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Introduction: The centerpiece objective of
NASA’s New Horizons first Kuiper Extended Mission
(KEM-1) was the close flyby of the Kuiper Belt Object
(KBO) 2014 MUgo, nicknamed Ultima Thule [1]. On
1 Jan 2019 this flyby culminated, making the first
close observations of a small KBO. Final pre-flyby
trajectory predictions indicated the spacecraft would
approach to within 3,500+£30 km of MUy at
05:33+0:01 UT.

Here we summarize the earliest results obtained
from that successful flyby. At the time of this ab-
stract’s submission, only 4 days of data downlink from
the flyby were available; well over an order of magni-
tude more data will be downlinked by the time of this
LPSC meeting in 2019 March. Therefore many addi-
tional results not available at the time of this abstract
submission will be presented in this review talk.

Objectives: 2014 MU4 was discovered by mem-
bers of the New Horizons team using the Hubble Space
Telescope in 2014 [2]. MU69’s orbit identifies it as a
cold classical KBO. This means it has probably been
resident at its current heliocentric distance (43 AU)
and cold conditions for the past ~4.5 Gyrs. This, com-
bined with its small size which prevents it from main-
taining a strong internal geologic engine to the present,
combine to make MU69 the most primitive body ever
studied by any planetary spacecraft.

Other than its orbital parameters and brightness, the
only information known about Ultima Thule prior to
observations by New Horizons were its red color [3],
an approximate size (25-30 km diameter) and shape
profile at the time of a 17 July 2017 stellar occultation
[2], and a visible albedo estimate (~0.1) also from this
occultation-measured size [2].

Key objectives of the flyby of MU69 [1] were: to
obtain panchromatic imaging, visible/near-IR wave-
length four-color imaging, and stereo imaging of
MU69’s surface; to map Ultima Thule’s surface com-
position across the 1.25-2.5 um IR; and to make sensi-
tive searches for both rings and satellites orbiting Ul-
tima Thule and any gas or particulate coma. Secondary
objectives included day and night side disk-integrated
average brightness temperature measurements at a
wavelength of 4 cm, an attempt to measure Ultima

* . . . .
Some feature names mentioned in this paper are now formalized
while others are informal

Thule’s bistatic radar reflectivity at 4 cm, a search for
dust impacts onto the spacecraft near Ultima Thule,
and a search for detectable plasma interactions with the
solar wind. Most of these objectives require data not
yet on Earth before they can be written about. Howev-
er, some data, comprising well under 1% of the total
stored aboard New Horizons, is presently on the
ground. We report on those data here.

Initial Results. New Horizons has revealed MU69
to be a bi-lobate contact binary that appears to have
merged at low speed. In addition to being the most
primitive solar system object ever to be explored in
situ by any spacecraft, MU69 thus also becomes the
first primordial contact binary. The appearance and
contact binary nature of this object is consistent with it
being a relic planetesimal possibly created by pebble
accretion. How MU69’s two lobes merged, how gen-
tly, and how much angular momentum was lost prior
to contact are puzzles to be solved as more data are
returned and detailed modeling can be undertaken.

MU69’s panchromatic and color appearances are
shown in Figures 1 and 2, respectively.
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Figure 1: Ultima Thule as seen by the LORRI imager
in the close approach CA04 observation (140 m/pixel),
including relatively bright circular patches a few km
wide (yellow arrows), darker regions up to several km
wide (red arrows), a bright, cylindrically symmetric
neck (blue arrow), and quasi-linear and arcuate bright
features; note also the mottled appearance.

The two lobes of MU69 have very similar, quasi-
spherical shape profiles in the available imaging. This



near sphericity is likely an important clue to their ac-
cretional mechanism. Ultima Thule’s overall major
axis length is 31.7+0.5 km.

For the purposes of discussion, MU69’s larger and
smaller lobes have been informally designated “Ulti-
ma” and “Thule,” respectively, by the New Horizons
team. Ultima and Thule have best-fit measured diame-
ters of ~19.5 and ~14.2 km, respectively with errors of
only a few percent at this time. This, combined with its
low amplitude lightcurve determined by New Hori-
zons, suggests that the two lobes have ~2.6:1 volume,
and perhaps, mass ratios.

Ultima Thule’s rotation period has been measured
by New Horizons at 15+1 hours. How it slowed to this
relatively long period after merging is another puzzle
to be solved.

