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a b s t r a c t
We imaged the region around Asteroid (4) Vesta in nine long exposures using the Wide Field Planetary
Camera 2 on the Hubble Space Telescope on May 14 and 16, 2007 to conduct a deep search for satellites
in support of NASA’s Dawn mission that orbited (4) Vesta in 2011–2012. Several previous search efforts
have been undertaken, but no satellites were detected. Our search covered distances from 14 to 260 Vesta
radii and searched to a limiting magnitude of 22.5 ± 0.4 in HST’s wide-band red ﬁlter (F702W). Our upper
limit for possible satellites corresponds to a satellite just 22 ± 4 m in radius, assuming the same optical
properties as Vesta. Our upper limit is 10 times smaller than the best limit of previous searches. In situ
satellite searches by NASA’s Dawn spacecraft will probe regions closer to Vesta than our effort reported
here.
Published by Elsevier Inc.

1. Introduction
Asteroid (4) Vesta is the third largest main belt asteroid in our
Solar System with a mean radius of 265 ± 5 km (Thomas et al.,
1997a,b). It also is one of the brightest main belt asteroids with a
high visible geometric albedo, pH, of 0.37, determined from magnitude measurements calibrated to its light curve, phase function
and a radius derived from a stellar occultation (Li et al., 2011;
Shevchenko and Tedesco, 2006; Tedesco et al., 2002). Vesta’s
reﬂectance spectrum has the same major absorption bands as the
basaltic achondrite meteorites known as howardites, eucrites,
diogenites (HEDs) (e.g. McCord et al., 1970; Feierberg and Drake,
1980), making it compositionally different from other large main
belt asteroids. In addition, it has long been known that some smaller asteroids, called vestoids, have similar spectral features and
therefore compositional similarities to Vesta (Binzel and Xu,
1993), suggesting that they may be remnants of one or more collisions between Vesta and other bodies (e.g. Asphaug, 1997). This
theory is supported by disk resolved Hubble Space Telescope
images taken in 1996 showing a large crater-like feature in Vesta’s
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southern hemisphere suggestive of an impact basin 230 km in radius, almost as large as the asteroid’s radius. Its existence suggests
that a nearly catastrophic collision occurred between Vesta and another primordial asteroid (Thomas et al., 1997a).
In this paper we present the results of a satellite search conducted around Asteroid (4) Vesta with Hubble Space Telescope in
2007. Our search has two primary motivations. First, the theory
that large collisions like the one responsible for the suspected
southern hemisphere impact basin may produce satellites (Durda
et al., 2004). Secondly, NASA’s Dawn spacecraft mission to two
large asteroids, (1) Ceres and (4) Vesta is in orbit around (4) Vesta
at the time of this writing. The presence of natural satellites could
have serious implications for mission operations and navigation.
Previous efforts to search for satellites of (4) Vesta yielded no
satellites to varying limits of detection (Fig. 1). Gehrels et al.
(1987) conducted a search between 46 and 1894 Vesta radii
(12,190 and 501,900 km) using direct CCD imaging and found
nothing greater than 1–2 km in radius. Gradie and Flynn (1988)
searched between 21 and 400 Vesta radii (5565 and 106,000 km)
using coronagraphic imaging and found nothing 180 m or larger
in radius. Roberts et al. (1995) searched from 1.13 to 17.2 Vesta
radii from its surface (300 to 4445 km) using speckle interferometry and found nothing larger than 51 ± 2 km radius. In our study,
we searched the region around Vesta from 14 to 260 Vesta radii
(3710 to 68,900 km) and report here an upper limit of 22 ± 4 m
radius. The outer edge of our search region is just beyond one half
of Vesta’s Hill radius of 500 Vesta radii. No known satellites orbit
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to a distance of 14 Vesta radii due to the intentionally long exposures designed to search for small, faint satellites.

3. Search approach
3.1. Image processing

at such great distances and the region is not dynamically stable
over long timescales (Hamilton and Burns, 1991).

