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INTRODUCTION: The Pluto system is surpris-
ingly complex, comprising six objects that orbit
their common center of mass in approximately
a single plane and in nearly circular orbits.
When the New Horizons mission was selected
for flight by NASA in 2001, only the two largest
objects were known: the binary dwarf planets
Pluto and Charon. Two much smaller moons,
Nix and Hydra, were discovered in May 2005,
just 8 months before the launch of the New
Horizons spacecraft, and two even smaller moons,
Kerberos and Styx, were discovered in 2011
and 2012, respectively. The entire Pluto system
was likely produced in the aftermath of a giant
impact between two Pluto-sized bodies approx-
imately 4 to 4.5 billion years ago, with the small
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Pluto’s family of satellites. NASA's New Horizons mission has resolved Pluto’s four small moons, shown in
order of their orbital distance from Pluto (from left to right). Nix and Hydra have comparable sizes (with equivalent
spherical diameters of ~40 km) and are much larger than Styx and Kerberos (both of which have equivalent
spherical diameters of ~10 km). All four of these moons are highly elongated and are dwarfed in size by Charon,

moons forming within the resulting debris disk.
But many details remain unconfirmed, and the
New Horizons results on Pluto’s small moons
help to elucidate the conditions under which
the Pluto system formed and evolved.

RATIONALE: Pluto’s small moons are difficult
to observe from Earth-based facilities, with only
the most basic visible and near-infrared photo-
metric measurements possible to date. The
New Horizons flyby enabled a whole new
category of measurements of Pluto’s small
moons. The Long Range Reconnaissance Im-
ager (LORRI) provided high-spatial resolution
panchromatic imaging, with thousands of pix-
els across the surfaces of Nix and Hydra and
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the first resolved images of Kerberos and Styx.
In addition, LORRI was used to conduct system-
atic monitoring of the brightness of all four
small moons over several months, from which
the detailed rotational properties could be
deduced. The Multispectral Visible Imaging
Camera (MVIC) provided resolved color mea-
surements of the surfaces of Nix and Hydra. The
Linear Etalon Imaging Spectral Array (LEISA)
captured near-infrared spectra (in the wave-
length range 1.25 to 2.5 um) of all the small
moons for compositional studies, but those
data have not yet been sent to Earth.

RESULTS: All four of Pluto’s small moons are
highly elongated objects with surprisingly high
surface reflectances (albedos) suggestive of a
water-ice surface composition. Kerberos ap-
pears to have a double-lobed shape, possibly
formed by the merger of two smaller bodies.
Crater counts for Nix and Hydra imply sur-
face ages of at least 4 billion years. Nix and
Hydra have mostly neutral (i.e., gray) colors, but
an apparent crater on Nix’s surface is redder

than the rest of the sur-
face; this finding suggests
Read the full article either that the impacting
at http://dx.doi. body had a different com-
org/10.1126/ position or that material
science.aae0030 with a different composi-
tion was excavated from
below Nix’s surface. All four small moons have
rotational periods much shorter than their
orbital periods, and their rotational poles are
clustered nearly orthogonal to the direction
of the common rotational poles of Pluto and
Charon.

CONCLUSION: Pluto’s small
moons exhibit rapid rotation and
large rotational obliquities, indi-
cating that tidal despinning has
not played the dominant role in
their rotational evolution. Colli-
sional processes are implicated
in determining the shapes of the
small moons, but collisional evo-
lution was probably limited to
the first several hundred million
years after the system’s formation.
The bright surfaces of Pluto’s
small moons suggest that if the
Pluto-Charon binary was produced
during a giant collision, the two
precursor bodies were at least par-
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which is nearly spherical with a diameter of 1210 km. The scale bars apply to all images.
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tially differentiated with icy sur-
face layers.
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The New Horizons mission has provided resolved measurements of Pluto’s moons Styx,
Nix, Kerberos, and Hydra. All four are small, with equivalent spherical diameters of

