixel (15).

New Horizons’ panchromatic Long-Range
Reconnaissance Imager [LORRI (16)] is co-
aligned with Ralph and can record images
while the spacecraft is scanning for a Ralph
observation. Such LORRI observations, referred
to as “riders,” are limited to short integration
times to minimize image smear from scan
motion, but multiple images can be recorded
and combined in postprocessing, providing for
longer effective integration times (3). LORRI
rider observations were obtained during both
the CAO4 and CAO5 observations, providing
higher-spatial resolution context images for
the Ralph observations.

New Horizons’ Radio Science Experiment
[REX (17)] was used to observe thermal emis-
sion in the X-band (4.2-cm wavelength, 7.2 GHz)
from Arrokoth’s Sun-oriented face on approach
and then from its anti-Sun-oriented face on
departure. The two REX observations, des-
ignated as CA03 and CAO08, respectively, were
obtained on 1 January at mean times of 04:34:
and 05:52 UTC, phase angles of 11.9° and 162.0°,
and ranges of 52,000 and 16,700 km. At those
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distances, Arrokoth was unresolved, appear-
ing much smaller than the 1.2° width (at 3 dB)
of the high-gain antenna beam. Two indepen-
dent receivers recorded the radio flux density
in different polarizations at a sampling rate
of 10 Hz. The REX A receiver recorded right
circularly polarized flux while REX B recorded
left circularly polarized flux.

Visible-wavelength

The CA02 MVIC color scan (I) had shown
Arrokoth to be red but revealed little spatial
variation in color. The higher-resolution CA05
observation allows us to better quantify Arrokoth’s
regional color variations. Figure 1 compares the
CAO5 color image with the contemporaneous
LORRI panchromatic rider image. Color slopes,
computed by fitting a linear model to the MVIC
BLUE, RED, and NIR filter reflectance data, are
shown in Fig. 1C. All of Arrokoth’s surface is red
in color, with a mean color slope of 27% rise per
100 nm relative (at 550 nm). This quantifica-
tion of color slopes is commonly used for KBOs,
being convenient for comparison of colors ob-
tained using different filter sets (I8). Even in
the higher spatial resolution of the CA05 ob-
servation, the color distribution is largely uni-
form across the observed face of Arrokoth, with
a standard deviation in slope of only +2.7%
per 100 nm.

Subtle regional color differences correspond
to specific geological and albedo features dis-
cussed in a companion paper (3). The smaller
lobe (SL) appears slightly redder on average

Fig. 1. The CAO5 color observation of (486958) Arrokoth. (A) LORRI
panchromatic context image obtained as a rider during the CAQ5 observation;
the geometry is nearly identical to the MVIC observation, but with a finer
spatial scale of 83 m pixel™. Abbreviations and informal feature names
(clockwise from top): SL, smaller lobe; MD, Maryland; LA, Louisiana;

dr, depressed region; LL, larger lobe; bm, bright material; ND, North Dakota;

Grundy et al., Science 367, eaay3705 (2020)

than the larger lobe (LL) [28 + 2% average
slope versus 27 + 2% for LL, where the +2
values represent the variance across each lobe,
rather than the uncertainty in the measure-
ment of the mean slopes, which is much smaller
for averages over many pixels (75)]. That differ-
ence appears to be mostly due to the redder
rim (color slope 30 + 2%) of a 6-km-diameter
depression on SL, a possible impact crater
informally designated as Maryland (MD; all
place names are informal). Statistically signif-
icant color differences tend to be on similarly
small (or smaller) spatial scales. Several slightly
less red regions appear as blue in the color scale
used in Fig. 1C. These include the brighter neck
region where the two lobes intersect (25 + 1%
slope) and several regions on LL. Two regions
that were not resolved in the earlier color data
are Louisiana, a depression near the neck (23 +
2% slope), and North Dakota, a linear depres-
sion or groove (24 + 1% slope), labeled in Fig.
1A. Bright material (bm) in the geological map
(8) is in some places more and in others less
red than average, suggesting that that unit is
composed of two or more distinct materials.
Another depressed region (dr) on LL is slightly
redder than the average (29 + 2% slope). Some
bright spots (sp) appear to have distinct colors
as well, although they are not all the same;
some are a little redder than average while
others are a little less red. The lack of a con-
sistent color pattern for these spots suggests
that they may have resulted from delivery of
diverse material in impacts rather than by

NIR reflectance values.
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impact excavation of a uniform subsurface
material. However, the nature of these spots
remains ambiguous (3).

We performed a principal components anal-
ysis (PCA) of the color data (Fig. 2). This
analysis projects the data into an orthogonal
basis set, with the first axis corresponding to
the axis of maximum variance within the data.
The second axis corresponds to the maximum
remaining variance after collapsing the data
along the first axis, and so forth. Principal
component 1 (PC1, Fig. 2A) corresponds with
variations in brightness due to lighting and
albedo, accounting for 97% of the total variance
in the data. The corresponding eigenvector is
flat across all filters. PC2 corresponds to red-
ness (Fig. 2B), closely resembling the color
slope map in Fig. 1C, and accounts for 1.8% of
the total variance. PC3 and PC4 correspond to
contrasts between the NIR and CH4 filters
and to spectral curvature between BLUE, RED,
and NIR filters, respectively. They account for
only 1% of the variance between them, much
of it due to image noise rather than real color
variations across the surface of Arrokoth.

Red coloration on planetary bodies is often
attributed to the presence of tholins (19). These
are a broad class of refractory macromolec-
ular polymer-like organic solids, commonly
produced in laboratory simulations of ener-
getic radiation acting on various combinations
of simpler molecules (20-22). The precursors
can be in gaseous form (23) or frozen solid
(24, 25). Figure 3 compares the color of Arrokoth
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sp, bright spots. These features can be seen more clearly in higher-resolution
LORRI images [figure 1 of (3)]. (B) Color observation CAO5, at a spatial
scale of 340 m pixel™. The BLUE filter (400 to 550 nm) is displayed in blue,
RED filter (540 to 700 nm) in green, and NIR filter (780 to 975 nm) in red.
(C) Color slope map obtained by fitting a linear model to the BLUE, RED, and
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Fig. 2. Principal components analysis of the CAO5 color data. (A to D) Principal components images (PCs) 1 through 4, with the corresponding eigenvector

for each. The images show the regional distribution of the spectral characteristic indicated by the eigenvector. For example, the PC2 eigenvector shows a red
slope (B). The corresponding image shows high values where Arrokoth is reddest and low values where it is least red. The y axes of the eigenvector plots give
the contribution of each filter to its respective PC. (E) False-color image highlighting color contrasts across Arrokoth with PC2, PC3, and PC4 displayed in the red,
green, and blue channels, respectively, with shading from the PC1 image.

with that of other KBOs and related populations.
Arrokoth’s color slope is consistent with other
CCKBOs (8). It is less red than the reddest KBOs
and the red group of Centaurs (26), whose red
coloration is generally interpreted as due to
tholins (79). Arrokoth is much more red than
the gray Centaurs and various classes of aster-
oids (27), including the red D-type asteroids
that dominate the Jupiter Trojan population
(28). Using the Sloan g, 7, and z filters, KBO
colors can be placed on a color-color plot of
g-r and -z color differences, which has re-
vealed a distinction between CCKBOs and
more dynamically excited KBO populations
(8). The latter appear to follow two color
tracks (29) (Fig. 3B) while the CCKBOs cluster
below and to the right, owing to their red slopes
becoming less steep at z-band wavelengths
(0.82 to 0.96 um). Arrokoth’s red slope con-
tinues into MVIC’s NIR band (0.78 to 1 um).
After converting to Sloan colors, Arrokoth lies
above the main clump of CCKBO colors in
Fig. 3B, although this is consistent with the
overall CCKBO color distribution.