Although a mottled appearance and limb topogra-
phy (amplitudes >1 km for Ultima and ~0.5 km for
Thule) was resolved on each lobe, geological features
are not clearly identifiable in the currently available
images, which have only a limited range of low (11-
13°) solar phase angles. However, the significant limb
topography variations detected suggest a mechanically
strong “crustal zone” and/or bulk interior, perhaps
composed of some combination of H,O-ice, CO,-ice,
other ices, and refractory organics/rock.

Although the two lobes of Ultima Thule have
closely similar reflectivities, significant albedo varia-
tions of 0.06-0.14 are seen on both lobes. The average
I/F for the object as seen in Figure 1 is 0.09. Initial
analysis reveals that this average albedo is similar to
other cold classical KBOs. The most prominent albedo
feature is a narrow (<300 m tall) bright, cylindrically
symmetric neck where the lobes Ultima and Thule are
joined. The origin of this remarkable feature is unclear;
either endogenic (fine particle accumulation) and/or
exogenic (lobe merger) possibilities may be the cause.

Ultima Thule’s overall color displays a red slope of
+24.3% per 1000 A at 5500 A. Additionally, New Ho-
rizons found 1.25-2.5 um near-infrared I/F varies be-
tween 0.17 and 0.19.

Little significant color variegation across either
lobe has been detected as of this writing; however, the
brighter neck region at the interface of the two lobes is
slightly less red than the bulk color. Initial analysis
reveals that Ultima Thule’s color is similar to other
cold classical KBOs (see also [3] with lower SNR HST
color measurement than New Horizons). In comparing
our Ultima Thule observations to Nix, we do not yet

see strong evidence for the 2.0 um H,O-ice band, and
therefore the abundance of H,O-ice on the surface is
likely to be much less than observed by New Horizons
on Pluto’s satellites [4].

Figure 2: Left to right: Enhanced color image at 1.5
km/pixel resolution, panchromatic image at 140
m/pixel resolution, and enhanced color overlaid on the
panchromatic image.

As expected, we found no evidence for a gas coma
in initial inspections of UV airglow and solar appulse
coma absorption datasets collected by the UV spectro-
graph on New Horizons, though the majority of those
data are still to be downlinked. As also expected, no
solar wind interaction or emitted pickup ions were de-
tected in initial data analyses of the New Horizons
plasma and charged particle spectrometer instruments,
though the majority of those data are also still to be
downlinked.

Regarding dust near Ultima Thule, New Horizons
saw no evidence down to I/F~5x107 in imaging avail-
able by 4 Jan 2019. In addition, zero impacts onto the
New Horizons dust counter were detected inside
MU69’s Hill sphere. And no satellites were detected
down to 1.5 km diameter (under the assumption of an
Ultima Thule-like reflectivity) outside of 1000 km
from Ultima Thule. A search for closer rings or satel-
lites has not yet been performed.
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al Mechanics
al Vlechanics

2. What is MU69’s orbita) period? (3 points)
3. New Horizons fleyw by MU69 with a relative velocity of 14.44 km/s.

/ a) Using the estimated clogest approach distance cited in the baper, calculate the
reduction in velocity required to have the Spacecraft be captureq into a circulay orbit
by MU69. For simplicity yoy may ignore MUG9’s orbital motion around the Sun, Fs.
timate/approximate any other properties of MU69 and/or Ney Horizons needed to do
this calculation. (5 points)

"/b) This maneuver Is similar to the one uged to place OSIRIS-REy in orbit around
Bennu, in which the spacecraft slowed by 530 m/s to achieve al approach speed of 0.2
m/s prior to orbit Insertion. Compare your result in (a) to the OSIRIS-REy situation
and discuss why would such g Inaneuver have heen impractical for New Horizons, [If
you were stuck on 34 and did not get a numerica] answer, provide g, qualitative angwer
here.] (3 points)

Observations
~zDservations

/4. In the Objectives section the authors state that the visible albedo of MU69 was esti-
mated from itg occultation-derived size. Explain i, qualitative termgs the relationship
between thege two quantities. You do not need to provide g formula; rather, discusg
the dependency between thege two quantities and how knowing one could inform the
other. Yoy may ignore the shape of MUG9 ip your discussion. (3 points)

/5. Use the energy balance equation and other information given in the Paper to determine
the equilibrium temperature of MU69. Estimate values for any other parameters you
need that are not provided. (5 points)

/6. Figure 1 indicates that the CA04 observation of MU69 wag made at a phage angle of
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axis was added by me for the purpose of this discussion — it is not necessarily accurate).