~40 kilometers for Nix and Hydra and ~10 kilometers for Styx and Kerberos. They are also
highly elongated, with maximum to minimum axis ratios of ~2. All four moons have high
albedos (~50 to 90%) suggestive of a water-ice surface composition. Crater densities

on Nix and Hydra imply surface ages of at least 4 billion years. The small moons rotate much
faster than synchronous, with rotational poles clustered nearly orthogonal to the common
pole directions of Pluto and Charon. These results reinforce the hypothesis that the small
moons formed in the aftermath of a collision that produced the Pluto-Charon binary.

luto’s four small moons Styx, Nix, Kerberos,
and Hydra (in order of increasing distance
from Pluto; hereafter we refer to this se-
quence as SNKH) were discovered using
the Hubble Space Telescope (HST): Nix and
Hydra in 2005 (1), Kerberos in 2011 (2), and Styx
in 2012 (3). SNKH orbit the Pluto system bary-
center in essentially the same plane (coincident
with the Pluto-Charon orbital plane) and in near-
ly circular orbits with orbital semimajor axes of
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42,656, 48,694, 57,783, and 64,738 km, and orbit-
al periods of 20.2, 24.9, 32.2, and 38.2 days, re-
spectively (4, 5). These orbital periods are nearly
integer multiples of Charon’s 6.4-day orbital pe-
riod, with ratios of 3:4:5:6 for SNKH, respectively
(4, 5). Sensitive searches for other moons with
New Horizons were unsuccessful (6), demon-
strating that no other moons larger than ~1.7 km
in diameter (assuming the geometric albedo is
~0.5) are present at orbital radii between 5000
and 80,000 km, with less stringent limits at larger
radii.

The long-term dynamical stability of Kerberos
places severe constraints on the allowable masses
and surface reflectances (i.e., albedos) of Nix and
Hydra (7). These latter constraints, together with
the disk-integrated brightness measurements of
Nix and Hydra (brightness is proportional to the
product of the object’s cross-sectional area and
its albedo), suggested that Nix and Hydra are
relatively small, icy satellites (7). Adopting the
hypothesis that impact-generated debris from
the small moons produced a regolith covering
Charon’s surface (8, 9), so that all of Pluto’s moons
would have similar visible-light albedos (the
visible-light albedo of Charon is ~0.38), the aver-
age spherical-equivalent spherical diameters of
Styx, Nix, Kerberos, and Hydra would be approxi-
mately 7, 40, 10, and 45 km, respectively. How-
ever, the observed brightness of Kerberos, together
with dynamical constraints on its mass (4), sug-
gested (5) that it has a much lower albedo and a
much larger size (e.g., diameter of 25 km for an

albedo of 0.06). On the basis of an extensive set of
HST brightness measurements over time, it was
argued that Nix is highly elongated, with a maxi-
mum to minimum axial ratio of ~2 (5). Similar
measurements suggested that Hydra was also
elongated, but less so than Nix (5). No stable ro-
tational period could be found for either Nix or
Hydra, perhaps suggesting that both bodies were
tumbling chaotically as a result of the large and
regular torques exerted on them by the Pluto-
Charon binary (5).

The New Horizons mission provided an oppor-
tunity to make spatially resolved observations of
Pluto’s small moons, thereby testing the findings
from Earth-based observations (4, 5) and various
theoretical predictions (7-9) by giving direct mea-
surements of their sizes, shapes, surface albedo,
and color variations, along with snapshots of their
rotational states. In addition, an extensive and
systematic set of unresolved panchromatic bright-
ness measurements of the small moons over sev-
eral months (early April to early July 2015) was
obtained by New Horizons during the approach
to Pluto, which provides further information on
their shapes and more precise information on
their rotational states. Here, we report on the
results from the New Horizons observations of
Pluto’s small moons using data received on Earth
by mid-December 2015. All the data discussed
here were obtained by either the Long Range
Reconnaissance Imager (LORRI), a panchromatic
camera (10), or the Multispectral Visible Imaging
Camera (MVIC), a color camera (I11). Infrared
spectral measurements from the Linear Etalon
Imaging Spectral Array (LEISA) (17) will provide
detailed compositional information, but those
data will not be sent to Earth until March or
April 2016.