Near-infrared spectral reflectance

The LEISA data were processed into a spectral
cube, with spatial dimensions along two axes
and wavelength along the third axis (15). The
cube-building algorithm we adopted accounts
for changes in spacecraft range over the course
of the CAO4 LEISA scan [unlike (I)]. The spa-
tial resolution of the LEISA data is consider-
ably coarser than that of the corresponding
LORRI rider (Fig. 4), and the signal/noise
ratio is considerably lower. Noise in the LEISA
data is dominated by instrumental effects, which
are as large as the signal from sunlit areas on
Arrokoth, so spectral features can only be
revealed by averaging over multiple pixels

Grundy et al., Science 367, eaay3705 (2020)
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Fig. 3. Comparison of Arrokoth’s color with other populations. (A) Histogram of Arrokoth color slopes
shown in Fig. 1C. Typical color ranges for other Solar System small-body populations are indicated via
horizontal bars [e.g., (8, 18, 26-29)]. (B) Color-color plot using Sloan g, r, and z filters, with the additional
wavelength providing sensitivity to spectral curvature in addition to slope. In this color-color space, KBOs
form three distinct zones (8). The gray tracks are populated by KBOs on dynamically excited (higher
inclination and/or eccentricity) orbits; CCKBOs occupy the red zone. Arrokoth lies above the center of the
CCKBO clump, because its red slope declines less into the z-band than the average for CCKBOs. The yellow
Sun symbol indicates solar color, corresponding to neutral spectral reflectance at visible wavelengths.

and/or wavelengths. The spatially averaged
spectrum (Fig. 4C) lacks the strong absorption
features that were seen in the Pluto system
[e.g., (30)]. The red color slope seen in the
visible flattens with increasing wavelength to
become neutral by ~1.5 um. We constructed
Hapke reflectance models (15, 31) for various
combinations of potential surface components.
The data support inclusion of amorphous car-

bon and tholins in the models. Combinations

28 February 2020

of these materials match the overall albedo and
spectral shape. Although we used tholins made
in conditions simulating the atmosphere of
the moon Titan (20), the data do not support
singling out any of the various tholins with
published optical constants. None have been
made under simulated outer nebular conditions,
so they may not be particularly good analogs for
the tholins on Arrokoth. Amorphous carbon has
no diagnostic spectral features in this wavelength
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Fig. 4. The CA04 infrared spectral observation of Arrokoth. (A) The LORRI CAO4 rider image for context,
with a spatial scale of 138 m pixel ™. (B) LEISA image with regions of interest (ROls) indicated, with a
much coarser mean spatial scale of 1.9 km pixel™. (C) Average and ROl spectra (points) compared with the
Hapke model fitted to the average spectrum (black curves). Vertical gray lines indicate the wavelengths

of the two strongest CH30H ice absorptions. Purple arrows mark other possible features discussed in the
text. I/F is defined as the ratio of the bidirectional reflectance to that of a perfectly diffusely scattering

surface illuminated normally (31).

range, so it cannot be specifically identified.
Any dark, spectrally neutral material would
be equally consistent with the data.

Shallow absorption bands can be discerned
near 1.5 to 1.6 um, 1.8 um, 2.0 to 2.1 um, 2.27 um,
and 2.34 um (Fig. 4C). Inclusion of ices of meth-
anol (CH3;OH), water (H,0), and ammonia
(NHj3) enables the models to match many of
these features, but not the one at 1.8 pm. With
the low signal/noise ratio of the LEISA spec-
trum, even in the global average, we must
consider the information content and limit
the model free parameters to those that can be
statistically justified. Of the molecular ices we
tried, only the addition of CH;OH produces a
sufficiently large improvement in x2 to consti-
tute a confident detection (15). This does not
preclude the presence of H,O or NHj ices, but
the available data do not provide statistically
significant evidence for their presence. Add-
ing more than a trace of them to the models
makes x2 worse, but the increase can be min-
imized with large grain sizes that limit the
projected area of H,O or NH; grains to a small
fraction of the total. Small amounts of other
ices, such as H,CO, CO,, or C,Hg, could also be
compatible with the data, as could the silicate
and metallic phases that have been seen in
comets and interplanetary dust particles. The
1.8-um feature in Arrokoth’s spectrum is not

Grundy et al., Science 367, eaay3705 (2020)

matched by available ices or tholins and re-
mains unidentified. It could be an artifact.
To search for spectral contrasts across the
surface of Arrokoth, we selected several re-
gions of interest (ROIs), as shown in Fig. 4B.
These include LL, the brighter neck region (n),
and a pair of ROIs on the left and right sides of
SL: sr, which incorporates the redder material
on the rim of Maryland, and sl, which repre-
sents portions of SL unrelated to Maryland.
Spectra of these regions are shown in Fig. 4C.
In averaging over fewer pixels, the signal/
noise ratios in the ROI spectra are corre-
spondingly poorer than the global average.
However, the ROI spectra all look very similar
to the average, and fitting Hapke models shows
that tholin, carbon, and CH;OH are favored,
without statistically significant evidence for
H,0 or NHj ices, just as with the average.
Our confidence in the detection of CH;OH
is increased by the appearance of two distinct
absorption bands of methanol ice: one band
at 2.271 um, attributed to (v; + vyy) or (v + vy)
vibrational combination modes, and another
at 2.338 um, attributed to (v; + vg) (32). These
spectral characteristics have been seen in Earth-
based spectra of the Centaur 5145 Pholus (33)
and the resonant KBO (55638) 2002 VEqs; (34).
Additional, weaker CH;OH absorption bands
at 1.6 and 2.1 um are not visible in Arrokoth’s
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spectrum. In the case of Pholus, the spectrum
from 0.45 to 2.45 um was fitted with a radiative
transfer model incorporating solid CH;OH and
H,0, in addition to an iron-bearing olivine
(forsterite Fo 82) and tholin (33), similar to our
models for Arrokoth, except that H,O ice is not
required in the Arrokoth models.