/ a) Draw the appearance of MU69 for at least four different points in its rotation.
The geometry in Figure 1 can be considered ty; draw that, plus what the object looks
like at 1, to, t3, and ty, where ¢, is one fourth of the rotational period (%; Prot), t2 = &

P,ot, t3 = ;31- P,ot, and t4 = P,y. (5 points)

/ b) Below that, draw the light curve of MUG69 that you would expect to see from Earth,
with rotational phase (going from 0 to 1) on the x-axis and brightness (arbitrary units)
on the y-axis. Try to align your light curve directly below the drawings you made for
(a) so that we can see how the observing geometry relates to the observed light curve.

(5 points)

/¢) Now make a similar set of diagrams for a system (again, observed from Earth)
where the diameter of the primary is several orders of magnitude larger than the sec-
ondary and the two masses are separated by 100 primary radii, so now it is an eclipsing
binary (same orbital geometry) rather than a contact binary. (5 points)

/ d) Describe qualitatively how the two light curves you drew should be different, and
why. (3 points)

8. One puzzle revealed during the New Horizons flyby of MUGY is that the light curve
measured by the spacecraft had a very small amplitude. What could cause this, given
that the shape of MUGB9 was determined to be bi-lobate from Earth-based occultation
measurements made in the summer of 20177 (3 points)

/9. Provide a qualitative discussion of how the contact binary Ultima Thule could have
formed. Given your answer, why do you think we don’t we see many contact binaries
in the solar system? (4 points)

The MU69 Environment
10. In the final paragraph the authors state that no dust impacts were detected inside
MUG69’s Hill sphere.

_4) Describe in words what a Hill sphere is. (3 points)

_b) Calculate the size of MU69’s Hill sphere, stating whatever assumptions you made
in order to do the calculation. (5 points)

~ c) In the final paragraph the authors also state that “no satéllites were detected down
to 1.5 km diameter (under the assumption of an Ultima Thule-like reflectivity) outside
of 1000 km from Ultima Thule.” How significant do you think this result is? (3 points)
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Orbital Mechanics

1. Assuming that MU69 was discovered at perihelion and that it has an orbital
eccentricity of 0.042, what will be its aphelion distance? (5 points)

Use the general orbit equation to solve for a and then for Tap:

_a(l—e?
1+ ecost (1)

At perihelion, § = 0° and rp.,; is 43 AU (from paper) — a = 44.885 AU. Then use Eq.
(1) again, knowing a and # = 180° at aphelion to solve for Tap. Should get a value of
46.77 AU.

2. What is MU69’s orbital period? (3 points)

Use the simple version of Kepler’s Third Law (p? = a®) and the value for a that
you found in #1. Solving for p, you should get 300.7 years.

3. New Horizons flew by MU69 with a relative velocity of 14.44 km/s.

a) Using the estimated closest approach distance cited in the paper, calcu-
late the reduction in velocity required to have the spacecraft be captured
into a circular orbit by MU69. For simplicity you may ignore MU69’s or-
bital motion around the Sun. Estimate/approximate any other properties
of MU69 and/or New Horizons needed to do this calculation. (5 points)

Here we want to balance the gravitational force that MUG9 exerts on New Horizons
with the centripetal force that spacecraft would feel if it were in a circular orbit around
MU69, and solve for v:

GMm  mv? GM
Pl — Y =

r2 r T (2)
M is the mass of MU69 and r is the closest approach distance (3,500 km from the
paper). Estimate the mass by multiplying the volume, which you can determine by its
size (it’s OK to approximate it as a sphere) by a representative density for outer solar
system objects. We can assume p = 1.5 g/cm? or 1,500 km/m?®. If we assume that the
object is spherical in shape with a radius of 10 km, then the volume of MU69 would be
4.19 x 10" m®, and hence its mass is 6.28x 10" kg. Using these values, we can solve
for v to be 0.35 m/s. Thus, New Horizons would have had to slow down by (14.44 -
0.35 x 107° km/s) in order to be captured into orbit by MUGY. |This is a LOT!!M].

Note that using a Hohmann Transfer Orbit would not be appropriate in this case.
An HTO is used to move between two orbits around the same body (usually the Sun,



in the cases we looked at in ASTR 620). Here you were asked to determine what the
orbital velocity of New Horizons would be at some distance from MU69, and compare
that to the velocity that the spacecraft actually had as it flew by.

b) This maneuver is similar to the one used to place OSIRIS-REz in orbit
around Bennu, in which the spacecraft slowed by 530 m/s to achieve an
approach speed of 0.2 m/s prior to orbit insertion. Compare your result
in (a) to the OSIRIS-REz situation and discuss why such a maneuver would
have been impractical for New Horizons. [If you were stuck on 3a and did
not get a numerical answer, provide a qualitative answer here.] (3 points)

The required reduction in speed by New Horizons is several orders of magnitude larger
than what was required for OSIRIS-REz in order for it to be moving slowly enough
that it could be captured into orbit around Bennu. This is simply impractical; it would
have required a ridiculous amount of fuel to achieve such a Av.