Physical properties

Table 1 presents a log of all the resolved measure-
ments of Pluto’s small moons. Some examples of
the resolved images are shown in Fig. 1 (see also
fig. S1 and figs. S7 to S14). Systematic measure-
ments of the brightness variations of Pluto’s
moons between May and early July 2015 were
used together with the resolved measurements
to constrain the sizes, shapes, rotation periods,
and rotation poles of all four moons (12) (Table 2).
Figure 2 shows the observed brightness variations
after phasing by the best-fit rotational periods (see
also figs. S2 and S3). Unlike the case for Pluto and
Charon—each of which synchronously rotates with
a period of 6.3872 days, equal to their mutual or-
bital period around their common barycenter—
Pluto’s small moons rotate surprisingly rapidly
(Hydra has the fastest rotational period, ~10 hours)
and all are far from synchronous. The rotational
poles (Table 2 and table S4) are clustered nearly
orthogonal to the direction of the common rota-
tional poles of Pluto and Charon: The inclination
angles relative to the Pluto-Charon pole direction
are 91° 123 96° and 110° for SNKH, respectively.
Nominally, all the small moons have retrograde
rotation, but Nix is the only one significantly so
(i.e., retrograde with greater than 1o confidence).
This collection of inclinations is inconsistent
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Fig. 1. Best-resolved images of Plutos four small
moons. Celestial north is up; east is to the left. The Styx
image is a deconvolved (12) composite of six images
from U_TBD_1_02 (Table 1) that has been resampled with
pixels one-eighth of the native pixel scale for cosmetic
purposes. The Nix image is a deconvolved single image
from N_LEISA_LORRI_BEST and is displayed with the
native pixels. The Kerberos image is a deconvolved com-
posite of four images from U_TBD_2 and has been re-
sampled with pixels one-eighth of the native pixel scale
for cosmetic purposes (12) (fig. S1). The Hydra image is a
deconvolved composite of two images from H_LORRI_BEST
with pixels one-half of the native scale. Some surface fea-
tures on Nix and Hydra appear to be impact craters (12).

Kerberos

Fig. 2. Rotational light curves for Pluto s small

moons. Systematic measurements of the bright- e IStly)l( e S IN‘IXI G
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matched periods. The amplitudes for Styx, Nix, Kerberos, and Hydra, respectively, are 0.30, 0.20, 0.37, and 0.07 mag. The dashed horizontal lines are the
mean H, values, which are 11.75, 8.28, 11.15, and 7.77 mag for Styx, Nix, Kerberos, and Hydra, respectively.
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with an isotropic distribution; even with only
four points, a Kolmogorov-Smirnov test shows a
less than 1% probability that this is a uniform
distribution in inclination (i.e., the pole inclina-
tions are nonuniform to a 2¢ to 3o confidence
level). These results on the rotational properties
have not been seen in other regular satellite sys-
tems in the solar system. Rapid rotations and
large obliquities imply that tidal despinning has
not played a major role in the moons’ rotational
histories. The moons have probably never reached
the state of near synchronicity where chaotic per-
turbations by Charon have been predicted to
dominate (5); determining whether chaos plays a
role in the moons’ current rotational dynamics is
deferred to a future study.

Pluto’s small moons have highly elongated
shapes with maximum to minimum axial ratios
of ~1.5 to 2 (Table 2). Highly asymmetrical shapes

are typical of many other small bodies in the
solar system and presumably reflect a growth
process by agglomeration of small objects into
loosely bound, macroporous bodies whose gravity
was insufficient to pull them into more spherical
shapes. Kerberos, in particular, has a double-lobed
shape, suggesting the merger of two smaller bodies.
Hydra also has a highly asymmetrical shape that
may also indicate the merger of smaller bodies,
but the divots in Hydra’s surface may plausibly
have been produced by impacts from the local
Kuiper Belt population. The nonspherical shapes
of Pluto’s small satellites are consistent with their
formation in the remnant disk produced by the
collision of two large Kuiper Belt objects (KBOs)
that formed the Pluto-Charon binary (13-15).
Large uncertainties in the masses of the small
moons (up to ~100%), as well as large uncer-
tainties in their volumes, preclude determining