To assess spectral contrasts in a way that does
not depend on multiple scattering models, we
performed a PCA on the LEISA cube, with
results shown in Fig. 5. Because of the low
signal/noise ratio, we first binned the wave-
lengths down to 28 channels, producing an
effective spectral resolving power of 39. We
also discarded pixels along the edge where
jitter during the scan is prone to producing
artifacts. As with the MVIC colors, PCl is sen-
sitive to the overall light variation from shad-
ing and albedo, with the eigenvector flat across
all wavelengths (Fig. 5A). PC1 accounts for 72%
of the total variance in the LEISA data. PC2
captures only 2.3% of the variance, but the
eigenvector shows pronounced dips around
1.5 and 2 um, where H,O ice has its strongest
absorption bands within LEISA’s spectral range;
this finding suggests that regional variations
in H,0 ice absorption could be the next most
prominent source of spectral variance across
the surface of Arrokoth, perhaps being most
abundant around Maryland crater. However,
the absence of strong H,O absorptions in any
of our extracted spectra (including the sr ROI
that covers this region) reduces confidence in
that conclusion. Subsequent PCs account for
even lower fractions of the total variance. The
lack of spatial coherence in the images, coupled
with eigenvectors that are not suggestive of
absorption by likely surface constituents, sug-
gests that the higher PCs are responding mostly
to instrumental noise rather than to signal in
the LEISA data.

Thermal environment

The CA03 REX observation was performed on
approach, observing Arrokoth’s day side; the
CAO08 observation was done after closest ap-
proach, looking back at Arrokoth’s night side.
The microwave sky background is shown in
Fig. 6A (35, 36). The CA03 observation was
performed with a fixed staring geometry. A
later observation of the same field was ob-
tained for background subtraction, but the
system antenna temperature drifts over time,
making it difficult to separate out the flux
from Arrokoth. The CAO8 night-side obser-
vation was obtained under more favorable
geometry, from a closer range, and with the
antenna scanned along the uncertainty ellipse
for Arrokoth’s location. Scanning instead of
staring facilitated calibration against the later
background observation despite the drift in
system response. The flux measurements are
shown Fig. 6B. The radiometric signal was
converted to radio brightness temperature
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Fig. 5. Principal components analysis of the CA04 infrared spectral imaging data. (A to E) Same as Fig. 2, but for the LEISA observation in Fig. 4. Edge pixels
have been removed; the white outlines show the full extent of Arrokoth.

using procedures developed earlier in the
mission, accounting for the solid angle sub-
tended by Arrokoth within the antenna beam
15, 17, 36, 37). Accounting for the 414.4-km?
cross section of Arrokoth and noise from in-
strument and background, we obtain a mean
brightness temperature 7y, averaged across
the night-side visible face of Arrokoth, of
Ty = 29 + 5 K, which is within the range of
brightness temperatures estimated from an
earlier analysis (I). To translate that bright-
ness temperature to a Kinetic temperature
requires knowledge of the X-band emissivity
of Arrokoth’s surface, which is not known but
most likely lies in the range 0.7 to 0.9 (36).
Thermophysical models were used to assess
the implications of this 7 measurement (5). For
each surface element of the three-dimensional
(3D) shape model (3), we balanced radiative
losses and thermal conduction against inso-
lation (received sunlight) and also reradia-
tion from other parts of Arrokoth’s surface
visible from that location. Accounting for self-
shadowing and surface reradiation makes this
modeling inherently global in scope (38). Sub-
surface thermal evolution was simulated with
a 1D thermal diffusion prescription (15). For
simplicity, we assume that Arrokoth’s oblig-
uity does not precess and that its orbit is
circular, with a semimajor axis of 44.2 AU
and period of 298 years. At this distance, the
incident solar radiation flux F, is 0.7 W m ™=
Given Arrokoth’s 99.3° obliquity (2), seasonal
effects are strong. We determined the sub-
solar latitude along approximately 300 equally
spaced temporal nodes over one orbital period
(15). During the New Horizons flyby, the sub-
solar latitude was approximately -62° At each
orbital node, the daily averaged (15.9-hour pe-
riod) solar insolation was calculated, account-
ing for self-shadowing. With these diurnally
averaged insolation profiles, we determined
the surface temperature on every element over
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the course of an orbit. We assumed that the
subsurface thermal response is in the time-
asymptotic limit, meaning there is no net gain
or loss of thermal energy into or out of the
interior over the course of one orbit (39). This
assumption requires heat from radioactive
decay inside Arrokoth to be negligible and re-
quires the interior to have reached thermal
equilibrium with the Sun over the course of
the lifetime of the Solar System (see below).
We assume that the low-bond albedo [4g =
0.06 (1, 3)] surface of Arrokoth is character-
ized by a very low thermal inertia (I' = 2.5 J
m~2 52 K™) typical of loosely consolidated
granular material, as inferred from infrared
observations of KBOs (40). The thermal in-
ertia is given by I" =, /kpC,,, where k is thermal
conductivity, p is density, and C, is specific
heat at constant pressure. Arrokoth’s bulk den-
sity must be at least 290 kg m™ (3) and den-
sities of small KBOs and comet nuclei tend to
be higher than that, but generally less than
1000 kg m™2 (41, 42). The density near the
surface that matters for Arrokoth’s thermal
response is even more uncertain and could
differ substantially from the bulk density. We
assume a generic density of p = 500 kg m2(3)
and that C, = 350 J kg™' K™". Under these
assumptions, the corresponding thermal
conductivity is 3.6 x 107> W m™ K%, very low
relative to values determined for surfaces in
the inner Solar System. These values corre-
spond to a seasonal thermal skin depth A =
0.55 m, where A =/kts(pCp2n) -1 and 1 is the
298-year seasonal period (43). This value is
similar to the electrical skin depth (36). The
subsolar equilibrium temperature 7+ = 58 K
was obtained from ecT+* = (1 - Ap)F,,, where
€ is emissivity [commonly assumed to be 0.9;
e.g., (40, 43)], o is the Stefan-Boltzmann con-
stant (5.67 x 10°® W m™2 K™*), and F,, is the
solar flux at 44.2 AU. The thermal parameter
O =Twy"?67'T+2 characterizes the efficiency
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of the energy transport rate (per K) of ther-
mal conduction across one seasonal skin depth
relative to radiative losses (43), which is about
® = 0.02 for Arrokoth. Such a small value of ©
indicates that the surface layers are highly
insulating, leading to extreme variations in
surface temperature over the course of a year.
Winter surface temperatures are much lower
than peak summer temperatures. The low con-
ductivity might only pertain to a surficial layer.
If deeper below the surface the texture is more
compacted with greater granular contact, the
conductivity would likely be higher. We can
estimate the body’s thermalization time scale
by calculating the thermal wave propagation
time (fhermatization = 2mpCpR’k™") across a
length scale R corresponding to the charac-
teristic radius of the short axes of both lobes
(~3.5 km). For values of k greater than 10™* W
m! K, this time scale is less than the age of
the Solar System, supporting our assumption
of a time-asymptotic state.