QObservations

4. In the Objectives section the authors state that the visible albedo of MUG69
was estimated from its occultation-derived size. Explain in qualitative terms
the relationship between these two quantities. You do not need to provide a
formula; rather, discuss the dependency between these two quantities and
how knowing one could inform the other. You may ignore the shape of
MU69 in your discussion. (3 points)

The albedo of an object is a measure of its reflectivity. It can depend on surface
properties such as composition and porosity of the regolith, and it can also depend
on geometric properties such as phase angle and rotational modulation. There is an
empirical relationship between albedo, size, and absolute magnitude of small bodies
wherein the albedo is inversely proportional to the area (size?) of the object. You were
not expected to know about this relationship, but you should address the fact that
a large object that is less reflective (lower albedo) could end up looking the same in
terms of overall brightness (magnitude) as a smaller more reflective object.

5. Use the energy balance equation and other information given in the paper
to determine the equilibrium temperature of MUG69. Estimate values for
any other parameters you need that are not provided. (5 points)

The energy balance equation (E;, = Eoyu) states that
edr R%oTh, = (1 — A)mR* (1 Fo), (3)

where R is the radius of MUG9, € is the emissivity of the object, A is its albedo, and
7 Fy is the solar flux at the target, which can be rewritten as Lo/4md? where d is the



object’s heliocentric distance.

I tend to do these calculations relative to Earth because I find it easier to work with
the solar constant (1368 W/m?) and in distance units of AU. In that case

(1 — A)(solar flux at Earth)
(distance in AU)?

= 540Te4q (4)

Assuming an emissivity of 1 and an albedo of 0.1 and plugging in the other constants,
I get Toy = 424 K.

6. Figure 1 indicates that the CA04 observation of MU69 was made at a phase
angle of 12.9°. Define what is meant by the phase angle and draw a diagram
with the locations of the relevant bodies to produce such a phase angle. Af-
ter the closest approach, how did the phase angle change, and what value
did it approach? (4 points)

The phase angle is the Sun-Target-Observer angle (see below; in that case the ob-
server is at Earth, although they do not have to be!). If the phase angle is 0°, then the
Sun is directly behind the observer and the object being observed is fully illuminated.

Earth

Phase Angle

Observed
Planet

Figure 1: From http://upload.wikimedia.org/wikipedia/commons/1/10/Phase_Angle_3.jpg.

After closest approach, the phase angle increased and eventually approached 180°.

Contact Binaries

7. MUB69 is described as a contact binary. Imagine that its major axis is aligned
with the x-axis, and its rotation axis is aligned with the y-axis (in the plane
of the page and straight up, as depicted in Figure 1; note that the green
arrow representing the rotation axis was added by me for the purpose of
this discussion — it is not necessarily accurate).



a) Draw the appearance of MU69 for at least four different points in its
rotation. The geometry in Figure 1 can be considered t;; draw that, plus
what the object looks like at ¢y, ls, t3, and t4, where t; is one fourth of the
rotational period (% Poot), to = % Proi, t3 = %— P,.:, and t; = P,y. (5 points)

The below diagram is what I had in mind for this question.
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Figure 2: From http://cronodon.com/SpaceTech/BinaryStar.html

b) Below that, draw the light curve of MU69 that you would expect to see
from Earth, with rotational phase (going from 0 to 1) on the x-axis and
brightness (arbitrary units) on the y-axis. Try to align your light curve
directly below the drawings you made for (a) so that we can see how the
observing geometry relates to the observed light curve. (5 points)

The below diagram is what I had in mind for this question (in this case the light
curve is above the various drawings rather than below).
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Figure 3: From http://cronodon.com/SpaceTech/BinaryStar.html



c) Now make a similar set of diagrams for a system (again, observed from
Earth) where the diameter of the primary is several orders of magnitude
larger than the secondary and the two masses are separated by 100 primary
radii, so now it is an eclipsing binary (same orbital geometry) rather than
a contact binary. (5 points)

Something like the below diagram is what I had in mind for this question.