We applied standard pipeline corrections to these data, including bias and dark subtractions and a ﬂat ﬁeld correction. We
summed ﬁve consecutive images from May 14, 2007, tracking Vesta and readily showing background stars as repeated parallel trails
due to the telescope’s tracking on Vesta (Fig. 2b). Simple summed
images (where cosmic rays have not been rejected) and an exposure weight-map ﬁle recording artifacts and rejected pixels help
distinguish CCD artifacts and residual cosmic rays from candidate
satellites. To prepare the frames for blink-comparison searching,
we combined individual mosaic (including all 4-chips), distortion-corrected images and cleaned them of most cosmic rays and
star trails with a median ﬁlter using the IRAF/PyRAF/STSDAS tasks
named, drizzle and imcombine (Fig. 2c). We also applied unsharpmasking, a digital enhancement process in which a Gaussian model
of the original is subtracted from the original image. We apply this
to the clean, combined images in order to create an image with a
ﬂatter dynamic range making it easier to identify faint candidate
satellites (Fig. 2d). We performed the same image processing to
the May 16th images. But, with only two consecutive images, we
were unable to apply median ﬁltering and the reduced images consequently have more artifacts. For this reason, we concentrated on
the May 14th data, and used the May 16th observations primarily
for follow-up.

2. Observations

3.2. Examining images

The Hubble Space Telescope’s Wide Field Planetary Camera 2
(WFPC2) observed Vesta on May 14 and May 16, 2007, to both
search for satellites and map its surface (Li et al., 2010a). We used
the F702W ﬁlter, a wide band red ﬁlter centered at 694 nm with
DK = 148 nm (McMaster et al., 2008) for this search and collected
three sets of 40-s exposures. The ﬁrst set consists of ﬁve successive
images taken on May 14th, and the two subsequent sets of two
images each obtained on May 16th. The data from May 14th allow
for the most thorough search because the ﬁve consecutive images
could be median ﬁltered to remove cosmic rays, greatly reducing
the possibility of confusing image artifacts and cosmic rays with
possible satellites. Vesta’s angular diameter was 0.620 arcsec at
the time of our observations. Observing circumstances are listed
in Table 1.
WFPC2 consists of 4 separate cameras: 3 Wide Field cameras
(WFs) and 1 Planetary Camera (PC). Fig. 2a shows a single 40 s
exposure including all four cameras. The WF cameras have a combined ﬁeld of view of 2.5  2.50 (Fig. 3) and a pixel scale of 0.100 /pixel. This corresponds to 84 km/pixel at Vesta’s distance from Earth
during the May 14th observations. The PC has a ﬁeld of view of
35  3500 (Fig. 3) and a pixel scale of 0.04600 /pixel (McMaster
et al., 2008), corresponding to 39 km/pixel at the time when Vesta
was observed. All the images are saturated in the vicinity of Vesta

We individually read, aligned and displayed as frames in SAOImage DS9, v.5.3 (Joye and Mandel, 2003) the series of images from the
three data sets, including the single raw frames, the exposure
weight map, and the summed, median ﬁltered, and unsharpmasked images. Next we systematically scanned the unsharpmasked image by eye for signals above the background, and marked
the locations where the signal appeared as a point-spread function.
We investigated each location in the other images to see if the signal
qualiﬁed as a possible satellite detection. Positive detection criteria
required the signal (1) exist in each individual raw and processed
frame, (2) not have a low weight factor for any of the pixel locations,
(3) not be a combination of a star and a cosmic ray, which when
overlapping appear to be a trail with different motion than the background stars, and (4) not be any other image artifact referenced in
chapter 4 of McMaster et al. (2008). We conducted a second search
where we aligned the raw images by the World Coordinate System
in SAOImage and blinked between the frames. The background stars
remain ﬁxed by this procedure while any satellite and Vesta would
move relative to the registered background stars.

Fig. 1. This ﬁgure illustrates the size and region of space covered in this study
(black) and in previous satellite searches of Vesta (lighter shades). The distance
from Vesta is in units of Vesta’s mean radius (265 km). The orbital altitudes of
NASA’s Dawn spacecraft are denoted as vertical hatch marks representing low, high
and survey altitude mean orbits. The Dawn spacecraft will be in regions that have
not been searched for satellites.

Table 1
Observing circumstances.
UTC date and time

r (AU)

D (AU)

a (°)

Filename

14 May 2007 19:06:16–19:12:16
16 May 2007 20:40:16–20:42:16
16 May 2007 23:54:16–23:56:16

2.15
2.15
2.15

1.18
1.17
1.17

9.5
8.5
8.5

u9q6040cm-gm
u9q6050fm-gm
u9q6070em-fm

r = heliocentric distance, D = geocentric distance, a = phase angle, ﬁlename = rootname of ﬁle in Hubble Space Telescope archive.