Figure 7A shows the insolation averaged
over an orbit from two viewing positions. The
flattened shape and high obliquity lead to the
equator receiving less energy on average
(~0.1 W m?) than the poles (~0.2 W m™?).
Owing to self-shadowing, the neck region gen-
erally receives less energy than the equato-
rial zone (ranging from 0.06 to 0.08 W m2).
Figure 7B shows the additional radiation
received from thermal emission from other
parts of Arrokoth itself, again averaged over
an orbit. Our model indicates that the neck
region is warmed by this trapping process,
receiving about 0.025 to 0.04 W m 2 from self-
reradiation, which partially offsets the effect of
shadowing. Figure 7C shows the orbital aver-
age of the warming due to self-reradiation. The
neck region experiences the greatest amount
of relative warming, in the range of ~1to 3 K.
Maryland crater also receives enhanced ther-
mal reradiation, but the relative warming in
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that region is slight, about 0.5 K. Figure 7D
shows the predicted observable surface tem-
perature at the time of the New Horizons
encounter: Typical temperatures are in the
range of 50 to 57 K near the poles of each
lobe, falling to ~40 K near the equator. Parts
of the neck region that are not shaded at
times of high subsolar latitude (-62° at the
time of the encounter) stand out as having
among the warmest surface temperatures
during the encounter, as high as 60 K.

Figure 7E shows the predicted surface tem-
perature at the time and viewing geometry of
the CA08 REX observation, during which the
sub-spacecraft point was latitude +44° longi-
tude 78°E. From this orientation, the model
global averaged surface temperature is 16.1 K.
Although the surface temperature within the
bulk of the body’s winter night side is pre-
dicted to be in the range of 12 to 14 K, the
contribution to the average from the viewable
part of the lit equatorial region (top of Fig. 7E;
T ~ 40 to 55 K) raises the average temperature
only slightly. The observed thermal emission
seen by REX yields a much warmer mean
brightness temperature of 29 K. If the model
is correct, this discrepancy implies that the
4.2-cm radiation emerges primarily from the
warmer subsurface, which is consistent with
the expectation that the 4.2-cm thermal emis-
sion samples many wavelengths into the sur-
face (36). Higher thermal inertias than we have
assumed would also permit warmer winter
surface temperatures (15).
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Fig. 6. Microwave radiometry of Arrokoth. (A) 7.1-GHz microwave sky
background based on an all-sky radio map (35) sampled at REX's 4.2-cm
wavelength and smoothed to REX's 1.2° beam width (36), indicating the locations
of the CAO3 and CAQ8 observations. [Reproduced from (36) with permission]
(B) Observed flux during the CAO8 scan in green, with the later background scan in
blue. Shaded areas were used to calibrate the two observations for background
subtraction. The black curve is a model response for a Tg = 30 K source with the
414-km? projected area of Arrokoth. (C) CAO7 LORRI image (3) obtained 10 min
before the mid-time of the REX scan, at nearly identical lighting geometry but a
~10° shift in viewing geometry, showing more of the lit crescent than was visible at

the time of the CAO8 REX observation.

Implications for formation

The distribution of orbits in the present-day
Kuiper belt was strongly influenced by an out-
ward migration of Neptune early in Solar System
history, resulting from dynamical interaction
between Neptune and the disk of planetesimals
[e.g., (44)]. Neptune’s migration stopped at
30 AU from the Sun, indicating a break in the
distribution of planetesimals in the disk, be-
yond which there was insufficient mass to drive
Neptune’s migration further outward (45). Most
KBOs that have been studied spectroscopi-
cally [e.g., (46, 47)] are not CCKBOs; they orig-
inated in the denser planetesimal disk from
inside 30 AU. Likewise, most comets that ap-
proach the Sun and Earth, and therefore can be
studied in detail, likely do not sample the outer
planetesimal disk from beyond 30 AU. Arro-
koth may contain a record of conditions in
the outer part of the nebula where it formed.
Constraints include the evidence for metha-
nol ice and the lack of evidence for water ice,
which is unlike the high abundance of H,O in
many outer Solar System bodies and inter-
stellar grains.

CCKBOs appear to have formed in the outer
solar nebula through the gravitational collapse
of pebble-size particles, concentrated aerody-
namically (13, 48). In this scenario, micro-
scopic dust grains coagulate into larger particles
(49, 50). As particles approach pebble sizes,
they decouple from the gas, causing them to
spend most of their time near the cold disk
midplane and allowing them to become con-
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centrated in dense clumps that can gravita-
tionally collapse into planetesimals (51, 52).
The (original) bulk composition of CCKBOs
should reflect the makeup of the solids pres-
ent in the midplane of the solar nebula at the
time and location of their formation. It re-
mains unclear, however, how long the dust
coagulation phase lasted and/or how far pebbles
were able to move radially inward [e.g., (563)]
before they formed planetesimals.

When the solar nebula formed, the chemical
composition of the ices present in the outer
regions was set by a combination of inheri-
tance from the parent molecular cloud and
chemistry taking place during formation of
the disk. In the midplane of the outer disk, the
resulting CH;OH/H,O ratio on cold grain sur-
faces likely did not exceed a few percent (54).
During the subsequent disk evolution, spatial
variations in physical conditions such as tem-
perature, density, and radiation environment,
coupled with ongoing chemistry (55) and trans-
port or mixing processes (56), result in gas-phase
and ice compositions changing over time.

In regions where it was cold enough for
highly volatile CO to freeze as ice onto grains
(57), methanol could be formed through suc-
cessive addition of hydrogen atoms to CO ice.
Both interstellar and outer nebular environ-
ments are potential settings for this chemis-
try (68-60). Before the loss of nebular gas and
dust, the midplane of the disk was shaded
from direct sunlight and extremely cold, fa-
voring condensation of CO in its outermost
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Fig. 7. Models of insolation and temperature across the surface of
Arrokoth. (A) Insolation averaged over Arrokoth’s orbit viewed from two different
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same scale and from the same orientations as (A), also averaged over the orbit.
The color scale applies to (A) and (B). (C) Seasonally averaged additional
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portions. Simulations of protoplanetary disks
indicate that methanol can be produced in
this way (consuming CO) on time scales of
~1million years at Arrokoth’s distance from
the Sun (61). Intermediate steps include for-
mation of formaldehyde (H,CO) and radicals
(e.g., CH30). Radiolytic destruction of CH;OH
can produce H,CO, but the band at 2.27 um
remains prominent even after irradiation (62).

Another potential CH;OH formation mech-
anism involves radiolysis of mixed H,O and
CH, ices (63-66). Again, low temperatures
consistent with the shaded midplane are re-
quired for CH,, to be frozen onto grains, al-
though CH, is not quite as volatile as CO. If
such radiolytic production occurs with an ex-
cess of CH,, the H,O could be consumed,
providing a possible explanation for the lack
of evidence for H,O at Arrokoth. Such a
radiolytic process would also efficiently form
simple hydrocarbons such as C,H, and C,Hg,
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at the center of mass (13).

which are known to be precursors of complex
organic tholins [e.g., (20, 67)].

