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Abstract

A proposed Vera C. Rubin Observatory deep-drilling microsurvey of the Kuiper Belt will investigate key
properties of the distant solar system. Utilizing 30 hr of Rubin time across six 5 hr visits over 1 yr starting in
summer 2026, the survey aims to discover and determine orbits for up to 730 Kuiper Belt objects (KBOs) to an
r-magnitude of 27.5. These discoveries will enable precise characterization of the KBO size distribution, critical
for understanding planetesimal formation. By aligning the survey field with NASA’s New Horizons spacecraft
trajectory, the microsurvey will facilitate discoveries for the mission operating in the Kuiper Belt. Modeling based
on the Outer Solar System Origin Survey predicts at least 12 distant KBOs observable with the New Horizons
LOng Range Reconnaissance Imager (LORRI) and approximately three objects within 1 au of the spacecraft,
allowing higher-resolution observations than Earth-based facilities. LORRI’s high-solar-phase-angle monitoring
will reveal these objects’ surface properties and shapes, potentially identifying contact binaries and orbit-class
surface correlations. The survey could identify a KBO suitable for a future spacecraft flyby. The survey’s size,
depth, and cadence design will deliver transformative measurements of the Kuiper Belt’s size distribution and
rotational properties across distance, size, and orbital class. The high stellar density in the survey field also offers
synergies with transiting exoplanet studies.

Unified Astronomy Thesaurus concepts: Kuiper Belt (8§93); Sky surveys (1464)

1. Introduction soon be underway with Rubin first light scheduled for the
summer of 2025.%> When operational with LSSTCam, the
8.36m Simonyi Survey Telescope will image a 9.6 deg”
circular field of view (FOV) with a 30 s cadence, alternating
between u, g, 1, i, z, and y bands. This special issue presents
several cadence scenarios developed during the LSST’s
** DIRAC Postdoctoral Fellow. planning phases, a critical step toward understanding the

optimal operations of this multiyear survey. The currently
Original content from this wor.k may be uned under the terms planned cadence for LSST (see F. Bianco & F. The Rubin
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The Vera C. Rubin Observatory is nearing operations with
the recently completed commissioning camera run. At the time
of writing, the Legacy Survey of Space and Time (LSST) will
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Observatory Survey Cadence Optimization Committee 2024)
will enable the discovery of an unprecedented number of small
solar system bodies, including trans-Neptunian objects
(TNOs), determining precise orbits and physical properties
for many more such bodies than are currently known. Rubin
will genuinely transform our knowledge of the solar system.

As the start of the LSST nears, the details of how Rubin
Observatory will operate are becoming apparent, and there
now exists the possibility that the facility’s scheduling budget
may accommodate a set of “microsurveys” (consuming more
than 10 hr but less than 100 hr) (F. B. Bianco et al. 2022;
F. Bianco & F. The Rubin Observatory Survey Cadence
Optimization Committee 2023, 2024). For example, time
gained by moving from doublets of 15s exposures to single
30 s exposures, one-snap mode, could provide many 100s of
hours for microsurveys.

At the same time, the solar system research community has a
second unique opportunity. NASA’s New Horizons mission was
specifically designed to characterize bodies in the Kuiper Belt and
has made critical, unique contributions, including: (1) Under-
standing the Pluto—Charon system at an unprecedented level (e.g.,
S. Desch & M. Neveu 2017; M. L. Wong et al. 2017; S. A. Stern
et al. 2015, 2019; V. A. Krasnopolsky 2020). (2) Transforming
our understanding of small Kuiper Belt objects (KBOs;
S. A. Stern et al. 2019) yielding new constraints on chemistry
(W. M. Grundy et al. 2020), cratering and KBO size distributions
(K. N. Singer et al. 2019; S. J. Robbins & K. N. Singer 2021),
and processes associated with planetesimal accretion (e.g.,
S. A. Stern et al. 2019, 2023; W. B. McKinnon et al. 2020;
D. Nesvorny et al. 2021, 2022, 2023a, 2023b). (3) Enabling
studies of small KBO properties (shapes, close satellites, surface
characteristics) in ways not otherwise achievable (S. B. Porter
et al. 2016; A. J. Verbiscer et al. 2019, 2022).