r___________________________________________________________________|
Table 1. Log of available resolved observations of Plutos small moons. All observations of Pluto’s
small satellites with a resolution better than 15 km per pixel and downlinked to Earth before 15
December 2015 are listed. The dates are the mid-observation times at the New Horizons spacecraft.
Resolution refers to the projected distance at the object subtended by a single instrument pixel. The
phase angle is the Sun—object—New Horizons angle. All observations were taken with the LORRI
panchromatic camera (10), except “N_COLOR_2” and “N_MPAN_CA” which were taken with the MVIC

color camera (11).

i Observation Date in 2015 No. of images  Resolution Phase angle
Object name (UTC) containing object (km/pixel) (degrees)
Styx U_TBD_1_02 07-13 23:44:56 6 313 17.3
Nix N_LORRI_APPR_1D2 07-13 23:19:29 2 2.92 134
N_COLOR_2 07-14 08:03:29 1 3.10 845
N_LORRI_BACKUP 07-14 08:06:58 4 0.76 8.34
N_COLOR_BEST 07-14 09:12:59 1 1.99 6.13
N_LEISA_LORRI_BEST 07-14 10:03:10 1 0.30 9.45
N_MPAN_CA 07-14 11:16:35 1 0.45 85.9
N_DEP_SOONEST 07-14 14:56:57 16 0.93 158
Kerberos U_TBD_2 07-14 04:24:17 4 1.97 24.7
Hydra H_LORRI_APPR_1D2 07-13 23:16:23 2 318 215
H_COLOR_1 07-14 04:54:09 1 717 26.7
H_COLOR_BEST 07-14 07:37:00 1 4.59 335
H_LORRI_BEST 07-14 07:40:28 8 114 33.9

accurate values for their densities at this time
(densities of 0 are within the current error esti-
mates). However, the New Horizons results on
Kerberos (see below) clearly demonstrate that
the current dynamical estimate for its mass (4) is
an overestimate, possibly by a factor of ~100.

Albedos and surface features

The New Horizons spacecraft trajectory was de-
signed to maximize the scientific return on Pluto
and Charon, and observations of those bodies
were given priority during the flyby. Nonetheless,
Nix and Hydra were imaged with sufficient reso-
lution to investigate brightness variations, color
variations, and topographical features across their
surfaces. Direct surface reflectance (I/F, the ratio
of reflected intensity to incident flux from the Sun)
measurements are also available for Kerberos and
Styx. Contour maps of raw I/F values for the best-
resolved images of SNKH are shown in figs. S8 to SI1.

All four small satellites have high albedos, sim-
ilar to those of some of Saturn’s small, icy moons
(16). Even at a phase angle of 34°, I/F on Hydra
reaches 0.56 + 0.03 (the quoted error is the esti-
mated +lc uncertainty in the LORRI absolute
calibration). Peak values of I/F for Styx, Nix, and
Kerberos are 0.40 + 0.02, 0.57 + 0.03, and 0.45 +
0.02 at phase angles of 17.3% 9.5% and 24.7°
respectively. Converting these reflectances into
geometric albedos (by definition, the geometric
albedo is the I/F at a phase angle of 0°) requires
knowledge of the phase function, including any
brightness increase that might occur near 0° as a
result of coherent backscattering. We used the total
light integrated over the best image of Nix to con-
strain its geometric albedo, and then we used the
relative albedos derived from the unresolved bright-
ness measurements of all the small moons (when
the phase angle was identical for all the small
moons; we also accounted for rotational light-curve
variations among the small moons) to estimate
the geometric albedos of Styx, Kerberos, and Hydra.