4. Results
We found no objects satisfying our detection criteria for satellites of Vesta. We did ﬁnd and identify stars, artifacts, and an Asteroid 2004 PN34 (at RA 16:47:41 and Dec 13:50:46 on May 14,
2007 with an apparent magnitude of 19.8 and moving at
8.25 ± 0.13 km/s relative to Earth). The May 16th images produced more possible candidates, but we were unable to identify
all sources because there were not enough images to remove cosmic rays. The remaining analysis in this paper involves determining the magnitude limits of our search ﬁrst by establishing the
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Fig. 2. Each panel shows one step of the image processing. (a) A single 40 s calibrated image including all four camera frames. (b) The sum of all images from one data set. Star
trails are visible due to HST’s tracking of Vesta. (c) Combined, median ﬁltered image with most cosmic rays removed. (d) Unsharp-masked image used to look for satellites.
The images are from the May 14, 2007 observations.

5. Upper limits of detection
We ﬁrst determined the sky background magnitudes, establishing the fact that the detection limits will vary primarily due to differing amounts of scattered Vesta light on the different cameras.
We then took into account the telescope’s point-spread function
and devised an approach accounting for human factors that also
contributes to satellite detection limits. We created synthetic satellite candidates with Gaussian point spread functions of different
magnitudes and randomly implanted them into the images.
Twenty-eight volunteers then searched to identify them. This approach is similar in concept to that of Stefﬂ et al. (2006). Both
sky background calculation and observer-limited detections with
the telescope system’s point spread function are described below.
5.1. Sky background
We deﬁne the background magnitude as the average magnitude
of the sky background within a given area. This magnitude is calculated by

m ¼ 2:5 log½DN=exptime  PHOTFLAM þ PHOTZPT  5 logðrÞ
 5 logðDÞ
Fig. 3. A map of background magnitude as a function of position on the WFPC2
cameras, named Wide Field (WF) 2, 3 and 4 and Planetary Camera (PC). Camera
dimensions are in arcsec. Regions labeled ‘‘1’’ denote areas where the average pixel
value is negative because the detector is saturated and no meaningful magnitude
could be calculated. The saturation near Vesta that leads to bleeding of the signal
extends to both edges of the chip.

magnitude of the sky background and then including the instrument function and human factors.

ð1Þ

where PHOTFLAM is the inverse sensitivity and has a value of
1.872439E18 ergs cm2 Å1 DN1, and PHOTZPT is the HST magnitude zero point has a value of 21.1 magnitudes (Gonzaga et al.,
2010). Both are HST photometry keywords from the image headers
(McMaster et al., 2008), and PHOTZPT is deﬁned such that the calculated source magnitude corresponds to a visual magnitude on the
standard Johnson photometric system (e.g. Cox, 2000). DN is the
data number, or measured ﬂux in a pixel, exptime is the exposure
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time (40 s) for each image, r is heliocentric distance of Vesta in astronomical units (AU), and D is Vesta’s geocentric distance (AU) at the
time of observations.
To determine the background magnitude we divided each image of 800  800 pixels into 50  50 pixel-bins for a total of 256
bins for each image. We calculated the average pixel value of each
bin and inserted this DN value into Eq. (1) to obtain the magnitude
of the background in that region. Fig. 3 is the background map as a
function of position. In general, the background magnitude is 22
close to Vesta, and 25 further out. The planetary camera (PC) is
however, more sensitive, and the background magnitude can be
as faint as 28 magnitude. This sky background map serves to illustrate the uneven detection limits of our search.
5.2. Observer-limited detection
Realistically, we would expect actual detection limits to be
worse than the background magnitudes calculated above due to
the nature of the instrument’s point spread function that is spread
out over multiple pixels. The introduction of human error also affects detection limits. We therefore developed a test to estimate
true visual detection limits taking into account factors for detecting an object that stays in a single pixel during the exposure. We
wrote an IDL procedure that randomly implants satellites with
two-dimensional Gaussian proﬁles into the raw images with random coordinates and magnitudes, ranging from magnitude 19 to
24. We restricted this analysis to the May 14th dataset of ﬁve successive images, analyzing each camera separately. Satellites were
added to the images that were then median ﬁltered. The IDL procedure also produced a separate output ﬁle containing the satellites’
coordinates and magnitudes. Our test procedure to determine
background limit assumes that a potential satellite has an orbital
velocity that does not take it from one pixel to another between
exposures. This is a reasonable assumption as circular orbital
velocities at 14 and 260 Vesta radii are 68 and 16 m/s, respectively,
and the pixel scale is 84 km and 39 km/pixel for WF and PC cameras, respectively. Any potential satellite would remain in one pixel
over the time interval of observations on May 14th. The test results
in an observer limit of detection.
We selected one of the brighter ﬁeld stars in the images to be
our standard star on which we scaled the magnitudes of implanted
satellites. Using the US Naval Observatory B1.0 catalog to obtain its
observed magnitude, we measured its ﬂux. This value and the definition of the magnitude difference

