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ABSTRACT

Using CFHT/MegaCam data designed to simulate Pan-STARRS images we devel-
oped an asteroid detection and linking system and determined the system’s total effi-
ciency to test the effectiveness of the software that will be used by Pan-STARRS. We
calculate an intrinsic efficiency > 94% for magnitudes ¢’ < 21.5 mag, and measured the
sky-plane density of Main Belt asteroids to be 111 4+ 12 or 165 £ 15 per square degree
down to an apparent magnitude of ¢’ = 22.5 mag, depending on the region of the eclip-
tic surveyed . Both of these values are larger than those calculated by previous surveys
that reached similar magnitude depths. We interpret part of this difference between
pointings to be the result of clumping structure in the Main Belt, especially as fainter
apparent magnitudes.

Subject headings: minor planets, asteroids—-methods: data analysis—techniques: im-
age processing

1. Introduction

The Panoramic-Survey Telescope And Rapid Response System (Pan-STARRS)? is a new tele-
scope being constructed by the University of Hawaii with a major goal of searching for potentially
hazardous near-Earth asteroids. In the process of acquiring a time-sensitive sample of the ecliptic,
the project will detect moving objects on the ecliptic down to a magnitude of R ~ 24 mag. In such
magnitude-limited moving object surveys Main Belt asteroids are the dominant type of detected
object (Bottke et al. 2002).

Here we present a survey to determine the sky-plane density (SPD) of Main Belt asteroids
on the ecliptic down to Pan-STARRS’ limiting magnitude and measure Pan-STARRS’ asteroid
detection efficiency. With this data in hand, we can estimate the number of moving objects that
Pan-STARRS’ Moving Object Processing System (MOPS) will have to handle, and the actual
number of asteroids in the Main Belt above our magnitude sensitivity. Previous surveys have
attempted to determine the asteroid SPD by mining large data sets typically designed for other
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purposes (e.g. Near-Earth asteroid detection, Jedicke & Metcalfe 1998; all-sky photometric and
color measurement, Ivezi¢ et al. 2001; etc), but have had accuracies to only within a factor of about
two. Extrapolations to R ~ 24 could not estimate the SPD to within an order of magnitude, and
ranged from 150 — 2000 asteroids per square degree. The SMBAS survey (Yoshida et al. 2003) was
designed to measure the SPD but employed a manual detection algorithm and covered only a small
area of sky. To determine an accurate value for the SPD a completely automated survey covering
large (representative) area and designed to find Main Belt asteroids is required.

To this end, we have analyzed two regions of the ecliptic at opposition, each covering 15 deg?
over a 4.5 hour baseline, to search for Main Belt asteroids and have measured their SPD (the
number per square degree). To mimic the Pan-STARRS system as closely as possible our exposure
times were 40 seconds (similar to what will be used for Pan-STARRS) using the MegaCam ¢ filter
(the closest analog available to the Pan-STARRS w filter). We post-processed our data using the
same algorithms that will be employed by the Pan-STARRS Image Processing Pipeline (IPP) and
linked the detected transients with the same core code that will be used by the MOPS linking
routine. This allows us to test the static sky subtraction technique Pan-STARRS will employ and
measure the system’s asteroid detection efficiency.

We also acquired images of the same regions of sky while they were at low solar elongation.
This area is known as the “sweet spot” in near-Earth asteroid surveys for the high density of
potentially hazardous objects in these regions. Because the sweet spot is at low altitude, the seeing
is significantly worse and differential chromatic refraction drastically affects the PSF (as compared
with their opposition measurements). Using the stacked low-airmass images as our static sky, we
have tested our routines on these sweet spot images.

We describe the data used for this study in §2. In §3 we review the post-processing techniques.
We describe our method of efficiency determination in §4. Finally, we present the results of our
study in §5 and state our conclusions in §6.