We derive a visible-band apparent magnitude
V'=-0.79 + 0.05 for the best image of Nix, which
was taken at a moderate phase angle of 9.5°
For a phase law with a linear phase coefficient
of 0.04 mag/deg, which we favor, the geometric

Table 2. Properties of Plutos small satellites. The sizes (diameters) are
three-dimensional ellipsoidal best fits to the resolved and unresolved (light
curve) measurements (12). Uncertainties are £3 km (£1o) for Styx, Kerberos,
and Nix and £10 km (#£1c) for Hydra. Kerberos has a dual-lobed shape that is
not fit well by a single ellipsoid. The orbital periods are from (5). The rotation
rates are determined from analyses of light-curve data taken over several
months (12). Rotational pole directions are determined from a model that
attempts to match both the light-curve measurements and the resolved
measurements (12). The pole positions listed below are accurate to +10° (¢1c,

see also fig. S4); the rotational poles of Pluto and Charon both point at [RA,
DEC] = [132.993° -6.163°]. The geometric albedos listed here may not fully
account for any potential rapid increase in brightness near 0° phase angle (see
text for further details). On the basis of a recent (November 2015) analysis of
stellar calibration data, we have reduced LORRI’s sensitivity by 20% relative to
the preflight value, which raises the derived geometric albedo values (tabulated
below) by 20% relative to the values based on the original calibration. LORRI’s
sensitivity has been stable at the ~1% level since launch, and a more definitive
absolute calibration is expected from stellar observations planned in July 2016.

Object Size (km) Orbital period (days) Rotation rate (days) Rotation pole [RA, DEC] Geometric albedo
Styx 16 x9x 8 20.16155 + 0.00027 3.24 £ 0.07 [196° 61°] 0.65 + 0.07
Nix 50 x 35 x 33 24.85463 + 0.00003 1.829 + 0.009 [350° 42°] 0.56 + 0.05
Kerberos 19 x 10 x 9 32.16756 + 0.00014 5.31+0.10 [222°, 72°] 0.56 + 0.05
Hydra 65 x 45 x 25 38.20177 £ 0.00003 0.4295 + 0.0008 [257° —24°] 0.83+0.08
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albedo is 0.61. For a phase law of 0.02 mag/deg,
which is near the extreme of what is observed
for asteroids and other planetary satellites, the
geometric albedo would be 0.51. Thus, for Nix
we adopt a geometric albedo of 0.56 + 0.05.
Using the relative albedo measurements derived
from the extensive set of observations taken dur-
ing May to July 2015 (Fig. 2), we derive the geo-
metric albedos for Styx, Kerberos, and Hydra
listed in Table 2. None of these geometric albedo
values account for potential rapid brightness in-
creases near 0° phase angle, where observations
from New Horizons were not possible.

Fig. 3. Cumulative crater size-
frequency distributions for Nix,
Hydra, Pluto s encounter hemisphere
(EH), and Charon s Vulcan Planum
(VP). The curves for Pluto and Charon
are from Moore et al. (21). Nix and Hydra
crater sizes (table S2) are scaled down-
ward by a factor of 2.1 (appropriate for
porous regolith-type material) to
account for the difference in gravity
between these small moons and Pluto
(1 tandard Poisson statistical errors
(p N) are displayed. The phase angle for
the “Nix (LORRI)” data (N_LEISA_
LORRI_BEST; phase angle 9.45°) was
less ideal for topographic feature identi-
fication than the phase angle for the
“Nix (MVIC)” observation (N_MPAN_CA;
phase angle 85.9°). Thus, the lower
crater density for Nix (LORRI) versus Nix
(MVIC) may be an artifact of the viewing
and lighting geometry. The yellow line
indicates the Greenstreet et al. (22)
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The vast majority of KBOs that are considered
small (although most of their diameters exceed
100 km) have visible-band geometric albedos of
less than 20%, with typical values of ~10% (17, 18).
Thus, these new measurements provide further
evidence that Pluto’s small moons were not cap-
tured from the general Kuiper Belt population,
but instead formed by agglomeration in a disk
of material produced in the aftermath of the
Charon-forming collision (13-15). The geomet-
ric albedos of the small moons appear to be
larger than the value for Charon (~0.38), con-
trary to the prediction that regolith transfer from

?ﬁ*
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Hydra
Charon VP
Pluto EH

'G. etal. 2015

f

0.1 1 10 100
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prediction for the cumulative density of craters on Pluto’s surface over a span of 4 billion years for
their “knee” model. Although not saturated in appearance, Nix and Hydra both exhibit slightly higher
crater densities than Pluto and Charon, implying a surface age of at least 4 billion years (see text).