The spacecraft, currently ~61 au from the Sun, continues to
be healthy as it moves through the distant Kuiper Belt at a rate
of ~3au yr_1 for another ~15yr. Like all missions, New
Horizons has answered many science questions and raised
others. Although the probability of finding a suitable target is
low, the close flyby of a more distant KBO, some 2-3 times
further from the Sun than Arrokoth, would be an unprece-
dented and extraordinary scientific and exploration opportu-
nity. Depending on the orbit, these objects could provide
in situ measurement of a surface that has experienced a
different thermal history than experienced by either Pluto or
Arrokoth, thus providing a revolutionary perspective on the
evolution of these otherwise inaccessible bodies. New
Horizons is the only spacecraft currently operating in the
Kuiper Belt, providing a once-in-a-generation opportunity to
observe distant KBOs up close.

Here, we consider the opportunity to use a deep-drilling
cadence to conduct a Rubin microsurvey to transform our
understanding of the Kuiper Belt and find new targets for New
Horizons to observe: the New Horizons Deep Drilling Field
(NHDDF). This white paper builds on the deep-drilling field
for solar system science described in D. E. Trilling et al.
(2018), utilizing recent Rubin calibration and operational
information, focusing on coordination on the NHDDF, and
using recent population models developed by the Outer Solar
System Origins Survey (OSSOS; M. T. Bannister et al. 2018).
The currently planned Rubin deep-drilling fields*® do not

26 https: / /survey-strategy.lsst.io /baseline /ddf.html
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provide any significant possibility for KBO discoveries as they
occur at high ecliptic latitude where the sky density of KBOs is
very low. The field closest to the ecliptic plane, COSMOS,
at 8° ecliptic latitude, will be blind to the cold classical Kuiper
Belt, a population critical to understanding planetesimal
formation. The proposed observing cadence is to stare at a
single LSST pointing for the maximum low-air-mass time
available in the NHDDF, namely ~5 hr, on 6 nights/visits to
secure orbits and basic classification of the detected sample.
Such a project would deliver both unique science on its own
and enable the exploitation of New Horizons’ unique
capability to observe from within the Kuiper Belt while
providing a chance to find a new distant encounter target for
the spacecraft to explore. Independent of this opportunity, this
microsurvey will illuminate fundamental details of this region
of space that have never been feasible to investigate and
complement the LSST goals.

2. Deep Drilling in the Solar System with Rubin

Wide-area ground-based TNO surveys have systematically
reached a depth of r ~ 26.5 (see W. C. Fraser et al. 2024a;
K. J. Napier et al. 2024; F. Yoshida et al. 2024, for recent
examples). These surveys use digital tracking techniques, often
combined with machine learning—based image recognition, to
“shift-and-stack” multiple short exposures. In particular,
W. C. Fraser et al. (2024a) utilizes the kbmod (H. Smotherman
et al. 2021) routine, which was specifically developed to operate
on images processed through the Rubin LSST Science
Pipeline. W. C. Fraser et al. (2024a) conducted their search
in the sky location that is coincident with the New Horizons
trajectory. They have demonstrated the ability to achieve near-
photon-noise-limit depths on full stacks of digitally tracked
images. As outlined in Section 3, a single field Rubin
microsurvey using modern digital tracking should achieve a
depth of r ~ 27.5, the deepest ground-based KBO survey to
date, discovering over 700 new KBOs. New search techniques
that enable multinight stacking (such as reported by K. Napier
2024) could extend the limit of detection even further, perhaps
as deep as r ~ 28.2. Even at slightly shallower depths, Rubin
will significantly benefit New Horizons, studies of the Kuiper
Belt, and studies of other solar system bodies. Figure 1
presents a view of the currently available, ongoing, or planned
KBO surveys; this Rubin microsurvey would probe new
depths and provide the significant populations needed to
enable new science.