2. Observations

Our data were acquired with the Canada-France-Hawaii Telescope’s (CFHT) MegaCam in the
fall of 2003 and 2005 (proposal ID 03BH11 and 05BH30, respectively). The data cover two regions
of the ecliptic, one at high galactic latitude (RA ~ 0% Dec ~ 0°) and one at low latitude
(RA ~ 6" Dec ~ 23°). These two regions were chosen in order to test the effectiveness of static
sky subtraction at low stellar density (high galactic latitude, b ~ —60°) and at high stellar density
(low galactic latitude, b ~ 0°). Both regions were imaged while at opposition and low airmass and
then again while in the sweet spot. Each region consists of fifteen pointings in a 5 x 3 grid, imaged
nine times each in opposition, covering ~ 15 deg? (each MegaCam image covers approximately
1 deg?). This imaging pattern covers approximately the same area of sky that will be covered by
2 Pan-STARRS fields and was chosen to facilitate the creation and use of a “static sky” image to
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use for image subtraction (for a description of this process, see §3.1). The high galactic latitude
region had three observations at each pointing while in the sweet spot but, due to Queue scheduling
conflicts, the low galactic latitude region had six images of each pointing in one 5 x 1 strip.

All images (except for the low galactic latitude sweet spot) were taken using the CFHT-¢' filter,
the closest analog to the Pan-STARRS-w filter that will be used for their Solar System Survey.
An exposure time of 40 seconds was chosen to reduce trailing of typical Main Belt Asteroids to
about 1 pixel. This is roughly the same exposure time Pan-STARRS will use for the Solar System
Survey. Due to the timing of MegaCam’s availability the high galactic latitude sweet spot had
too low an altitude to allow the ¢’ filter to be used due to excess sky background that would have
degraded image quality, so the images were obtained with the MegaCam 7’ filter. In order to reach
the same magnitude in this new filter, the exposure time had to be doubled to 80 seconds. Table 1
summarizes the observations, including pointing, exposure times, and filters.

All of the data were processed with the standard Elixir pipeline (Magnier & Cuillandre 2004)
before being passed on to us. Magnitude zero-points were verified with the USNO-B catalog (Monet
et al. 2003), using the magnitude conversion equation from Fukugita et al. (1996):

g =V +0.56(B—-V)—0.12 (1)

3. Post-processing
3.1. Image Subtraction

After Elixir processing, the images were post-processed using the IPP’s combine and pois
codes. The code combine registers a set of images to a common reference frame, and adds them
into a static sky image (i.e. stacks the images). It uses SExtractor (Bertin & Arnouts 2005) to
identify sources, matches the stars in the field, solves for the image transformation and shifts the
images onto a common frame. Finally, it combines the shifted image (with clipping to remove cosmic
rays, > 3 o transients, bad pixels and columns, etc.) into the static sky image (Magnier et al. 2006).
The code pois subtracts the static sky from each image to create difference images consisting only
of transient sources and noise. It uses the algorithms prescribed by Alard & Lupton (1998), with
a different choice for the basis function (Magnier et al. 2006). Both of these codes implement the
algorithms that will be used in the image subtraction pipeline code to be employed by the IPP.
To simulate the process that the IPP will employ when processing all Pan-STARRS images, the
opposition and sweet spot difference images were created by subtracting the Elixir-processed data
from the static sky created by stacking the opposition region images (See Fig 1).
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3.2. Source Identification and Linking

After the image subtraction was completed, SExtractor (Bertin & Arnouts 2005) was used
to identify all sources in the difference images at or above a 3 ¢ level and provide their location
and magnitude. The detection list was then run through the code megacamlinker, which is based
on the variable-tree algorithms developed by Kubica et al. (2006) forming the core linking code
employed by MOPS. This code links together detections that are consistent with linear motion
across an entire pointing including those that passed between CCD chips. It does this by choosing
two detections to fit with a linear model, and generating variable-branching KD trees to search the
rest of the parameter space for detections that support the model.

Without any a priori knowledge of the distribution of objects in a field, two observations are
required to identify transients while three observations are required to confirm the source’s rate of
motion. The more detections that are required to confirm a potential object’s motion, the smaller
the likelihood of false positive identification. As the signal-to-noise threshold for source detection
is lowered the number of false detections for every real one will increase and the number of linked
detections will need to be increased to maintain a low false positive rate. On the other hand, as
the number of required detections is increased, sensitivity to objects that move out of the image,
into chip gaps, or too close to bright stars (or lose one or more observations in some other way)
decreases. The average RMS on magnitude for all linked sources when 3 detections were required
was 0.40 mag, 0.23 mag for 4 detections, and 0.17 mag for 5 detections. Beyond 5, the RMS began
decreasing much more slowly, staying around ~ 0.15 mag, while each further increase in number
of required detections reduced the number of found objects. We have fit two lines to these data:
one to the steep RMS falloff for fewer required observations, and one to the shallow falloff at larger
numbers of required observations, as seen in Fig 2. Somewhere between a four and five observation
requirement is the transition point where the steep slope (i.e. noise being removed) changes to the
shallow slope (real objects being lost). A 6 observation minimum will ensure a sample dominated
by real objects. We use this requirement for the opposition regions and the low latitude sweet spot.
The high latitude sweet spot had only three images at each pointing so we required detections in
all of them to confirm an object. In all regions, we restricted the acceptable rate of motion of
detected objects to be within the bounds of typical Main Belt object motion (0.16 — 0.30 deg/day
at opposition, 0.25 — 0.6 deg/day in the sweet spot).

