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Introduction

The HST Frontier Fields

The HST Frontier Fields observations, designed to obtain extremely deep multifilter images of galaxy clusters and blank fields, also present a unique
opportunity to probe the outer Solar System, by studying the faintest observable
Trans-Neptunian Objects (TNOs). Currently, only ~ 1000 such objects are
known, and almost all our knowledge of this region is derived from the largest
TNOs. Previous studies of the smallest and faintest TNOs have indicated
different size distributions for high and low inclination objects ("hot" and "cold"
populations; Fig. 1), and a break in the size distribution at magnitude R>25,
which has been interpreted as a result of their collisional evolution. Currently,
none of the faintest objects have known colors, which would provide a crucial
constraint to their origin and evolution. TNOs are likely to pass through Frontier
Fields pointings - especially those close to the ecliptic plane - and we are
harvesting those serendipitous observations to constrain the evolution of the
outer Solar System. We are processing the HST Frontier Fields observations to
find faint TNOs and measure their color distribution. We are probing dynamically
hot objects smaller than the break in the TNO size distribution. By comparing the
color distribution of objects larger and smaller than the break, we will test
whether the break in the size distribution of hot objects is collisional, and if the
bluer colors of this population are primordial. This is an ongoing project (HSTAR-13247; PI Fuentes), and we present the first results from the first Frontier
Fields we are analyzing.

The HST Frontier Fields program comprises deep imaging in multiple wideband
filters of six fields of strong lensing galaxy clusters, plus six nearby “blank” fields,
observed in parallel.
Each field is observed on 3 filters in ACS/WFC and 4 filters on WFC3/UVIS,
spanning the 435-1600 nm range of central wavelengths. The observation strategy
uses two exposures of ~1400s on each filter per orbit, with 10 orbits per filter, adding
up to 140 orbits.

Figure 3. Effective surveyed area as a function of R magnitude,
which is a measure of detection of efficiency, is shown in the top
panel for the 150 orbits surveyed by Fuentes et al. (2010). The
typical limiting magnitude is R 26.2, although a few orbits observed
with the right filters have typical limiting magnitude at R 27. The
luminosity function for objects discovered by Fuentes et al. (2010),
our archival program, is plotted in the lower panel. The 14 new
TNOs are shown with their uncertainties and the current best-t size

TNOs
Trans-Neptunian Objects (TNOs) are remnants of planetary formation in the
Solar System. They occupy the Kuiper belt, starting at 30 AU. Due to these
distances, most of our knowledge is derived from the largest objects, of 100-300
km diameter - the limit of the largest single TNO survey to date (Millis et al. 2002,
Elliot et al. 2005).
While most studies of faint TNOs to date were limited to detection and orbit
determination, Bernstein et al. (2004) opened the path for faint TNO searches by
surveying 0.02 deg2 with ACS/WFC data, using more than 100 HST orbits. They
discovered 3 new objects with a limiting magnitude of R=28.5 by using digital
tracking. Their result implied a break in the size distribution of TNOs and hinted
at different size distributions for high and low inclination objects (hot and cold).
Fuentes et al. (2010, 2011), Somsel (2015 in prep.) have used archival HST data
to search for TNOs in individual orbits, measuring the smallest TNOs with colors
and proving the break in the size distribution occurs at roughly the same size for
both populations.

The observations are spread over HST Cycles 21, 22 and 23. On each cycle, 2
fields (and their parallels) are observed. Figure 5 shows how the fields are
distributed relative to the ecliptic. At the highest ecliptic latitudes we probe a lower
density of TNOs, a population made of dynamically hotter objects (Fig. 1).
Since TNOs move relative to the sky, they will not be present in all images of the
same field, and not even all images on each filter at the same field. All observations
are scheduled near quadrature, so that HST can point back to the same fields,
swapping the prime and parallel fields between the two cameras, at another epoch
in the same cycle. This means that the TNOs are observed close to their lowest rate
of motion, around a few arcsec/hour. Therefore, when observations are scheduled
in consecutive or near-consecutive orbits, there is a high probability of observing
the same objects on multiple filters. On the other hand, when different filters are
observed with several orbits interval, with respect to TNOs they are independent
pointings. These observations do not yield colors for individual objects, but they
probe an effectively larger area in the sky. We will still use these observations to
study the colors of TNOs statistically, comparing the object distribution in different
filters. With a Bayesian analysis, we can determine which TNO colors are
consistent with the populations observed in different filters.
The cadence of the fields already observed means effectively about 30
independent pointings per cluster+parallel field pair (0.5 deg2), with 1 to 4 filters on
each pointing.

