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Solar System Science with LSST
• Depth and discovery - order of 

magnitude increase in known 
objects


• Number of observations - enables 
phase/light curve analysis


• Multiple filters ugrizy - colour 
characterisation


• Rapid "real-time" alerts (60s) - 
followup opportunities

LSST Science Book Ch.5

through old Palomar Sky Survey plates
showed that the orbit predicted for this 
asteroid was identical to that of a comet dis-
covered by Wilson and Harrington in 1949
(ref. 6). So asteroid 1979 VA had been a
comet 30 years earlier and is now known as
107P/Wilson–Harrington!(4015) Wilson–
Harrington.

The third object to receive a dual desig-
nation is 133P/Elst–Pizarro!(7968) Elst–
Pizarro. Its orbit is very similar to that of a
main-belt asteroid circling the Sun between
the orbits of Mars and Jupiter, but it dis-
played a temporary, comet-like dust tail in
1996 (ref. 7).

Crossed paths
In the 1950s Jan Oort argued that comets
with long orbital periods (millions of years)
must spend most of their time in a vast
spherical cloud surrounding the planetary
system. There is no direct observational evi-
dence for this so-called Oort cloud, but it is
thought to extend out to about 100,000
times the Earth’s distance from the Sun, or
100,000 astronomical units (AU). Later work
on the origin of the long-period comets
established that they formed in the region
between the orbits of Jupiter and Neptune as
the leftover bits and pieces from the forma-
tion of the Solar System. Once formed,
many of these comets suffered close gravita-
tional encounters with the major planets
and were thrown either out of the Solar Sys-

accepted that this asteroid, and a handful of
others that have associated meteor streams,
are defunct comets that have lost the ability
to emit gas and dust.

A few years earlier, in 1977, the asteroid
Chiron had been discovered in an orbit that
takes it from just inside the orbit of Saturn 
to just inside the orbit of Uranus (Fig. 2,
overleaf). There are now a few dozen of these
so-called Centaurs, asteroids whose orbits 
lie in the outer planetary region. Although
initially labelled as an asteroid, by early 1988,
when it was approaching its minimum dis-
tance from the Sun (its perihelion), Chiron
began to act in a decidedly non-asteroidal
and more comet-like way. First, it became
abnormally bright; then in 1989 it developed
a dust atmosphere; and by January 1990
cyanogen gas emission was detected spec-
troscopically3–5. Chiron was the first object 
to receive a double designation as both an 
asteroid and a comet. It is now known as 
the ninety-fifth periodic comet (95P) and
the two-thousand-and-sixtieth numbered
asteroid (2060). So we have 95P/Chiron!
(2060) Chiron.

To date, three objects have been officially
recognized as having split personalities and
have received a dual designation. The second
is asteroid 1979 VA, which was discovered 
in 1979 in an eccentric, comet-like orbit. It
comes as close as the Earth to the Sun, so one
would expect it to produce gas near its peri-
helion if it were an active comet. A look back

Scientists have a strong urge to place
Mother Nature’s objects into neat
boxes. For most of the past half century,

the comets and asteroids of the Solar System
did seem to belong in two separate popula-
tions — each within their own box. The rules
were that comets, with a wide range of orbits,
were solid, dirty iceballs originating in the
so-called Oort cloud at the edge of the Solar
System. Asteroids were defined as bits of rock
confined mostly to a region between Mars
and Jupiter and travelling roughly in the
same plane and in the same direction as the
planets about the Sun (Fig. 1). From time to
time over the past 50 years, objects were
found that did not really belong in either
box, but they were only considered as occa-
sional exceptions to the rules. Within the
past few years, however, Mother Nature has
kicked over the boxes entirely, spilling the
contents and demanding that scientists rec-
ognize crossover objects — asteroids that
behave like comets, and comets that behave
like asteroids. As a result, the line between
comets and asteroids is no longer clearly
drawn.

Crossover objects
The modern model for the nucleus of a
comet began with Fred Whipple in 1950–51.
Whipple’s ‘dirty iceball’ model for a
cometary nucleus proposed a solid body, a
few kilometres across, that is made up of 
various ices (frozen water, methane, ammo-
nia, carbon dioxide and hydrogen cyanide)
in which dust is embedded1,2. This model can
explain the impressive dust tails we associate
with comets passing the Sun. Dust particles
are liberated when the ices vaporize as the
comet approaches the Sun, and they get
blown away by solar radiation pressure,
often forming impressive, gently curved 
dust tails.