M 1  M2 ¼ 2:5 log

 
F2
F1

Fig. 4. DS9 displayed PC camera image with randomly implanted, synthetic
satellites identiﬁed by the open circles. The synthetic satellites covered a range of
magnitudes from above our estimated detections limit (as in this image) to well
below the background noise. The satellite that falls on the diffraction spike serves to
illustrate that the positions of satellites, which were randomly generated, simulate
a multitude of possible observing circumstances and that an experienced observer
could identify an object in this situation.

We ﬁnd that the detection capability of WF2, WF4, and PC are
similar in that the testers found all magnitude 22 ‘‘satellites’’ in
these cameras. The limiting magnitudes, deﬁned as the value for
which satellites were detected with 50% efﬁciency, are 22.8 ± 0.2,
23.0 ± 0.2, and 23.0 ± 0.2 respectively, with PC being more sensitive
due to its smaller pixel size. WF3’s limiting magnitude of 22.3 ± 0.2
is lower than the others because Vesta was placed on this camera
and its saturation and resulting scattered light controlled both the
distance from Vesta that could be searched and the limiting magnitude of detection. In Fig. 5 we combined the results of the test described above for all four cameras in order to deﬁne a single value
representing an upper limit. Examination of the plot shows that
satellites to magnitude 22.3 were detected with 80–100%
efﬁciency meaning that 80–100% of the implanted satellites of that
magnitude were found. The detection efﬁciency drops at magnitudes fainter than 22. Correct identiﬁcations in all cameras were

ð2Þ

allow us to control the amplitude of an implanted satellite representing its magnitude. ‘‘M1’’ and ‘‘M2’’ are the magnitudes of the objects of interest, and ‘‘F1’’ and ‘‘F2’’ are their corresponding measured
ﬂuxes.
We selected 28 volunteers to search for our artiﬁcial satellites
who had a range of experience from novice to expert. Seven of
our data images were implanted with synthetic satellites that include the camera and telescope’s point spread function. Twentyeight individuals who were initially unfamiliar with the data were
asked to view groups of 3–4 images using SAOImage DS9 display
software (Joye and Mandel, 2003) and to identify possible satellites. The ﬁrst image that each tester viewed contained synthetic
satellites that were brighter than the expected visual magnitude
limit in order to allow testers to become familiar with the software
and process of discovering a satellite. After each tester completed
the search, we manually determined and recorded which
implanted satellites had been detected. Fig. 4 illustrates a DS9
displayed image with implanted satellites with circles noting the
ones that were detected.

Fig. 5. The detection efﬁciency is the fraction of the 28 observers who detected
implanted satellites of the magnitude on the x-axis. A reasonable upper limit is the
magnitudes (shaded gray region) at which 50% of the implanted satellites were
found which is 22.5 ± 0.4 magnitudes.
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Fig. 6. The radiance of Vesta and the transmission curves of the 673N and 702W
ﬁlters. The wide band pass of the 702W ﬁlter explains the high brightness of Vesta,
2.09 magnitudes, and the consequent small value of the upper limit on the radius of
22 ± 4 m.