2.1. Kuiper Belt Science

The Rubin Observatory LSST camera’s wide FOV,
combined with expected deep-drilling depths, enables the
characterization of a deep, extended Kuiper Belt in detail for
the first time. Current ground-based detections of distant
KBOs, see Figure 2 (W. C. Fraser et al. 2024b; F. Yoshida
et al. 2024), as well as measurements by the New Horizons
Venetia Burney Student Dust Counter (SDC; A. Doner et al.
2024), give evidence for a potentially sizable component to the
disk further out. The >700 KBOs (Table 1) that this proposed
30hr observation program (Shr per visit over six visits
spanning two oppositions) of the NHDDF will detect include a
significant fraction of small objects with H < 11 (or smaller,
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Figure 1. Coverage and depth from various published (blue) and ongoing or planned (red) TNO surveys. The proposed project (Rubin-NHDDF) would reach deeper

into the KBO population, opening a new component of this phase space.

dependent on cumulative observing time and sky conditions,
see Section 3 for details). These small objects probe a region
of the size distribution, see Figure 3, which has been
historically limited to space-based telescopes, which come at
an exceedingly high observing cost despite the woefully tiny
FOVs. Figure 4 shows the probability function versus
discovery distance from New Horizons for Rubin discoveries
with projected magnitudes of V < 20.5 in the spacecraft’s
LOng Range Reconnaissance Imager (LORRI; A. F. Cheng
et al. 2008; H. A. Weaver et al. 2020). A New Horizons close-
flyby target would need to be discovered within about 0.03 au
of the spacecraft’s current trajectory. Determining the precise
likelihood of a flyby is contingent on a more secure
determination of the population of the extended Kuiper Belt.

2.2. New Horizons Science

At 61 au, New Horizons is uniquely positioned to explore
KBOs in the outer solar system. Owing to the size of the
Earth’s orbit, objects beyond Neptune are only visible at solar
phase angles (Sun-KBO-observer) <2° from Earth-based
observatories. Observations at larger phase angles are only
accessible to spacecraft far from Earth, and New Horizons is
the only spacecraft planned to fly between 61 and 106 au for
decades. New Horizons LORRI has already observed about
three dozen KBOs at high phase angles, characterizing their
surface scattering properties, shapes, rotation poles, and
periods (S. B. Porter et al. 2016; A. J. Verbiscer et al.
2019, 2022). By applying photometric models to disk-
integrated solar phase curves of KBOs, New Horizons has
already found correlations between phase function and surface
composition (A. J. Verbiscer et al. 2022). KBOs with highly
volatile ices on their surfaces have shallower phase curves than
those without volatiles, like Arrokoth. These high-phase-angle
observations provide insight into object composition and, by
inference, its formation location. Six of these objects were
observed when closer than 1 au to the spacecraft; one was

found to be a tight binary on a presumably circular orbit,
another a contact binary, and a third very likely a binary
(H. A. Weaver et al. 2022). Rotation light curves acquired at
multiple high phase angles have also revealed a high fraction
of contact binaries (S. Porter et al. 2024), suggesting that more
than 50% of the small KBO population are in multiple or
contact systems. The closeness of these binary pairs and pole
projections of the contact systems required the resolution and/
or viewing geometry of LORRI to be revealed. Since New
Horizons has left the densely populated classical Kuiper Belt,
the KBOs that this Rubin microsurvey would find for study
with LORRI are members of more distant populations, some
with apoapses that extend beyond the heliopause. Modeling
based on the known Kuiper Belt indicates that LORRI would
be able to view the ~3 targets within 1 au, providing high
spatial resolution for tight satellite discoveries and nine
additional targets at a longer range.

2.3. The Distant Kuiper Belt

At the time of writing, numerous ultradeep surveys are
ongoing. The main goals of these surveys are to measure the
size distribution of Kuiper Belt populations down to much
smaller sizes and with significantly higher fidelity than
previously done (e.g., H. Smotherman et al. 2024, see
S. M. Lawler & R. E. Pike 2024 for a recent summary). One
of the surprising results coming from some of these surveys is
the potential discovery of a heretofore unrecognized massive
population of distant bodies. Observations presented by
W. C. Fraser et al. (2024a) imply distant regions that were
previously thought to be relatively empty have a factor of ~4
more objects at a distance r 2 70 au than detected in previous
surveys (M. T. Bannister et al. 2018). Such a population would
rival the most massive subpopulations of more proximate KBO
populations, such as the population of 3:2 mean-motion
resonators, and would represent a significant increase in the
bounds of what was previously considered the outer bound of
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Figure 2. (Left) Figure 3 from A. Doner et al. (2024, used with permission), showing SDC flux estimates for particles with a radius greater than 0.63 pm from 1 to 55
heliocentric astronomical units. Each point averages the flux measured by each film across each 3 au traversed by the New Horizons spacecraft. (Right) Figure 1 from
W. C. Fraser et al. (2024b, used with permission), showing the inclination and distance of the New Horizons discoveries from Subaru Telescope Hyper Suprime-Cam
observations 2020-2023. A histogram of the heliocentric distances is shown in the bottom panel, with a bin width of 5 au chosen to be similar to the typical
uncertainty of the objects with best-fit heliocentric distance R > 70 au. These data suggest that many KBOs are located ahead of New Horizons and may be

accessible to it for observation.