3.3. Orbits

The ~ 4.5 hour observation baseline made precise and accurate determination of orbital ele-
ments impossible. However, by assuming the orbits are circular (i.e. eccentricity equals 0), we can
estimate the semimajor axis (a) and inclination (i), following the methods of Bowell et al. (1990).
Nakamura & Yoshida (2002) performed Monte Carlo simulations comparing a and i values gener-
ated with this technique to calculated a and ¢ when assuming circular orbits, and found that there
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is little systematic difference between the actual and circularized values for both orbital elements
though there is an increase in scatter.

We first converted our RA and Dec velocities to ecliptic latitude and longitude velocities. We
start with the equations for transferring from equatorial coordinates to ecliptic coordinates:

sinff = sindcose— cosdsinesina (2)
cosfBcosA = cosdcosa (3)
sind = sin/f3cose+ cosBsinesinA (4)

where « and § are the right ascension and declination (respectively), 8 and X are the ecliptic latitude
and longitude (respectively), and € is the obliquity of the ecliptic, e = 23°26' (J2000). Taking the
time derivative of these equations (with the assumption that ¢ is negligible for the time-frame we
are considering) we find:

cosB B = cosecosd  —sine (cosécosa & —sindsina 5) (5)

cos BsinA A+ cosAsinB 8 = cosdsina &+ cosasind § (6)
cosd § = cosecosﬁﬁ+sine(cosﬁcosA)\—sin)\sinﬁﬁ) (7

where @, B) , B, and \ are the time derivatives (i.e. velocities) along the respective direction. We then
solve the above six equations for 3, A, 0, and X. Using these velocities, we calculated semimajor
axis and inclination with equation (2) from Bowell et al. (1990):

= N+ p (8)
ko= Y —4dypiy—4pp (9)
o = 5= (1-2vids Vi) (10)

tani = i (11)

A+ mu/(r —1)

where A and J are in rad/day, u is the Gravitational constant times the mass of the sun, in units
of AUs and days, and x and +y are simply intermediate values. In Eq 10, \/k is added if k < 0, and
subtracted if x > 0.

Absolute magnitude (H) for asteroids is defined as the magnitude that would be observed if
the asteroid was at 1 AU from the Earth, 1 AU from the Sun, and at 0° phase angle. The measured
flux from asteroids (Fp) falls off with the square of distance from the Sun (r), and the square of
distance from the Earth (§). Thus, the apparent magnitude (M) can be written as:

Fy
M = -—25logFy+5logr+5logé
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If r and § are in AU, then H = —2.5log Fp, and:

r 0
H =M —5log— —blog — 12
Plog 3y ~ 218 3 (12)
The diameter is calculated with (Bowell & Lumme 1979):
logD =k —0.5logp — 0.2H (13)

where D is the diameter in kilometers, p is the albedo, and k is a constant. Bowell & Lumme
(1979) provided no value for k4, so we used Eq 1 to convert the given values for V' and B bands.
First, we rearrange Eq 13 to get:

log D+ 0.5logp = k; — 0.2H; (14)

where the subscript ¢ on k and H indicate the color band with i = (¢’, V, G). D is constant and we
assume p does not vary with color over the range we are considering so all three equations can be
set equal, and we can substitute in Eq 1:

ky —0.2Hy; = ky —0.2Hy =kp —0.2Hp (15)

ky —02(Hy — Hy) = ky =kp—02(Hp— Hy) (16)

kg —0.2(0.56(Hp — Hy) —0.12) = ky = kg — 0.2(Hp — Hy) (17)
kg —0.112(Hp — Hy) +0.024 = ky = kg —0.2(Hp — Hy) (18)
kg +0.024 = ky +0.112(Hp — Hy) = kg — 0.088(Hp — Hy) (19)

With ky = 3.122 and kp = 3.248 (Bowell & Lumme 1979) we can solve the right sides for the
Hp — Hy assumed in that study and determine k,. We calculate an assumed Hp — Hy = 0.6 mag,
which yields a kg = 3.195. Without infrared images of the asteroids albedos can not be determined
so we assumed our objects had the average albedo for their distance range (Jedicke & Metcalfe
1998): 0.134 for the inner Main Belt, 0.103 for the middle, and 0.076 for the outer Main Belt.