Gas-phase methanol has been detected at
low abundance in protoplanetary disks around
nearby stars (68). This is consistent with meth-
anol ice formation on grain surfaces, with a
small fraction subsequently released to the
gas through nonthermal desorption mecha-
nisms [e.g., (60, 69)]. This would also be
consistent with the observation that many of
these disks are also depleted in gaseous CO
(70, 7I), requiring a combination of seques-
tration on pebbles and chemical processing
(61,72, 73).

Although H,O was not detected on ArroKoth,
it could be present but somehow masked or
hidden from view, such as by materials prod-
uced through radiolysis or photolysis of CH;OH
ice and perhaps other undetected precursor
materials. Preferential removal of H,O ice from
the uppermost surface by a process such as
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that which would have been computed in the absence of self-radiation.

(D) Summer day-side temperature distribution as seen from New Horizons
during LORRI observation CAQ06 (3). (E) Winter night-side temperature
distribution as seen from New Horizons during the REX CAO8 scan. In all panels,
the x, y, and z axes correspond to the principal axes of inertia with the origin

sputtering is another possibility, although it
is unclear that H,O should be more suscep-
tible to such removal than CH3OH is. Spectra
of some larger KBOs also lack H,O absorption
features (46, 47). H,O ice absorption is con-
siderably weaker in the spectrum of Arrokoth
than seen on Pholus and (55638) 2002 VEgs,
the two other objects with strong CH;0H
signatures, but those objects are much larger
than Arrokoth (74, 75). They likely formed in
the closer, more densely populated planetes-
imal disk originally inside 30 AU, as did other,
large KBOs where strong H,O ice signatures
have been detected spectroscopically. It is hard
to envision a mechanism that preferentially
masks or removes H,O from the surface of
Arrokoth but not the H,O on these other
objects. Their contrasting compositions sug-
gest that the observed surface composition of
these bodies is reflective of their bulk com-
positions, and that Arrokoth’s composition is
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distinct from those of planetesimals that formed
closer to the Sun. A contrast in planetesimal
composition driven by nebular chemistry en-
abled by CO and/or CH,, frozen on grains may
be connected to the transition at 30 AU that
halted Neptune’s outward migration at that
distance.

Although regional variations in tholin and
ice abundance could cause albedo, color, and
spectral variations, the subtle variations that
are seen at Arrokoth do not require compo-
sitional differences. Reflectance also depends
on mechanical properties such as particle size
distribution and degree of compaction (31).
The merger of the two lobes (13) could have
mechanically modified the material in the
neck region. After the formation of Arrokoth
from the nebula, low-speed impacts of resid-
ual debris could locally modify surface tex-
tures, which might account for some of the spots
with slightly contrasting colors and albedos.

Surface and interior evolution

The surface features of comets are dominated
by geologically rapid volatile loss and subli-
mation erosion, whereas the surfaces of larger
asteroids are dominated by high-energy impacts.
In contrast, Arrokoth and the CCKBOs are
distinct in inhabiting an environment with
very little energy input from interstellar, solar,
and micrometeorite sources that require long
time scales to modify the surface. Depending
on the thermal parameters, surface temper-
atures range from as low as 10 to 20 K in
winter to 50 to 60 K in summer, with the neck
region getting at most a few degrees warmer
because of self-radiation. Summer surface tem-
peratures are warm enough to drive off vol-
atiles such as CO, CH,, and N,, but are not
warm enough to crystallize amorphous H,O
ice or to sublimate it. We therefore expect
little thermally driven evolution of the sur-
face, except early in Arrokoth’s history when
the volatile ices would have been lost soon
after nebular dust cleared, allowing sunlight
to illuminate the surface. Galactic and solar
energetic photons and charged particles can
break bonds and drive chemical reactions that
produce refractory macromolecular tholins
(19, 24, 25). Photolysis and radiolysis of solid
methanol also produce formaldehyde, which
may subsequently polymerize (76, 77). Although
formaldehyde polymer (paraformaldehyde)
shows some spectral structure in the 2- to
2.5-um region, it does not match the bands
seen in Pholus (33) or Arrokoth. Macromol-
ecular tholins seen on Arrokoth’s surface could
derive from three potential sources: (i) They
could have originated in the pre-solar gas and
dust cloud. (ii) They could arise from photolysis
and radiolysis of hydrocarbons and associated
nitrogen- and oxygen-bearing components in
the nebula, especially where material is trans-
ported to regions near the surface of the nebula
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exposed to radiation from the forming Sun or
other astrophysical sources (56). (iii) Radiol-
ysis and photolysis of Arrokoth’s surface com-
ponents could produce tholins, as discussed
above. All these sources likely contributed to
Arrokoth’s inventory of complex organics, with
the products of the first two mechanisms being
distributed throughout the body, whereas the
products of the third mechanism should only
occur at the surface. The flux of Solar System
and interstellar micrometeorites at Arrokoth’s
location is highly uncertain (78, 79), but such
bombardment could produce up to several
meters of mechanical erosion over the age
of the Solar System (80, 8I). If this erosion
operates faster than space weathering by
energetic radiation, the visible surface could
be representative of the deep interior. If it is
slower, the surface should accumulate a lag
deposit enriched in more refractory materials
through loss or destruction of more volatile
and fragile molecules.

It is not obvious from the encounter data
whether a distinct surface veneer exists on
Arrokoth. Albedo and color contrasts corre-
sponding to ancient features such as the neck
suggest that such contrasts are not quickly
masked by a space weathering processes. If
compositionally distinct interior material was
exposed at the neck, it might weather differ-
ently and thus maintain a contrasting appear-
ance, but the LEISA data show no evidence for
a distinct composition in the neck region. The
warmer thermal environment of the neck
would be another potential reason for distinct
evolution there, but the temperature differ-
ence is too small to produce outcomes that
differ substantially from the rest of the surface.
No obviously fresh craters expose distinct-
looking interior material (with the possible
exception of Maryland), and color trends do
not appear to correspond to downslope trans-
port, which is generally from equators to the
poles of the lobes, and ultimately to the neck
(3). Less-altered interior material should be
preferentially exposed at high elevations, but
we do not see obvious color differences in high-
standing regions along the equators. Brighter
material in the neck and in Maryland may
accumulate in topographic lows, suggestive of
textural rather than compositional contrasts.
Among the CCKBO population, the diversity
of colors coupled with similar colors of dif-
ferent sized components of binaries have been
used to argue against the importance of size-
dependent factors such as the balance between
erosion and space weathering in altering their
surface colors (82).