Table 1
Expected KBO Discoveries from the New Horizons Deep-drilling Field
No. Obs.

Search Depth r  No. <1 au by NH Total No.  Rubin Time
(50) (hr)*
27.0 1.2 6 450 12
27.5 2.9 12 780 30
28.0 4.6 22 1280 75
28.5 7.6 38 2000 180

Note.
 Total time required to enable discovery and first-order orbit determination,
six Visits over one year.

the known Kuiper Belt (~55 au; referred to as the Kuiper
cliff). Such objects could even be the start of the Kuiper wall,
representing a rebound in the primordial surface density of the
Sun’s protoplanetary disk (E. I. Chiang & M. E. Brown 1999).
A putative Kuiper wall could have escaped detection under the
assumption that such a distant population may have formed
with a truncated size distribution that, as did the cold classical
Kuiper Belt, and is devoid of objects with H, < 5 (B. Gladman
& K. Volk 2021; L. Peltier et al. 2022). Wide-area surveys
would need to have reached depths of r < 24.5 to have found
the very largest objects, of which there would be only a few in
such a population.

Fundamentally, this Rubin microsurvey will elucidate the
distant regions beyond the main Kuiper Belt in ways otherwise
currently unobtainable (J. Kavelaars et al. 2020). At 70 au
objects with r = 27 have H, ~ 8.5. If the size—frequency
distribution of the distant bodies follows the slope typical for
KBOs in a similar size range (N(H) 1097, o ~ 0.6), then the
sky density of these distant objects at magnitude r ~ 27.5 will
be roughly 4 times higher than at the current state-of-the-art
Subaru depths (» < 26.5). As such, considering the Rubin areal
coverage and depth, we would expect ~80 newly detected

objects at and beyond 70 au. (W. C. Fraser et al. (2024a)
reported 11 in 5 deg? compared to Rubin’s 11 deg® FOV.)
Given the wide range of distant Kuiper Belt population
estimates, the chance this survey could find an encounter target
for New Horizons is difficult to assess without more precise
knowledge of this putative distant population. Should this
distant population be confirmed, the chance of finding an
encounter target is significantly enhanced. However, this
enhanced distant population is only putatively detected, and its
orbital distribution is unknown. Predicting the encounter
probability based on this imprecise knowledge is premature.
This Rubin microsurvey would confirm this distant population,
enable its first direct characterization, and provide the tracking
observations needed to ensure a high level of veracity to the
detections of these distant bodies to confirm the previously
reported overdensity, compared to the OSSOS++ model
(J.-M. Petit et al. 2023a).%’

If these distant KBO origins are with the dynamically
excited KBOs, then one would expect them to have moderate
to high inclinations and eccentricities, and their orbits would
be coupled to Neptune. Objects in resonance with Neptune
come to their apocenters in the area searched by W. C. Fraser
et al. (2024a) and could be an explanation for their detections.
If these distant objects formed from a cold disk and were
pushed out during smooth migration, they would be found with
low inclinations and moderate eccentricities, still dynamically
coupled to Neptune, or, if they are from a second Kuiper Belt,
they would be entirely uncoupled from Neptune. Current data
poorly constrain the orbital distribution of the distant objects
reported by W. C. Fraser et al. (2024a). In these circular orbit
cases, one might expect a truncated size distribution to have

7 The OSSOS+-+ Kuiper Belt model assembles the classical Kuiper Belt,
resonant, scattering, and detached populations described in a series of papers
from the OSSOS group: M. T. Bannister et al. (2018), S. M. Lawler et al.
(2018), J. J. Kavelaars et al. (2021), B. L. Crompvoets et al. (2022), J.-M. Petit
et al. (2023b), and M. Beaudoin et al. (2023).
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Figure 3. H magnitude distribution for KBOs discoverable at the New Horizons search location as a function of survey depth. The input model is the OSSOS++
model and does not include the putative distant population; see text for details. The corresponding size of these objects, assuming an albedo of py = 0.10, is shown
along the top axis. The y-axis is the number of objects discovered at each H magnitude/size based on survey magnitude depth, denoted by the color shown in the

inset key.

hidden them from the view of wide-area surveys with limits
of <24.5.