4. Efficiency Determination

To measure the actual asteroid sky-plane density we needed to determine our object detection
and linking efficiency. Synthetic objects were planted into the original post-Elixir images, and
the images were then re-processed using the same pipeline as described above. We planted the
synthetic objects at the same approximate SPD as the real objects, and repeatedly ran the object
generation and detection process to build our statistics. This allowed us to determine our object
detection efficiency with high confidence without introducing additional systematic errors due to
object confusion caused by synthetic densities many times greater than the actual object density.
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4.1. Synthetic Object Generation

The synthetic objects had Gaussian PSFs with Poisson noise added to each pixel before being
planted into data images. The FWHM of the PSF's were adjusted to match real objects of the same
brightness in those images. Each synthetic object was given a randomly distributed:

e starting position

e magnitude between 14 and 24 mag

e direction of motion

e rate of motion within the bounds of typical Main Belt asteroid rates (0.16 — 0.30 deg/day)
e rotation period between 1 and 24 hours.

e rotational amplitude in flux between 0 and 20% of the total flux.

Object positions were generated without regard to chip gaps, bad columns, stars, or other
image features, and over an area larger than the size covered by the image. This, coupled with
the random motions, allowed for objects to enter the field of view after the first image or leave
before the last image. It also allowed for some objects to start out of the image and never enter
into the field of view. To calculate the efficiency, we removed the objects that had been detected
in the original data from the linked objects in the synthetic images (which included both real and
synthetic objects). All remaining linked detections were part of our sample of synthetic objects.
The efficiency is then simply the ratio of the number of recovered synthetic objects to the number
that were generated.

5. Results & Discussion
5.1. Image Subtraction

The use of image subtraction for this study was critical in determining an accurate value for
the SPD. We find that our image subtraction technique (described in §3.1) increases our detection
and linking ability drastically. We find that for one MegaCam test field (imaged 10 times and
searched at the 3 o level), we link 916 real detections into 109 moving objects without the use of
image subtraction, and 1136 real detections into 128 moving objects when we apply our subtraction
technique. Using image subtraction for detecting and linking moving objects provides a 17% gain
in number of objects found and a 24% gain in number of detections linked.

However, the increased and non-symmetrical FWHM of objects while in the sweet spot (due
to the much larger airmass) makes static sky subtraction difficult. Fake detections due to noise
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became significant for these images and our detection efficiency was degraded. Further work on
the optimization of the Pan-STARRS image subtraction for sweet spot data is required before a
confident value for the SPD be reported in those regions.

5.2. Calculated Efficiency

We fit the efficiency (€) with a function of the following form:

_a+(M-L)b

= 17 0D/ (20)

where € is the efficiency, M is the magnitude, and a, b, L, w are the fit parameters (Jedicke & Herron
1997). The a value gives what the efficiency at ¢’ = L mag would be without the exponential falloff,
while the b value is the slope of the efficiency with respect to magnitude. The L parameter gives the
magnitude threshold where the efficiency is roughly half of its maximum value, and w is the width
of the exponential falloff. We find a = 0.89, b = 0.0051, L = 22.7 mag, and w = 0.20 mag for the
high galactic latitude region with a reduced x? = 0.78 , and a = 0.86, b = 0.0007, L = 22.6 mag,
and w = 0.14 mag for the low galactic latitude region with a reduced x? = 0.97, as shown in Fig 2.

We find our efficiency versus magnitude for the entire processing and detection system to be
~ 85% to a magnitude of ¢ = 21 mag for both opposition regions (see Fig 2). MegaCam has
a filling fraction of 93%, but during our 2003 observations Chip03 was dead. In this situation,
the filling fraction dropped to 90% providing an upper limit to our maximum possible detection
efficiency. This gives an intrinsic pipeline efficiency of 85% / 90% = 94%. We find that our efficiency
is consistent (to within 20) with being constant for all rotation periods, rotation amplitudes and
rates of motion (see Figs 3 - 5). The efficiency shown in these figures is lower than the 85% quoted
above because these efficiencies also include synthetic objects with magnitudes out to ¢’ = 24 mag,
well below the observability threshold.