The evolution of Arrokoth’s interior is shaped
by energy inputs that are even smaller than at
its surface. Subsequent to the loss of shading
from nebular dust, insolation would have
raised Arrokoth’s equilibrium temperature. As
that thermal wave slowly propagated inward,
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highly volatile species such as N,, CO, and CH,,
would have become unstable, at least as con-
densed ices. Early outgassing of these species
may have produced what appear to be collapse
or outgassing pits at the boundaries of terrain
units (Z, 3). Such features may be analogous to
pits or sinkholes on comet 67P/Churyumov-
Gerasimenko [e.g., (83, 84)]. Localization of
the pits to certain regions may arise from
variable permeability of surface deposits that
would favor volatiles escaping through weaker
zones at unit boundaries. However, the equi-
librium temperature in Arrokoth’s interior
would never have been high enough for amor-
phous ice to crystallize and expel its payload of
trapped volatiles [e.g., (85, 86)]. Apart from loss
of these volatile species, Arrokoth’s interior
may have undergone little alteration or pro-
cessing since accretion, and could thus preserve
many characteristics of the original accretion
such as layering [as observed on comets (87, 88)],
very high porosity, and an intimate mixture
of nebular ices, organics, and silicate dust grains.
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Examining Arrokoth

The New Horizons spacecraft flew past the Kuiper Belt object (486958) Arrokoth (also known as 2014 MUgg) in
January 2019. Because of the great distance to the outer Solar System and limited bandwidth, it will take until late 2020
to downlink all the spacecraft's observations back to Earth. Three papers in this issue analyze recently downlinked data,
including the highest-resolution images taken during the encounter (see the Perspective by Jewitt). Spencer et al.
examined Arrokoth's geology and geophysics using stereo imaging, dated the surface using impact craters, and
produced a geomorphological map. Grundy et al. investigated the composition of the surface using color imaging and
spectroscopic data and assessed Arrokoth's thermal emission using microwave radiometry. McKinnon et al. used
simulations to determine how Arrokoth formed: Two gravitationally bound objects gently spiraled together during the
formation of the Solar System. Together, these papers determine the age, composition, and formation process of the
most pristine object yet visited by a spacecraft.

Science, this issue p. eaay3999, p. eaay3705, p. eaay6620; see also p. 980
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Materials and Methods

Ralph Instrument Details and Data Processing

The Ralph instrument is a three-mirror anastigmat telescope with a dichroic beamsplitter that
feeds two focal planes, making it effectively two instruments in one (14). The MVIC focal plane
consists of 6 time delay integration (TDI) charge-coupled device (CCD) arrays and one frame
transfer CCD. The TDI detectors have 32 rows to build up the integrated signal as the
instrument scans the field of view across the scene. In the cross-track direction, orthogonal to
the 32 TDI lines, there are 5000 active pixels. Each pixel subtends 20 prad for a cross-track field
of view of 5.7°. Ralph/MVIC is distinguished from other New Horizons imaging instruments for
its wide field of view and color imaging capabilities. Four of the 6 TDI detectors have
broadband filters fixed to the detector assembly. The color filters are identified as “BLUE”
(400-550 nm), “RED” (540-700 nm), “NIR” (780-975 nm) and “CH4” (860-910 nm). The two
Panchromatic TDI detectors cover the wavelength range from 400-975 nm; see (89) for details of
system response and calibration. Comparing the observed signal for a well lit portion of
Arrokoth to the standard deviation in a sample of blank sky, we estimate the single pixel signal-
to-noise ratios to be 60, 175, 148, and 57 in BLUE, RED, NIR, and CH4 filters, respectively.

The corresponding 1-0 uncertainty in a percent color slope measurement is about +0.2 around the
mean slope of 27%. The uncertainty in determination of a mean color slope drops rapidly as

multiple pixels are averaged together.

Ralph’s LEISA focal plane consists of a Rockwell Scientific Corporation PICNIC array (a
256%256 pixel HgCdTe device) with two linear variable filters to disperse the light. The larger
filter covers wavelengths from 1.25 to 2.5 pm with a resolving power (A/AA, where A is the
wavelength) of ~240. The smaller filter covers 2.1 to 2.25 pm with a higher resolving power
(~560). The LEISA detector has a field of view of 0.9° with both axes providing spatial data

coupled with spectral dispersion along one axis.

For all the data collecting modes of Ralph (except observing with the panchromatic frame
transfer array), the spacecraft scans the Ralph boresight across the target to build up an image or
image cube in the case of LEISA. At Arrokoth, our scan rates were slower than previously used

at Pluto because of the low light levels at Arrokoth’s extreme distance from the Sun (43 au at the
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time of the encounter) and its low albedo. The color scans used a commanded rate of
approximately 800 prad s™ which corresponds to an integration time of 0.8 seconds. The
instrument reads the actual scan rate of the spacecraft to set the TDI rate or frame rate for data
collection: the actual scan rate is within +32 prad s™ of the commanded scan rate. For the
LEISA observations, we used a very slow scan rate (60 prad s ') to maximize the observed

signal.

We used three LEISA scans of Charon taken during the Pluto encounter to construct a flat
field for LEISA. Charon was used for this purpose because of the lack of spectral diversity
across its surface, unlike Pluto. The three highest spatial resolution scans of Charon (90) were
used in order to check for consistency. These are identified as C_LEISA_HIRES,
C_LEISA_LORRI and C_LEISA. In each of these scans, Charon passed through the center of
the field-of-view with the C_LEISA_HIRES scan subtending the greatest area of the detector.
Charon did not completely fill the detector in any of these scans, so there are regions around the
frame edges which have not been corrected, but Arrokoth was not imaged in these uncorrected

regions.

Using the frame data (spatial vs. spatial-spectral format), a mask was constructed to isolate
Charon from the background. The average signal was then calculated for each pixel when it was
illuminated by Charon. This produced a 256x256 pixel array (with pixels set to zero if never
illuminated by Charon) with the mean spectrum of Charon still present. That was removed by
robust fitting (i.e., with rejection of outlier points) of a single-order polynomial to each row
(wavelength) of the frame. The results from each of the Charon scans were then combined
where they overlap. The result is the ratio of the new flat to the old flat with which the Charon
data had already been processed by the standard pipeline. After multiplying by the old flat, the

new flat was obtained.

To extract the spatially-registered spectra of Arrokoth from the LEISA data frames, a frame-
by-frame pointing solution was determined. The changing spacecraft-to-target range during the
LEISA scan resulted in a spatial scale that changed from 2.0 to 1.8 km/pixel over the time the
scan, with the closer range coinciding with longer wavelengths. The range was taken from
predicted SPICE (91) kernels for the observation time of each frame, and used to construct a

scaled model image of Arrokoth (two sky-plane circles connected by a rectangular neck). The
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focal plane center of figure, mean albedo, and the full width at half maximum of a Gaussian
point spread function was varied until the mean squared difference between a given frame and
the model was minimized. Parameter optimization was achieved with simplex minimization.
The position angle of the neck and two spheres was assumed to be fixed in all frames. In the
case where a pointing solution failed (such as when the target was crossing the edge of the focal

plane), the position was estimated via linear interpolation from the nearest successful solutions.