2.4. Size Distribution, KBO Formation, and Cratering

Through the brightness range » < 26, where the sample of
KBOs has been measured robustly, we see a size distribution
that is compatible with expectations from modern planetesimal
growth models, such as the streaming instability (J. J. Kavelaars
et al. 2021; J.-M. Petit et al. 2023b; K. J. Napier et al. 2024).
Available surveys demonstrate that the number-density
distribution of objects smaller than ~400 km diameter,
through the observable range, results in a uniform total mass
per unit size. As such, observations of objects in this size range
provide limited leverage on protoplanetary disk models. Only
at the faint end of what is reachable from current telescope
offerings does the distribution exhibit deviations away from
equal mass per size bin (K. J. Napier et al. 2024). These
deviations are critical in elucidating the formative processes
outer solar system objects have experienced, but available
measurements come with extremely poor fidelity simply due to
the low numbers of small KBOs detected to date; at the time of
writing, only ~10 KBOs fainter than r = 26.5 have ever been
detected with robust orbit determination (G. M. Bernstein
et al. 2004; H. Smotherman et al. 2024). Simulations of
macroscopic bodies formed via streaming instability predict
that below a specific size, objects are no longer the primary
accretion products of pebble-cloud collapse but rather are the
unaccreted detritus that is ejected during collapse (e.g.,
J. E. Robinson et al. 2020; B. Polak & H. Klahr 2023).
Probing this process requires reaching sizes below those
produced by pebble-cloud collapse, providing evidence for
how collisionally evolved this small-sized material is, how
high the collisional interactions during accretion were, and
what the accretion efficiency (mass ratio of detritus to

macroscopic bodies) is. All of these are fundamental to
understanding planetesimal growth and currently remain out of
reach, at least until this microsurvey is executed.

There are no known plans to conduct surveys that go both
broad and deep enough that they can directly connect the large
(D > 200km) object slope and small (D < 20km) object
slopes to provide a robust measure of the preferred size scale
of the Kuiper Belt’s planetesimal population. This Rubin
microsurvey will provide a sample of KBOs that vastly
improve upon the known faint sample while simultaneously
directly connecting to the bright object distribution (~10
objects with r < 23.3 will be in the FOV). A survey to r < 27.5
will provide a sample of <730 discoveries, with the majority
being fainter/smaller than where the fidelity of the known
sample crumbles. The discovered sample will increase by a
factor of ~2x for every ~0.5 mag increase in depth limit.

2.5. Rotational Light Curves

The planned survey cadence will also provide an excep-
tional measure of the rotational properties of the KBOs,
another indicator of the planetesimal formation process.
Exposures for each of the six visits will be 30 s, resulting in
540 exposures per 4.5hr of integration (taking 5hr with
overheads) at each visit. The NHDDF field is included in the
planned coverage of LSST. Based on the recent operational
simulations (one_snap_v3.6_10yrs.db; doi:10.11570/25.0091)
this field will be visited ~100 times per filter throughout the
survey. Based on simulations using one_snap_v3.6_10yrs.db,
the OSSOS++ model, and Sorcha (see Section 3 for
details), we expect the LSST project will provide an orbital
classification for the ~30 KBOs within the NHDDF. For this
sample of objects, the deep sampling provided by the NHDDF
fields will enable detailed studies of the rotational state of the
objects. This information can be used to further explore the
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Figure 4. The probability density (p) vs. discovery distance from the New Horizons spacecraft for Rubin discoveries with projected LORRI magnitudes of V < 20.5
and currently beyond 70 au. Approximately 40% of objects discovered beyond 70 au will come within 1 au of the spacecraft.

relationship between object shape and size, an indicator of
collisional evolution processes in the outer solar system
(S. D. Benecchi & S. S. Sheppard 2013).