Intensity

A\

Time

Copyright © 2005 Peacson Prentice Hall, Inc.

Figure 4: Cartoon of an eclipsing binary light curve.

d) Describe qualitatively how the two light curves you drew should be dif-
ferent, and why. (3 points)

The relative sizes as well as the shapes of the dips in the light curve should be dif-
ferent between the two scenarios. If the primary and secondary are similar sized, the
dips should be correspondingly similar in size. There should be more flat line for the
eclipsing binary, corresponding to times when you see the integrated flux from both
components.

. One puzzle revealed during the New Horizons flyby of MUG69 is that the light
curve measured by the spacecraft had a very small amplitude. What could
cause this, given that the shape of MU69 was determined to be bi-lobate
from Earth-based occultation measurements made in the summer of 20177
(3 points)

In order to answer this question you first needed to understand what is meant by
a light curve having a “small amplitude.” This means that the min/max brightness
values are not that different from each other, i.e. there is nol a dramalic dip in bright-
ness throughout one complete rotation. Yet the light curve depicted in Fig. 3 above
does show a substantial brightness variation.



Several explanations have been proposed for this puzzle (see

https://earthsky. org/space/new-horizons-approaching-ult ima-thule-dec-2018
for more details). These include (1) perhaps the rotational pole of MU69 was pointed
in the direction of the New Horizons spacecraft, (2) perhaps MU69 is surrounded by
a cloud of dust that makes the observation and interpretation of its light curve more
challenging, or (3) perhaps MUG9 is surrounded by a number of tumbling moons, each
of which would have its own light curve and the superposition of them would make it
seem like MU69 has a small light curve.

You were not expected to know about these explanations a priori, so 1 was looking for
you to make any kind of reasonable argument for an effect that would result in the

detection of a small light curve.

9. Provide a qualitative discussion of how the contact binary Ultima Thule
could have formed. Given your answer, why do you think we don’t we see
many contact binaries in the solar system? (4 points)

As depicted below, Ultima Thule may have formed when two fairly large remnants
of the gas and dust leftover from the formation of the Sun and solar system gently

collided and stuck together.

The Formation of Ultima Thule

About 4.5 bitlion ygars ago 1 January 2019

. 3
Arotating ctoud of small, icy bodies Eventually two farger bodies remain: Uitima and Thute slowly spiral closer
starts to coalesce. Litima and Thule. until they touch, forming the bi-lobed
object we still see today.
RASASHUAPL £ RorliF Joas Tutto Kew'd.

Figure 5: From https://www.space.com / 42889-new-horizons-ultima-thule-flyby-planet-
formation.html

It may be that we do not see more contact binaries in the solar system because these
“pebbles” were swept up by larger protoplanetary bodies. Or, perhaps they were dis-
rupted through gravitational encounters with other objects in the early solar system.

The MU69 Environment

10. In the final paragraph the authors state that no dust impacts were detected
inside MU69’s Hill sphere.




a) Describe in words what a Hill sphere is. (3 points)

A Hill sphere can be thought of as a “gravitational sphere of influence” of a sec-
ondary object that is in orbit around a primary. Usually in solar system applications
the primary is the Sun and the secondary is something in orbit around the Sun (a
planet or a Kuiper Belt Object, for example). The Hill sphere of MU69 defines the
boundary where an object could be in orbit around MUG9 rather than around the Sun.

b) Calculate the size of MU69’s Hill sphere, stating whatever assumptions
you made in order to do the calculation. (5 points)

The equation for the radius of a Hill sphere is

o= (o E) @ ?

where in this case m; is the mass of the Sun, m, is the mass of MUG9, and a is the
distance between the Sun and MU69 (43 AU). Using the mass of MU69 that we cal-
culated in Problem #3, we get Ry = 65,000 km.

c) In the final paragraph the authors also state that “no satellites were
detected down to 1.5 km diameter (under the assumption of an Ultima
Thule-like reflectivity) outside of 1000 km from Ultima Thule.” How sig-
nificant do you think this result is? (3 points)

Given how small MU69 is and how large its Hill sphere is (tens of thousands of km!), 1
did not find this result to be terribly useful or exciting. The final sentence of the paper
is key (“A search for closer rings or satellites has not yet been performed.”), and it
means that the authors cannot yet definitively say that MU69 has no satellites larger
than 1.5 km in size, just that there are no satellites far out. The presence or absence
of satellites in general would be interesting in that it could provide some constraints
on the formation and dynamical evolution of MU69.