Figure 4. The range of plausible TNO spectra in Fulchignoni et al.
2008 (among many others), that goes from the bluest (really,
neutral) surfaces (BB) to very red surfaces (RR). The average
values of the reflectance in six broadband colors for these four
spectral types (Fulchignoni et al., 2008.)

Therefore, the Frontier Fields images present a unique opportunity to detect very
faint TNOs and determine their color distribution, without the expense of hundreds
of dedicated orbits that would be necessary otherwise.

Search algorithm and processing pipeline
We have already proven the reliability of our search algorithm for finding TNOs in
ACS/WFC through our extensive archive program (Fuentes et al., 2008, 2009,
2010, 2011; Fig. 3). To date we have found 14 TNOs within 5 degrees of the ecliptic
in 150 orbits (Fig. 1) and 31 more between 5 and 20 degrees from the ecliptic in
1,000 orbits. No other facility on the ground or in space allows the possibility of
detecting such faint TNOs in multiple filters. HST is the only facility that allows us to
test our hypothesis that the break in the hot TNO size distribution is due to their
collisional evolution, manifested as populations of different colors (Fig. 4).

The break in the size distribution can be explained as a signature of collisional
evolution on TNOs. Objects smaller than the break would be in collisional
equilibrium and hence should exhibit surface signatures of recent collisions. The
small end of the dynamically hot population is the least well known, as most deep
ground based searches concentrate on the ecliptic, where the density of cold
classical TNOs is higher.
Figure 5. Position of the different Frontier Fields, compared to the
ecliptic plane (thick line). The ones that correspond to Cycle 21 are
Abell 2744 and MACJ0416.1-2403. Cycle 22 has
MACSJ0717.5+3745, and MACSJ1149.5+2223. Cycle 23 will
have Abell-S1063 (RXJ2248.7-4433) and Abell-370. Their ecliptic
latitudes are -30,- 45, 15, 20, -34 and -16 degrees, respectively.

For HST, we used the individual exposures, registered with Tweakreg, to derive an
image of the fixed objects, then subtract it from each of the individual exposures. As
figure 6 shows, this technique is very efficient in removing the fixed objects, which
dominate the images in the prime fields. Then our search algorithms can look for
sequences of sources over consecutive subtracted images where they line up with
a movement that is consistent with a TNO.
We will extend this algorithm by coadding at least two different orbits. Our team has
vast experience in this “pencil-beam" technique. Bernstein et al. (2004) managed to
coadd 20 contiguous orbits at different rates of motion for fields at quadrature with a
detection efficiency limit of R 29. Fuentes et al. (2009) coadded 150 images with
SuprimeCam at Subaru taken over an entire night of observation and considering
over 1,000 different rates of motion.

Figure 1. (Left) Unbiased fraction of objects per degree as a function of inclination distribution of objects
discovered in the Deep Ecliptic Survey with precise inclinations (Gulbis et al., 2010). Each bin is shaded to reflect
the proportion of TNOs by classification: Unclassified objects (white), Resonant objects (light gray), Scattered
(medium gray), and Classical objects (dark gray). (Right) Latitudinal distribution of cold and hot TNOs (Brown,
2001).

Preliminary results
We have processed the images from Cycle 21, and to date we have performed a
shallow search of 1/7 of the unique pointings. Figure 7 shows one of the detections
from this area, which we are using to test the search algorithms and tweak the
detection parameters. We will soon expand this search to all the fields from Cycle
21, to obtain all objects that can be detected without drifted coadding. Next, we will
perform the deep search, with images coadded at different rates, to reach fainter
objects, up to ~mag 28. We anticipate this should yield tens of objects detected on
each filter, if we process all 6 Frontier Fields.
Figure 6. An example of a WFC3 exposure of cluster Abell 2744 (top),
and the result of subtracting the fixed objects from that image
(bottom).

Figure 2. (Top) Sequence of the binary TNO discovered in ACS archival data by Fuentes et al. (2010). The
component closer to the background galaxy has a F814W magnitude of 23.6± 0.3 and the other one 23.7±
0.3. The separation is 0.53± 0.01", which at a distance of 42.9± 0.6 AU gives a lower limit to their physical
separation a > 165,000±2,000 km. (Bottom) As part of our analysis we implant synthetic objects into the data
to test the efficiency with which we detect moving objects. This is a recovered fake TNO with R magnitude 27.5
in one of the Frontier Fields.
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The database we are populating with the results from the different search
algorithms is available at http://www.ppenteado.net/frontier

Figure 7. An example of a moving object
detected in our shallow search of one of the
Frontier Fields, over 3 exposures. The gray
stripe near the middle is the gap between the
two ACS/WFC detectors.

Poster available at
http://www.ppenteado.net/ast/pp_hst2020.pdf
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