5.3. Sky-Plane Density

With the efficiency we can correct the observed SPD to measure the real SPD as a function
of apparent magnitude. We find that the cumulative SPD of Main Belt asteroids is 111 + 12 deg?
at a magnitude of ¢ = 22.5 mag in the high galactic latitude region, and 165 + 15 deg? at a
magnitude of ¢’ = 22.5 mag in the low galactic latitude region. The efficiency-corrected cumulative
and differential SPDs are shown in Figs 6 and 7.

Using Spacewatch data, Jedicke & Metcalfe (1998) found a SPD of ~ 16 deg? to a magnitude
of V~ 21. Their data cover a much larger area (~ 60000 deg?) than ours and is uncorrected for
efficiency. Using data from the SDSS survey, Ivezi¢ et al. (2001) found a peak SPD of 55 & 2 deg?
to a magnitude of r* = 21.5 mag. Again, their data cover a much larger area than ours and are
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not corrected for incompleteness, nor was the survey designed to search for moving objects. The
SMBAS survey (Yoshida, et al. 2003) found a SPD of ~ 370 deg? to a magnitude of R ~ 24.4 mag.
This value is well beyond our sensitivity range, and the SPD may turn over past g’ = 22 mag, but
a linear extrapolation of our data predicts a much larger SPD at those magnitudes.

The MOPS team has developed an unbiased model of the Solar System including 107 minor
planets (Denneau et al. 2006). We simulated our observations of the high galactic latitude opposi-
tion region with the synthetic Solar System, and compared the SPD derived from the simulation
with the efficiency-corrected SPD determined from our data as shown in Fig 10. We find that within
errors the model and the data show a consistent SPD down to magnitude ¢’ ~ 21.5 mag. This
agreement implies that the MOPS simulation is a good representation of the observed population.

Using Eqgs 10, 12 and 13, we are able to calculate rough values for the orbital radius, absolute
magnitude, and asteroid diameter for all objects. Fig 8 shows that through the Main Belt (2.06 AU<
r < 3.28 AU) we are sensitive to absolute magnitudes of H < 18 mag for both survey regions,
which corresponds to objects with diameters D > 1 km. For the inner Main Belt (R < 2.6 AU)
our seunsitivity reaches H < 20, which corresponds to objects with diameters D > 0.5 km. The
distribution of semi-major axes for objects with H < 18 mag is shown in Fig 9. The increase
with radius of the total number of objects is a consistent result with previous surveys (Jedicke
& Metcalfe 1998, and references therein), and is a result of equilibrium systems that have been
evolved through self-similar collisions (Dohnanyi 1971). The correlation of the major mean-motion
resonances with under-densities in the semi-major axis distribution in the figure indicates that we
are able to resolve the Main Belt semi-major axis distribution to about 0.1 AU.

6. Conclusion

We have analyzed CFHT /MegaCam images of two 15 deg? regions of the ecliptic to determine
the sky-plane density of Main Belt asteroids. We find that the image post-processing software,
which is based on the software at the heart of Pan-STARRS’ IPP and MOPS, has an intrinsic
efficiency of detecting Main Belt asteroids of > 94% out to magnitude ¢’ = 21.5 mag. We calculate
a corrected cumulative sky-plane density of 111 4 12 asteroids per square degree in the Main Belt
for the high galactic latitude region and 165+ 15 for the low galactic latitude region, to a magnitude
of ¢’ = 22.5 mag. This value is greater than that measured by other surveys (Jedicke & Metcalfe
1998; Ivezié et al. 2001) that have gone to similar magnitudes and, if our linear extrapolation
is correct, may be greater than that measured by Yoshida et al. (2003). Our value agrees well
with the independently created model Solar System being used to test Pan-STARRS’ MOPS to
g' ~ 21.5 magnitudes (Denneau et al. 2006). The agreement between the simulated Solar System
and this survey implies that the MOPS simulation is a good representation of the actual population
of Main Belt asteroids. The difference in measured population size could be attributed to efficiency
changes due to the increased stellar density in the low galactic latitude region, but our efficiency
determination shows very similar efficiencies, independent on stellar density. Moreover, any decrease
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in detection efficiency would only serve to increase the number of asteroids in the corrected SPD,
and with an assumed 100% efficiency, the cumulative SPD measured for the high galactic region is
still ~ 6 o above the value measured for the low galactic latitude. It is possible to reconcile these
numbers by assuming that our efficiency in the high galactic latitude region is ~ 50%, however
there is no physical motivation for this, as automated detection algorithms should be more efficient
in lower stellar density regions, not less efficient. It is also possible to reconcile these values if we
assume that a systematic magnitude offset in the low galactic latitude region of ~ 1 magnitude,
but this would require that our low galactic latitude region reached 1.5 magnitudes deeper than
the high galactic latitude region in the same exposure time and filter. Some of this effect can be
attributed to excess scattered light in the region of bright stars, which are more frequent in the low
galactic latitude regions, but even when ignoring large sections of images around the bright stars,
the over-density still remains at a 4 o level. This is probably the result of population over-densities
in certain areas of the Main Belt, causing SPD variations around the Main Belt.