In addition to this, combining data across and within visits
will enable the determination of light-curve amplitudes for
much fainter sources (see R. Strauss et al. 2024, for example)
and will provide bulk-shape information. A rolling window
through the full time series will allow likelihood-based
measurements of the amplitudes of light curves for these faint
objects. For example, measurement at 100 of 26th magnitude
sources requires approximately 150 exposures (based on the
5o limit of 27.5 in 540 exposures). Each visit will provide four
independent time windows during which sources as faint as
26th magnitude can be measured at 100. The expectation is to
achieve six visits to the field, resulting in 24 (6 x4)
independent flux measurements. If the timing of the mid-
observation for each visit is shifted by 1 hr per night, and the
observations taken weeks and months later are further shifted
in time, this will remove the 12 and 24 hr aliases from this
coarse sampling of these faint light curves. The 24 samples of
about 1.25hr duration each will provide the rotation
amplitudes, and thus bulk-shape information, for 100 KBOs.

2.6. Occultation Opportunities

Near Galactic coordinates [ = 17.5, b = — 14.8, the
NHDDF is near the Galactic center and has a high stellar
density (see Figure 5). Although challenging, previous
searches (e.g., W. C. Fraser et al. 2024a) have demonstrated
the feasibility of difference imaging in this part of the sky,
achieving near-photon-noise-limit detections using the LSST
Science Pipeline’s differencing engine. At the same time, the
high stellar density provides a high likelihood that many newly

discovered objects can have their physical sizes measured via
predicted stellar occultations. Among the sample of discovered
objects that have occultations, some will be drawn from the
~100 KBOs of which we expect to have determined rotational
light curves, providing the opportunity to link these objects’
light-curve-derived shapes and occultation-measured shapes.
Existing occultation facilities (e.g., M. W. Buie &
J. M. Keller 2016) and teams will pursue many of these
opportunities. Occultation-based shape measurements will
provide a solid link between the physical shapes of these
KBOs and their rotational light curves, further enhancing our
knowledge of the formation and evolution processes at work in
the Kuiper Belt.

3. Solar System Deep-drilling Observing Strategy
3.1. Cadence

This survey aims to detect the faintest moving sources
within a microsurvey budget while obtaining sufficient visits to
enable moderately precise orbits. Sky motion is a few
arcseconds per hour for distant solar system bodies (those
beyond 30 au). For such distant bodies, measurements at four
epochs in a single observing season, two visits in each of two
different lunations, are sufficient to achieve the ephemeris
precision needed to enable linking in the following year. In the
following year, one must obtain measurements at two epochs
to secure the recovery of the object. Given the field location,
the opposition observations (two visits) should occur in July,
while the two tracking visits would be best scheduled in
September. One year later, the recovery should occur over two
visits separated by a few nights and taken between May and
August of the following year. With these two epochs of
observation, one can compute accurate distances and orbital
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63.73° x 61.62°

Figure 5. The opaque circle indicates the NHDDF relative to the Galactic plane (image from 2MASS M. F. Skrutskie et al. 2006) displayed using the Aladin Sky
Atlas (F. Bonnarel et al. 2000). The coordinate grid is latitude by longitude in ecliptic degrees.

inclinations and have some security in the determination of the
semimajor axis of the orbit (see, for example, Figure 10 in
M. T. Bannister et al. 2016). This information is sufficient to
determine the size distribution, particularly to separate objects
into the two main KBO orbital groups of “cold” and “excited”
orbits. Those objects found beyond 70 au, of which the
OSSOS++ model predicts as many as ~40, can be pursued
using large-aperture and space-based facilities with smaller
FOVs but greater sensitivity (e.g., Hubble Space Telescope,
JWST, Gemini, Magellan). Visits consisting of 5 hr integra-
tions would allow for the six needed visits within the expected
30 hr limit for microsurveys.

3.2. Depth

Given the interplay between object reflectivity and solar flux
and the desire to achieve the faintest (small and or distant)
detections possible within the time constraints, the survey
observations will be obtained in a single Rubin filter, r. A
depth of » ~ 27.5 can be achieved in each of the six visits to a
single Rubin FOV with a 30 hr investment of observing time.