poor by 23.5 magnitude. We chose 22.5 ± 0.4 as a reasonable single
value for the upper limit of magnitude taking into account the range
and sensitivities of all cameras.
5.3. Magnitude to radius calculations
The magnitude of an asteroid is related to its radius according to
the relationship derived by Russell (1916). We calculated the radius associated with the above limiting magnitude assuming the
albedo and phase function of Vesta are the same as the potential
satellite. Then the ratio of the ﬂux of the upper limit of the satellite
to that of Vesta is simply the ratio of the squares of the radii.
Expressing this in terms of magnitudes, we ﬁnd:

r sat ¼ r Vesta

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
100:4ðmsat mVesta Þ

ð3Þ

where rsat and rVesta are the radii and msat and mVesta are the magnitudes for the satellite and Vesta respectively. Unfortunately, we did
not measure the magnitude of Vesta through the F702W ﬁlter as
we intentionally saturated Vesta to extend the search limit to large
magnitude. However we converted the measured F673N magnitude
of Vesta, m(673N) = 5.96 ± 0.01, to that of the F702W ﬁlter,
m(702W) = 2.09 ± 0.02, by convolving the ﬂux of Vesta at high spatial
resolution from Xu et al. (1995) across the band passes of the two ﬁlters. The ﬂux ratio of the two ﬁlter band passes is 35 ± 1 which we
calculated from the reﬂectance spectrum of Vesta convolved with
the solar spectrum and integrated over the band pass of the two ﬁlters. Our calculation was compared with ﬁlter calibration constants
of WFPC2 cameras derived from the ﬁlter and system response multiplied by the solar spectrum (Karkoschka, 1998) and found to agree
to 14% conﬁrming the magnitude of Vesta measured through the
F702W ﬁlter derived here. The resulting high brightness of Vesta is
realistic considering the width of the F702W ﬁlter (Fig. 6).
With a mean detection magnitude of 22.5 ± 0.4, the result is a
satellite radius of 22 ± 4 m. The range in these values accounts
for the range in magnitude detection limits found by the 28
observers on all of the WFPC2’s cameras (Fig. 5).
6. Discussion
There are two points for discussion. First we consider the regions of previous searches compared to that reported here. The
second point considers the absence of satellites compared to other
observed asteroids with natural satellites.
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We found Gradie and Flynn’s (1988) search region was between
6000 and 100,000 km compared to the regions searched in this paper of 3710–68,900 km. We arrive at this statement by invoking an
error in the units label of Gradie and Flynn’s (1988), Table 1, that
should read radius of the primary target, not units of kilometers
(Gradie and Flynn, 1988). To justify this correction, we assumed
units of asteroid primary radius for all entries in the table and calculated the minimum ranges in kilometers for all 17 asteroids observed with the same instrument, ﬁnding the minimum range to
have been from 5000 km to 10,000 km, and the maximum
ranges are from 40,000 km to 200,000 km. Since they used a
single instrument to observe all asteroids, the range of search is
determined by the ﬁeld of view of the instrument and the region
blocked by the coronagraph. For different asteroids, the conversion
from instrument FOV to km depends on the observing range, and
the variation is consistent with that range. The region searched
by Gradie and Flynn does not reach closer to Vesta than the work
reported here. Roberts et al. (1995) report they searched the region
between 0.13 and 16.2 Vesta radii (35 and 4180 km). However, the
inner region is the theoretical angular resolution of the telescope
and neither this value nor the value r(max) includes instrumental
effects. We plot their reported value and note that their reported
size limit is 51 ± 2 km radius, four orders of magnitude larger than
our search limit. None of the search regions adequately cover the
region where the Dawn mission’s spacecraft will be orbiting. It is
important to search for satellites closer to Vesta than our observations allowed and deeper than the observations of both Roberts
et al. (1995) and Gradie and Flynn (1988) for both scientiﬁc and
mission safety reasons. There is justiﬁcation to develop new methods of detecting satellites close to Vesta, for example, using the
Keck Telescope with a coronograph (Li et al., 2010b) and the Dawn
spacecraft.
The shape of Vesta shows a large basin in its southern hemisphere, suggesting that the asteroid experienced a signiﬁcant impact in its past (Thomas et al., 1997a). The presence of vestoids, a
group of asteroids ranging from 6 to 50 km in radius, which appear
to have originated from Vesta because of their similar spectral
properties (Binzel and Xu, 1993) and the existence of HED meteorites on Earth with evidence of multiple collisional ages (Eugster