We have also shown that static sky image subtraction has very clear benefits for moving object
surveys, including a ~ 20% increase in number of linked sources. Pan-STARRS’ IPP will use this
technique to identify transient objects. However, the MOPS requirement of a minimum of 2 or 3
observations of an object per night may not be enough to clearly differentiate between real and
false detections, especially as the significance of each detection decreases. Their time baseline they
will be able to search over will be long enough to easily differentiate between real and false objects
by the end of the survey, but they may be unnecessarily hampered by excessive numbers of false
objects. An observing scheme of five or more observations of an object per night may help increase
their short-term linking efficiency.

One of Pan-STARRS’ main goals will be asteroid detection in the sweet spot regions of the
ecliptic in order to enhance the discovery rate of Potentially Hazardous Objects. Static sky sub-
traction efficiency falls off as observations approach high airmass and efficient routines for tuning
the subtraction process will be needed for this technique to reach the same intrinsic efficiency as
was reached at opposition. Subtraction efficiency may also be reduced as non-uniform data are
added to form the static image. We have only tested image subtraction with a static sky created
from images covering a very short time-span, and as variations in seeing, airmass, cirrus, etc., start
to become significant the static sky creation process will need to be more carefully monitored. A
method of weighting images as they are added to the static sky based on these variable parameters
would promote cleaner static images and make image subtraction more effective.

7. Future Work

We plan to continue analyzing this survey, specifically: looking for ways to improve object
detection in sweet spot until we can determine values for the SPD there with confidence; determining
detected object rotation periods and amplitudes, and the efficiencies of this process; and calculating
the fraction of fast rotating asteroids in the different regions of the Main Belt.
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Table 1. Observations

RA (J2000) Dec (J2000)  Starting MJD  exp time (sec) filter  # of Obs. Field name
23 :52:37 —00:54:54 52910.332 40 g 10 HGL Opposition
23 :52:37 —00:01:30 52910.339 40 g 9 7
23 :52:37 —00:51:54 52910.344 40 g 9 7
23 :56:16 —00:54:54 52910.334 40 g 9 7
23 :56: 16 —00:01:30 52910.340 40 g 9 ”
23 :56: 16 —00:51:54 52910.345 40 g 9 ”
23:59:54 —00:54:54 52910.336 40 g 9 ?
23:59:54 —00:01:30 52910.341 40 g 9 ?
23 :59:54 —00:51:54 52910.347 40 g 9 ”
00:03:32 —00:54:54 52910.337 40 g 9 ”
00:03:32 —00:01:30 52910.342 40 g 9 ”
00:03:32 —00:51:54 52910.348 40 g 9 7
00:07:11 —00:54:54 52910.338 40 g 9 7
00:07:11 —00:01:30 52910.343 40 g 9 7
00:07:11 —00:51:54 52910.349 40 g 9 7
23 :52:37 —00:54:54 53021.221 40 g 3 HGL Sweet Spot
23 :52:37 —00:01:30 53021.226 40 g 3 ?
23:52:37  —00:51:54 53021.232 40 g 3 »
23:56:16 —00:54:54 53021.222 40 g 3 ”
23 :56:16 —00:01:30 53021.227 40 g 3 ?
23 :56:16 —00:51:54 53021.233 40 g 3 ?
23:59:54 —00:54:54 53021.223 40 g 3 ”
23:59:54 —00:01:30 53021.228 40 g 3 7
23:59:54 —00:51:54 53021.234 40 g 3 7
00:03:32  —00:54:54 53021.224 40 g 3 K
00:03:32 —00:01:30 53021.229 40 g 3 7
00:03:32 —00:51:54 53021.235 40 g 3 ”
00:07:11 —00:54:54 53021.225 40 g 3 ”
00:07:11 —00:01:30 53021.231 40 g 3 ?
00:07:11 —00:51:54 53021.236 40 g 3 ?
05:51:59 22:05:00 52994.333 40 g 9 LGL Opposition
05:51:59 22:58:30 52994.338 40 g 9 ”
05 :51:59 23:51:54 52994.344 40 g 9 K
05:55:56 22:056:00 52994.334 40 g 9 7
05:55:56 22:58:30 52994.340 40 g 9 7
05 :55: 56 23:51:54 52994.345 40 g 9 7
05:59:53 22:05:00 52994.335 40 g 9 7
05:59:53 22:58:30 52994.341 40 g 9 ?
05:59:53 23:51:54 52994.346 40 g 9 ?
06 :03:51 22:05:00 52994.336 40 g 9 ”
06 :03:51 22:58:30 52994.342 40 g 9 ”
06 :03:51 23:51:54 52994.347 40 g 9 ?
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Table 1—Continued