For the moving-source discovery and tracking cadence
proposed here, we limit our total exposures to be within a
single night and when the field is above an air mass of 1.5,
providing ~4.5 hr of exposure time per night both when the
field is at opposition and 8 weeks later when the field would be
reobserved to enable recovery observations of sources detected
during opposition. Utilizing the latest throughput information
expressed in rubin_scheduler.utils.m5 scale,”
sky brightness from the ESO Sky Model,” an average air
mass of 1.3 and 540 30 s exposures predicts a stack depth of
m, ~ 27.5. A solar system object survey to this depth over this
area of sky with built-in tracking will be unprecedented.

3.3. Field Selection

To enable detection of sources that can be observed from New
Horizons requires observing the field near R.A.=2894,

28 hitps: / /rubin-schedulerlsst.io/

29 hitps:/ /www.eso.org/observing/etc/bin/gen /form?INS.
MODE=swspectr+INS.NAME=SKYCALC
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Figure 6. New Horizons search field with the Rubin footprint (pink circle). This plot shows the current sky locations of model objects (black points and sky-density
contours) that pass within 1 au of New Horizons between 2027 and 2040 and have r < 28.5 in 2026 July. The model is based on the OSSOS++ sample (J.-M. Petit
et al. 2023a) and is a 20x oversampling of the expected total population of the Kuiper Belt.

decl. = —20.2 (Figure 5). This field is defined as the search
region for objects that are at least 66 au from the Sun between
2027 January 1 and 2040; are within 7° on the sky of New
Horizons’ location as seen from the Earth in 2026 July (see
Figure 6); will pass within 1 au of New Horizons before 2040;
and will have r < 28.5 in 2026 July. Model orbits are drawn from
the OSSOS++ Kuiper Belt model.

Previous surveys at this longitude have revealed an over-
density of sources, while deep surveys at other longitudes
(e.g., K. J. Napier et al. 2024) have not reported an overdensity
of distant objects. This result may indicate that the
W. C. Fraser et al. (2024a) detections are Neptune-resonant
objects coming to apocenter at this longitude; the Rubin-
NHDDF survey will reveal if this is the case.

In addition to providing targets for LORRI, the high stellar
density in this field enables the occultation science case and
the possibility of conducting parallel surveys for variable stars
and transiting planets near the disk of the Milky Way.

3.4. Expected Detections

We used the 1.0b release of the Sorcha (M. J. Holman et al.
2025; S. R. Merritt et al. 2025) package to simulate the impact of
our cadence, total integration time, and field choice on the
number of KBOs detected. Sorcha computes the ephemeris of
the objects, given an orbit input file, and determines if the object
lands on the footprint of LSSTCam, given a database of
pointings. For sources on the footprint, Sorcha determines the
flux, including sky and shot noise, Rubin would measure in the r
filter using an assigned H value, the ephemeris, and the phase
angle of the observation. (We used Sorcha’ s HG phase model
with a slope of 0.15.) To ensure that Sorcha did not model in
trailing losses we modeled the NHDDF observations as a series
of visits to a single Rubin pointing where each visit consisted of a
single 30's exposure whose 5o limit was varied between 27 and
28.5 in r using Sorcha’ s fading function to express the shape
of the detection efficiency curve, setting the width to 0.15 and
peak detection efficiency to 0.85 (to account for some area loss
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Figure 7. Example of detection of a real moving object made via the shift-and-stack technique from W. C. Fraser et al. (2024a). Top: three individual frames
acquired with the Hyper Suprime-Cam on the Subaru Telescope. Red circles mark the object’s positions, barely visible above the noise floor. Bottom: shift-stacks of
difference imagery from the same regions as presented above. The stacks were made at rates of motion of 0.5, 1.0, 1°5, and 20 hr™" (left to right). The true rate of

motion of the object is 19 hr™".

due to nearby bright stars). The short 30s exposure used to
simulate our full stack depth ensured no trailing losses (which
Sorcha simulates). In the real survey, the detection is
conducted using a shift-and-stack process on the 540 30s
exposures on a grid that mitigates trailing loss. The six visits
were spaced with two near opposition, two about 8 weeks
later, and two about 1 yr later. Each visit was assigned an
image quality of 0.8, typical of expectations for Rubin. The
Sorcha tracklet-linking step was not used. Instead, we
collated the object and field ID values to determine which
model objects were detected in each visit. We ran 20
realizations of the OSSOS++ model for each flux limit.
Based on these simulations (see Table 1), we find the NHDDF
would result in the detection of 780 = 50 KBOs, and the offset
strategy, trailing the field at the mean motion of all sources
beyond 50 au, results in ~94% of all KBOs in the model being
recovered in the second opposition.