and Michel, 1995) possibly originating from Vesta, provide further
evidence of debris-forming impacts. All of the above beg the question, ‘‘Why does Vesta not have satellites?’’ It is possible that a satellite formed during the same collision or collisions that produced
the vestoids (Weidenschilling et al., 1989). However, none have
been found to date. A satellite that may have remained in orbit
around Vesta after an energetic collision event, may not be in an
orbit that is stable over the time since the collision. Dynamical
modeling of the formation and evolution of the Vesta family has focused on collisional velocities that result in fragments exceeding
Vesta’s escape velocity and subsequent pathways to Earth, not
retaining bodies in orbit around Vesta. The (3) Juno and (4) Vesta
families are believed to have formed by collision (Nesvorný et al.,
2006), but there is no evidence of satellites having resulted from
the family forming events. Tricarico and Sykes (2010) use different
gravity models of Vesta to simulate the motion of the Dawn mission spacecraft around Vesta on a scale of 100 days. This study
probes the lifetime of a satellite around Vesta, but the time interval
is orders of magnitude smaller than is relevant to the stability of a
natural satellite’s orbit. The Pluto–Charon system is thought to
have formed from an impact event, although velocities in the Kuiper belt are lower than that of the Main Asteroid belt (Weaver et
al., 2006). No modeling has been carried out exploring the lifetime
of natural satellites at Vesta on scales of signiﬁcance for the history
of the early Solar System. Life times on the order of billions of years
need to be modeled to address the signiﬁcance of the absence of
satellites of Vesta.
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Our search is deﬁned by two characteristics: satellite size and
the region searched. The lower radius limit of satellite size is
22 ± 4 m, a signiﬁcant size limit when considered in comparison
to the radius ratio of satellites found around other asteroids. Of
the known asteroid binaries, the smallest radius ratio is 0.04
(Walsh, 2009). For Vesta, this corresponds to a radius of 10.5 km,
yet our search is to a limit that is of order 1000 times smaller. Also,
according to Weidenschilling et al. (1989), a satellite formed from a
large impact would have formed close to the primary and would
have a small mass ratio 60.01. Our search goes well below both
of these limits assuming a satellite with the same properties as
Vesta. Our search has been thorough within the region where satellites are likely to be gravitationally bound to Vesta.
Merline et al. (2002) note too that satellites of asteroids are
most likely to be found close to the primary, with one known
exception. The overwhelming majority of known asteroid – satellite pairs have a separation within 60 radii from the primary asteroid. Our search between 14 and 260 Vesta radii (3710 and
68,900 km) overlaps the region where satellites of other asteroids
have been found in the past. The discovery of a satellite of Asteroid
(41) Daphne at a distance of 5.5 asteroid radii (Merline et al., 2008)
suggests that others probably exist close to the primary asteroid
and have not been detected. We were unable to completely search
the closest regions to Vesta because of detector saturation inside of
14 Vesta radii. The Dawn spacecraft orbits Vesta at multiple altitudes ranging from 2700 km (slightly more than 11 Vesta radii)
down to <180 km (1.6 Vesta radii). Satellite searches probing closer to Vesta’s surface are warranted.

7. Conclusion
This search allowed us to set limits on the size and magnitude of
natural satellites in orbit around Asteroid (4) Vesta in the region
searchable with Hubble Space Telescope’s WFPC2 in May 2007.
The detection limits vary from camera to camera, but our 28 volunteer testers searching for implanted, synthetic satellites found almost all of the objects brighter than 22.5 ± 0.4. Vesta’s albedo at
700 nm is 0.47 and assuming the satellite’s albedo is the same as
that of Vesta at the same wavelength, this limit corresponds to a
photometric radius of 22 ± 4 m. The outer edge of the region
searched is about half of the Hill sphere and most of the region
where satellites are expected to be gravitationally bound. The region within 14 Vesta radii was not explored however, due to saturation of Vesta. This search is important for NASA’s Dawn mission
because it will spend months in close proximity to Vesta (Fig. 1).
The region searched prior to the Dawn mission, does not extend
close enough to Vesta to eliminate possible threats to the Dawn
spacecraft (Rayman et al., 2006). A dedicated satellite search of
Vesta by Dawn’s imaging camera is warranted for both scientiﬁc
interest and mission operations.
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