RA (J2000) Dec (J2000)  Starting MJD  exp time (sec) filter  # of Obs. Field name
06 :07:48 22 :05:00 52994.337 40 g 9 7
06:07:48 22:58:30 52994.343 40 g 9 K
06 : 07 :48 23:51:54 52994.348 40 g 9 7
05:51:59 22:05:00 53594.577 80 ' 6 LGL Sweet Spot
05 :55: 56 22:05:00 53594.578 80 ' 6 7
05:59:53 22:05:00 53594.580 80 r’ 6 7
06:03:51 22 :05:00 53594.581 80 r’ 6 7
06 :07:48 22:05:00 53594.583 80 r’ 6 7

Note. — Log of observations. HGL indicates the high galactic latitude field, while LGL indicates the low
galactic latitude field.
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Fig. 1.— These three images show the image subtraction process employed by our data post-
processing technique. The first shows a typical star field, the second shows the static sky generated
by adding together multiple images spaced in time, and the third shows the first minus the second,
leaving only transient sources and noise. An asteroid is clearly visible in the center of the third
image.
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Fig. 2.— Fitted detection efficiency vs. g’ magnitude, for the high galactic latitude field (top) and
the low galactic latitude field (bottom). The best fit model is shown with the dashed line. Model
parameters can be found in §5.
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detections required to be linked into an object. For a > 6 observation requirement, the sample
will be dominated by real objects.
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Fig. 3.— System detection efficiency (not period-fitting efficiency) vs. rotation period for the high
galactic latitude field (top) and the low galactic latitude field (bottom). The dashed line shows the

best linear fit with slope of 0.0022 + 0.038 and —0.07 £ 0.04, respectively.
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Fig. 4.— System detection efficiency (not amplitude-fitting efficiency) vs. rotation amplitude for
the high galactic latitude field (top) and the low galactic latitude field (bottom). The dashed line
shows the best linear fit with slope of 0.000 £ 0.002 and 0.003 + 0.002, respectively.
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Fig. 5.— System detection efficiency vs. rate of motion for the high galactic latitude field (top)
and the low galactic latitude field (bottom). The dashed line shows the best linear fit with slope

of —0.25 4+ 0.27 and 0.09 + 0.27, respectively.
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Fig. 6.— Cumulative SPD (number per square degree) for the high galactic latitude field (top) and
the low galactic latitude field (bottom). The acronyms plotted with the data mark the magnitude
and SPD determined by the respective survey, while the dashed line is a linear extrapolation of the
data points at larger magnitudes, with slopes 0.25 and 0.33 in ¢'-log D space, respectively.
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Fig. 8.— Absolute H magnitude vs. semimajor axis (circular) for the high galactic latitude region
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lines), for the high galactic latitude region (top), and the low galactic latitude region (bottom).
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(black), for the high galactic latitude (top) and low galactic latitude regions (bottom).