Pixel coordinates in each plane were then converted into a physical frame relative to the
center of figure using the range prediction. The (Ax (km), Ay (km), A (um)) coordinates of each
pixel were stored, where Ax and Ay are distance from the center of figure along the axes of the
detector array, along with the I/F measured by that pixel. A mask of hot pixels and cosmic rays
was applied at this stage, and flagged pixels were removed from this data structure. A nearest-
neighbor interpolant was constructed to interpolate these I/F measurements over these
coordinates. The final spectral cube was constructed by constructing a (Ax, Ay, I/F) plane from
this interpolant sampled over a spatially-uniform grid sampled at 10 times the average native

spatial resolution at each unique wavelength sampled by the measurements.

Spectral Modeling

Multiple scattering of incident sunlight by a granular surface as a function of composition and
texture was simulated using a Hapke model (31, 92). This model was numerically inverted to
obtain the best-fitting representations of surface composition and texture, given a set of assumed
ingredients and parameters. Because there is an infinite set of potential ingredients and
parameters, the resulting best-fitting representations are necessarily not unique solutions, though
they can demonstrate that a particular configuration is consistent with the data, and assess
spectral differences between regions. Although the MVIC data could provide additional
constraints, the models are only applied to LEISA data, because the MVIC and LEISA data sets

were obtained at different times and thus at different viewing geometries.

For Hapke parameters, we assumed the single scattering phase function, P(g), from (3),
characterized by McGuire & Hapke parameters b = 0.3178 and ¢ = 0.7450 (93). Hapke’s
opposition effect and macroscopic roughness parameters were not used (by setting Hapke’s B,
and 0 parameters to zero). Because all of the spectra being modeled were averages over a range

of incidence and emission angles, we computed the models for simplified geometry with incident
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angle i = 30°, emission angle e = 30°, and phase angle g = 10°. These simplifications are
justified by the low signal-to-noise ratio of the data and the coarseness of the spatial registration
of the data, owing to the complex shape of the body and changing geometry from spacecraft
motion during the LEISA scan. The target was in LEISA’s field of view for a little over 4
minutes, during which the spacecraft closed from 32,770 to 29,110 km range from Arrokoth.
The changing range is accounted for in our processing of LEISA data, but the phase angle also
changed during the scan, and this change is not accounted for. During the scan, the phase angle
grew from 12.49° to 12.79°. The start of the scan corresponds to the short wavelength end of the
spectral range, so not accounting for this change in geometry could introduce a spurious spectral
slope, but with just a 0.3° change over LEISA’s spectral range, this is a small effect. This
changing geometry over time also results in slightly different geometry between the LEISA data

and the LORRI rider obtained during the same scan (see (3), their table S1).

We fitted models to the grand average spectrum incorporating a variety of potential
ingredients. We considered the Akaike and Bayesian information criteria (AIC and BIC) to
assess whether the inclusion of each particular ingredient was able to reduce x* sufficiently to
justify its inclusion. We found only five ingredients to be statistically supported on this basis:
tholin, amorphous carbon, and CH;0H ice, with this model accounting for 92% of the
marginalized probability according to the AIC, and to a lesser extent, NH; ice at 4.5%, and H,O
ice at 3%. According to the BIC, inclusion of H,O and NH; are less supported, because it
penalizes the inclusion of additional model complexity more harshly than the AIC. We used
optical constants for these materials from (20, 92, 94-96) for tholin, CH;0OH ice, amorphous
carbon, H,O ice, and NHj ice, respectively. Tholins from a variety of sources were tried, but
according to AIC and BIC criteria, no particular tholin is favored. Titan tholin (20) should be
seen not as a specific identification but as a generic representative of this broad class of
materials. Likewise, amorphous carbon (94) is a generic dark opaque material, and is not

necessarily an exact match for the dark material present on Arrokoth.

REX Data Processing

From the shape model of Arrokoth (3), the projected area of Arrokoth as observed from New
Horizons at 05:52:14 UTC (time of minimum separation between the high-gain antenna (HGA)

boresight and the position of Arrokoth), was 414.4 km®. The distance at this time was
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16,700 km. The main beam of the HGA at this distance covered an area about 230 times larger
than the target, so the REX measurement was unresolved and only a global determination of the
Arrokoth brightness temperature is possible. The observed radio flux is therefore a combination
of source plus sky background. The contribution of the background was determined by
performing an additional scan along the identical path in right ascension and declination, but one
day after the flyby. As viewed from the spacecraft (Fig. 6A), Arrokoth was located on the edge
of the Galactic plane in the opposite direction from the Galactic Center, well separated from all
bright natural radio sources. With imperfect a priori knowledge of the precise location of
Arrokoth, the REX scan was designed to cover all possible time-of-flight errors between +180
seconds of the nominal flyby design. This required scanning the HGA over a lengthy arc of 1.2°
in RA and 10.2° in Dec, more than adequate to assure covering the slower motion of Arrokoth on
the sky (0.5° in RA; 4.2° in Dec). As it turned out, the target was 23 seconds late and thus near

the middle of the pre-planned scan range.

The brightness temperature of the sky background within the HGA beam was determined to
be only slightly higher than the cosmic microwave background temperature Tcvs = 2.73 K.
Nevertheless, the radio flux density from the background in each receiver is still about 25 times
stronger than the maximum due to the excess thermal emission from Arrokoth. The main
contributor to the observation noise, the system temperature of each receiver (REX A~146 K;

REX B~137 K), was assumed to remain constant during each scan.

The flux density recorded for the target scan on encounter day is shown together with the
background scan recorded one day later (Fig. 6B). The smooth black curve shows the modeled
effect of an unresolved Arrokoth with a brightness temperature of 30 K. The target and
background scans are plotted over their common declination interval in order to distinguish
possible variations in the background. Both curves show only the changes in flux density with
respect to the mean value measured during a calibration interval (also indicated in Fig. 6B),
defined as those times when the HGA boresight was well separated from Arrokoth. The plotted
flux density is a stacked average of the measurements from the two receivers, REX A and REX
B, smoothed over a running interval of 0.75° in declination. The smoothing interval was selected
as an optimum value: wide enough to reduce the measurement noise, but still narrow enough to

capture changes during the roughly 80 seconds when Arrokoth passed through the HGA beam.
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Appropriate for the point source case, the observations were fitted to a model with a Gaussian
superimposed on a linear background. The best fitting model yielded a change in flux density at
maximum of 62 + 10 Jansky, where the uncertainty accounts for the standard deviation of the
entire fit to the data. Converting this to the global brightness temperature of Arrokoth (36, 37)
yields Ts = 29 + 5 K, roughly corresponding to a 6-0 detection. Different declination smoothing

intervals from 0.25° to 1.25° led to changes in brightness temperature of less than 1 K.

Thermal models

Our modeling is based on the Arrokoth global shape model (3), reduced to a “low poly”
version with Ny = 1962 triangulated facets (Data S1). For a given facet i, with surface area o; and
outward pointing normal vector n;, we determine which other faces j are viewable from it using
simple ray-tracing, and from this we develop a logical face network N;, sometimes referred to as
the “who-sees-who” list (38). For each i-j pair, we assess their relative distance r; with
corresponding unit vector r;. This procedure is nominally an O(N/) calculation, but is done only
once for any given shape model and is subsequently used for all derived thermal models. This
methodology accounts for large scale roughness expressed in the faceted shape model, but does
not account for smaller scale roughness which can also be expected to affect surface

temperatures.