Based on these simulations, we expect the survey to discover
~12 KBOs observable by LORRI, of which ~3 will approach
within 1 au of New Horizons. Table 1 shows the number of
KBOs projected to be within 1 au of the spacecraft for different
survey depths. Estimates provided here are based on the OSSOS
++ model and do not include the putative distant population
reported in W. C. Fraser et al. (2024a); including that population
would double or quadruple the distant detections. A search to
m = 28.5 would require a total of 200 hr. Nevertheless, even a
microsurvey of 30 hr on the New Horizons field proposed here
yields a significant possibility for objects accessible for
observations from the spacecraft. If the enhanced population
reported in W. C. Fraser et al. (2024a), which we have not used in
our detection estimate here, proves correct, the number of targets
seen within 1au will be a factor of ~4 higher. While the
probability of one of those targets being a flyby candidate is low,
it is not zero.

3.5. Scheduling

As New Horizons moves farther through the belt, the
opportunity for observations and encounters diminishes,
making discovery and follow-up urgent. For all objects that
could potentially be targeted by New Horizons or that are
sufficiently scientifically interesting, we will propose follow-
up observations with JWST and/or HST to provide additional
astrometry to refine their orbits and measure their broadband
colors. In 2020, the New Horizons project demonstrated this
process with KBO targets discovered by Subaru in June—July,
recovered by Subaru in August-September, recovered with
HST in November, and then observed by New Horizons in
December. A similar timeline for objects discovered in the
2026 July—August or 2027 oppositions by a Rubin micro-
survey would be possible; with rapid follow-up the field passes
through the HST field of regard, starting ~45 days after
opposition and lasting ~50 days enabling LORRI observations
as early as the spring of 2027 or 2028 (observations with
Rubin in early fall 2025 would enable New Horizons follow-
up in 2026).

3.6. Analysis Techniques

Because Pluto was traversing the Galactic plane when New
Horizons flew past it, most of the search region for spacecraft
flyby targets has been in highly populated stellar fields. This
Rubin survey must, therefore, also be carried out near the
Galactic plane (b ~ —14.8) and at a position along the New
Horizons trajectory because it allows both characterization of
the deep Kuiper Belt and the potential discovery of one final
flyby object for the spacecraft (Figure 5). W. C. Fraser et al.
(2024b) and F. Yoshida et al. (2024) have developed shift-and-
stack techniques (see Figure 7), which provides nonsidereal
stacks of images acquired within a single night for source
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Figure 8. A sample of image-series stacks followed by subtraction of a sky template of stable sources, and then identification of moving objects within those

differenced images.

detection and link those source detections on separate nights
for validation of detection objects. The technique does not
require a separate set of template observations as the reference
image used for differencing is built from the microsurvey
observations. The field shifts between nights are blind to the
detection process (i.e., the detections from one night are not
used to plan future fields), and the template is built from the
microsurvey observations combined across multiple visits.
Over time, highly effective machine learning techniques have
also been developed to cope with these dense sky backgrounds
and false positives (Figure 8; see also M. W. Buie et al. 2024;
W. C. Fraser et al. 2024a; K. J. Napier et al. 2024). These
techniques will be applied to search for KBOs in the proposed
microsurvey, but they can also be used to search for other
small-body populations in the NHDDF.

4. Summary

This white paper proposes an extremely deep Rubin
microsurvey in the New Horizons trajectory field (the
NHDDF) to both look for spacecraft-accessible KBOs for
close flyby or distant study at high-solar-phase angles and
possibly at high spatial resolution and to investigate funda-
mental properties of the distant solar system. As designed, this
survey, using 30 hr of Rubin time spread over six 5 hr visits
(four spanning two lunations in the first year, two in the
following year), will discover and determine orbits for as many
as 730 KBOs to a Rubin r magnitude of 27.5, providing a
unique opportunity for groundbreaking Kuiper Belt science
specifically related to the size distribution. It may discover as
many as 12 KBOs observable with the New Horizons LORRI
camera and ~3 objects within 1 au of the spacecraft. Rapid
follow-up of particularly interesting Rubin discoveries with
HST or JWST could enable New Horizons observations as
early as one year after the discovery opposition visits.
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