Fig. 4. Color ratios for the sur-
faces of Pluto, Charon, Nix,
and Hydra. Blue/Red and Red/
NIR color ratios derived from MVIC 12
images are displayed (Blue = 400

to 550 nm, Red = 540 to 700 nm,

NIR = 780 to 975 nm). Gold points

are from Pluto’s surface; silver 1.0
points are from Charon’s surface.
Blue contours show the
distribution of colors on Nix’s sur-
face; black contours show the
distribution of colors on Hydra’s
surface. The normalized solar color
is denoted by the star (at 0.6
coordinate [1,1] in the plot);
surfaces redder than solar are at
the lower left of the star, and
regions bluer than solar appear at
the upper right. Pluto exhibits

Red /NIR
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@
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a diversity of colors over its sur- 0.4
face (24). Charon has less color
diversity than Pluto, and the range

0.6 0.8 1.0 1.2
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of its colors follows a mixing line (24). Nix and Hydra have nearly solar colors (i.e., gray color) that are
distinct from either Pluto or Charon, with Hydra being slightly bluer than Nix.
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the small moons to Charon would result in ap-
proximately equal geometric albedos for all of
Pluto’s moons (8, 9). The high albedo and small
size for Kerberos directly contradict the predic-
tion (5) that Kerberos should be large and dark.
However, our observational results from New
Horizons support the predictions from two the-
oretical studies (7, 15), which argued for high
albedos for the small moons on the basis of
dynamical considerations.

Although diagnostic compositional spectra on
Pluto’s small moons have not yet been received
from the New Horizons spacecraft, the combina-
tion of high surface albedo and their residence at
large heliocentric distances strongly suggests that
all the moons are covered with icy material. By
analogy with Charon, which is covered in H,O ice
but not massive enough to retain more volatile
ices (e.g., N, CHy, CO, etc.) over the age of the solar
system (19, 20), we propose that the surfaces of
Pluto’s small moons are likely also covered with
H,0 ice. We further note that if the Pluto-Charon
binary was produced by a giant collision in
which both precursor bodies were at least partial-
ly differentiated with icy surface layers, any small
moons formed in the resulting debris disk are
predicted to be rich in water ice (14, 15).

Both Nix and Hydra have surface features that
we attribute to impact craters caused by bom-
bardment from small bodies in the local Kuiper
Belt population. We identify 11 craterlike features
on Nix and 3 craterlike features on Hydra (12)
(figs. S12 to S14). We calculate crater densities of
1x 1072 to 3 x 1072 km ™ for crater diameters of
>4 km, which match or exceed the values found
(21) on the older regions of Pluto and Charon
after accounting for the much lower gravities of
Nix and Hydra (Fig. 3) (22). Given the resolution
and phase angle limitations of the images (Table
1) and the difference in impact speeds for the
small moons relative to Pluto, these cumulative
counts should be considered minimum values.
Assuming that our identification of craters on
Nix and Hydra is correct, the high crater densi-
ties suggest (21, 22) that the surfaces of Nix and
Hydra date back to at least 4 billion years ago,
when the population density of the Kuiper Belt
was perhaps 100 times the present-day value (23).
Catastrophic disruption since that time is not pre-
dicted for Nix and Hydra (22), which is consistent
with their ancient surface ages.

Nix and Hydra have mostly neutral (i.e., gray)
colors, but Hydra is somewhat bluer than Nix
(Fig. 4). Perhaps Hydra’s surface is icier than
Nix’s, which might explain both its higher albedo
and bluer color. The largest crater on Nix’s sur-
face is redder than the rest of its surface (Fig. 5).
Possible explanations are that the impacting body
had a composition different from that of Nix or
that the impact exposed material with a different
composition from below Nix’s surface. No color
variation is detected for the other impact craters
identified on Nix’s or Hydra’s surfaces.

Implications

The New Horizons observations of Pluto’s small
satellites have produced a number of results:
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