We adopt a surface plus one-dimensional subsurface model to describe the near surface
energy balance in which losses to radiation and subsurface conduction is balanced by the net
received energy, ®;, which is the radiative losses plus the gains from both solar insolation and
surface re-radiation,

kazTi|z:O+EiO-BT? = Q; = (1_Ai)Fi+Zj EjGBKUT?: (s1)

F, = F.(n.nm,),

1

where z is depth and the summation is over all non-zero Nj. T;is the surface temperature of
element i. The local emissivity is € (assumed to be 0.9, following (40, 43)), F; is the non-self-
blocked insolation received by surface element i from the Sun located in the sky by unit vector
n-, (1-A;)F;is the absorbed solar radiation flux (taking into account self-shadowing), and A; the
bond albedo, measured to be 0.06 (1, 3). The scaled radiated power emanating from facet j and

received by facet i is quantified by the following expression:
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(ni'rij)(_nj'rij).

K. = o N.. S2
)= AN (S2)

We adopt the 1D heat equation for the subsurface,
pC,0,0, = ko, 6, (S3)

where p is the material density, C, is its heat capacity, 0; is the depth dependent (z) temperature
of facet i where surface temperature is denoted by T; = 0; (at z = 0), and finally k is the material
conductivity. Solutions to Eq. S3 are developed in the time-asymptotic limit whereby we impose
the condition that the conductive flux goes to zero sufficiently deep underneath the surface (39).
This amounts to representing the solution for the temperature for z < 0 as a truncated sum in
powers of seasonal frequency, i.e.,

6, = T+ Y, e (A e "+cc.);

n=1,N

— (54)
nw,pC,

K, = (1+l)\/2k—p—,

where T; is the local mean temperature of element i. This solution approach has also been used
in the thermal response analysis of Martian sand dunes (97). We construct solutions based on
daily averaged solar insolation and proceed by building a received insolation profile for 298
evenly selected times over the course of ~298 year orbit of Arrokoth. We truncate the number of
frequencies retained in Eq. S4 to about 75 so as to minimize the possibility of incurring de-
aliasing errors in the solution procedure. We then build solutions to Egs. S1 and S3 via an
iterative procedure. We start by solving Eq. S1 for T; with k set to zero and calculate a first
iteration of @;. This solution involves the inversion of a sparse matrix. This can be done via a
forward iterative Gauss procedure because the matrix is well-conditioned. Then we correct T; by
solving Eq. S3 using this first guess for @, as the flux boundary condition k0,0, + €:050:"|,-0 =
®;. This provides a corrected surface temperature T; = 6,|,-o which is input back into Eq. S1
whereupon an updated value of @; is assessed and used as an updated upper boundary condition
used to solve Eq. S3. This iterates until a converged solution is reached which is usually
assessed to be when the maximum change between successive iterations is sufficiently small,

i.e., when max(A®/®;) < 10, where A®; is the difference between successive iterations of ®;.
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Following (1, 40), we assumed thermal inertia I' = 2.5 J m™ s™* K. The resulting 16 K
model mean surface temperature across the face of Arrokoth oriented toward New Horizons
during the REX CAO08 observation is far below the 29 + 5 K brightness temperature recorded by
REX. However, thermal radiation tends to emerge from a range of depths within a surface,
potentially extending to many times the wavelength below the surface. Additionally, we do not
know the X-band emissivity (€) of Arrokoth’s surface that provides the link between kinetic and
brightness temperatures. To explore the range of parameters permitted by the REX observation,

we re-ran our model with I" ranging from 0.5 to 250 J m ™2 s™? K™ and computed temperatures at

depths from the surface down to

4 m below the surface - l T
(~100 wavelengths), as shown in oo E
Fig. S1. The observed REX

thermal emission is consistent with

low thermal inertia and emission

Temperature (K)

emerging from tens of cm below the

Thermal inertia (J m? s K™

surface, but is also consistent with
higher thermal inertia and emission

from closer to the surface. For

. . 1 10 100
instance, at the nominal Depth (cm)

2.5J m? s> K™ thermal inertia, Figure S1. Model average temperature over the face
of Arrokoth that was oriented toward New Horizons
at the time of the REX CA08 scan, as a function of I
observed hemisphere is 29 K at a and depth. Emission from the depth where T =29 K
(black curve) would be consistent with the REX
mean depth of ~50 cm (12 REX measurement if € = 1, but € is likely to be smaller, so even
wavelengths). For less than unit warmer temperatures are likely required to account for
the observed Tg.

the mean temperature over the

emissivity, warmer temperatures are

needed to account for the observed T, consistent with emission from greater depths. With
€ = 0.8, the corresponding kinetic temperature would be 36 K, which is reached at a depth of
~1 m. The maximum temperatures seen for any thermal inertia and depth combination are in the

~41 K range, implying a lower limit of 0.7 for the REX wavelength emissivity.

For the higher thermal inertia solutions, the required value of I would be >40 J m™s™ K™ to

reconcile the surface temperature with the REX observation with unit emissivity at REX
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wavelengths. Surface and subsurface temperatures are similar for the high thermal inertia
models, so the higher thermal inertia models place less constraint on the depth sampled by the
4.2 cm the emission. A high thermal inertia is inconsistent with the statistical estimates from
(40), but those estimates are for diurnal timescales rather than seasonal timescales. Higher
thermal conduction at depth could enable seasonal thermal inertias to be much higher than the
values relevant for diurnal timescales. Additionally, the (40) sample does not include small

CCKBOs in Arrokoth’s size range, so it might not even be relevant to such objects.

Effects of unresolved surface roughness can be important in some thermal environments.
These were explored by (98) through use of effective values of the albedo and emissivity.
Arrokoth’s bond albedo has been directly measured as 0.06 (1, 3), so we leave it unchanged, but
we tried higher values of emissivity € = 0.95 and € = 1.0 consistent with a rough surface. These
led to slightly lower temperatures by up to 1 K across the observed face of Arrokoth, not enough

to materially affect our conclusions.

Data S1 (separate file).
A low facet count version of the Arrokoth shape model (3) used in our themal models is

provided as an ASCII file consisting of 1,039 lines representing vertices starting with the
character v, followed by 1,962 lines representing facets starting with the character f. Each vertex
line has three white-space separated floating point values representing x, y, z coordinates in units
of km. The axes are aligned with the shape’s principal axes of inertia and the origin corresponds
to the center of mass assuming a uniform internal density. Each facet line has three white-space
separated integers specifying three vertices to define the corners of that triangular facet, in order
such that the right hand rule points in the direction of the exterior of the shape. The index of the

first vertex line is 1 and the last is 1,039.
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