As the comet ages, dust becomes strewn
all the way around its orbit. So when the
Earth intersects this stream of cometary
debris, a meteor shower (or storm) is the
result. Almost all well observed meteor
showers are associated with known comets.
This was a neat, easily understood picture 
of the cometary ageing process. But it was
Whipple himself who pointed out in 1983
that the orbit of the Geminid meteor stream
was very similar to that of a recently discov-
ered asteroid (3200 Phaethon) rather than a
comet. Asteroid 3200 Phaethon is in a rather
eccentric, comet-like orbit, and it is generally
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news and views feature

Small bodies of the Solar System
Don Yeomans

Discoveries of comets that behave like asteroids and asteroids that behave
like comets are making us reassess our view of Earth’s smallest neighbours.
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Figure 1 The usual view of comets and asteroids. The inner Solar System contains the Sun and the
four terrestrial planets: Mercury, Venus, Earth and Mars. The lumps of rock that make up the main
asteroid belt between Mars and Jupiter orbit the Sun in the same plane and the same direction as the
planets. Most comets have highly elliptical orbits, which means they spend most of their time in the
outer reaches of the Solar System with only brief passages close to the Sun.

© 1999 Macmillan Magazines Ltd

Traditional view 
of asteroid and 

comets 
(Yeomans 2000)



Rapid Solar System Science
Certain Solar System Objects (SSOs) will benefit 
from rapid discovery and followup:


• Interstellar Objects (ISOs) - limited observation 
window


• Near-Earth Objects (NEOs) - impact hazard 
and characterisation of small SSOs


• Active Objects - transient periods of activity/
outburst

Comet 12P outburst 
Comet Chasers/LCO

Final detection of impacting NEO 2024 BX1 
L. Buzzi, G. V. Schiaparelli Observatory



3I/ATLAS = C/2025 N1 (ATLAS)
4

Table 1. Initial orbit of 3I/ATLAS, computed with 132 as-
trometric observations (three excluded as outliers) extending
from 2025 June 14 to 2025 July 1. Heliocentric orbital ele-
ments at the epoch of 2025 July 1.0 TT.

Orbital element Value ± 1�

Perihelion distance q [au] 1.3655706 ± 0.0137087

Eccentricity e 6.202526 ± 0.104953

Inclination i [�] 175.11370 ± 0.00460

Longitude of ascending node ⌦ [�] 322.19723 ± 0.11135

Argument of perihelion ! [�] 127.88693 ± 0.14201

Time of perihelion TP [MJD, TT] 60977.39531 ± 0.21759

wards a Right Ascension of ⇠ 295� and a Declination of
⇠ �19�, in the constellation of Sagittarius and not far
from the Galactic Center.

3. LIGHT CURVE AND ACTIVITY

As soon as the interstellar nature of the object became
evident, we obtained observations with the European
Space Agency’s (ESA) Test Bed Telescopes (TBTs) and
the Las Cumbres Observatory (LCO) telescopes, ex-
ploiting the ideal location of TBT in Chile and of the
Haleakalā (Hawaii, USA) node of the LCO network.
We first tasked ESA’s 0.56 m TBT (MPC code W57)

at the La Silla Observatory (Chile). The telescope has a
field of view of 2.5 ⇥ 2.5 degrees and is fully devoted to
NEO survey and follow-up jobs. It can be interrupted at
any time for these high-profile targets. We acquired 31
unfiltered 163 s exposures starting at 06:34 UT July 2
spanning a total of 93 minutes. Astrometry was reported
in ADES format including astrometric uncertainties.
In parallel, we obtained detections with one of the

0.36 m telescopes on Haleakalā (MPC code T03), con-
firming the existence of the object and extracting some
astrometric measurements with uncertainties of approx-
imately ±0.0025. The measurements were immediately re-
ported to the MPC in ADES format, including exposure-
specific astrometric uncertainties.
We subsequently scheduled a one-hour observing se-

quence using two separate 0.36-meter telescopes from
the LCO Haleakalā observatory (MPC codes T03, T04)
and the 2.0 m Faulkes Telescope North (FTN, MPC code
F65), part of the same network. The goal was to ob-
tain a preliminary light curve and determine whether
this newly detected object exhibited rotational vari-
ability as extreme as that observed in 1I/‘Oumuamua.
In contrast to the first known interstellar object, how-
ever, 3I/ATLAS displays a notably flat light curve with
brightness variations of less than 0.2 magnitude over the
observed 29-hour time span (see Figure 3). Additional
follow-up observations will be necessary to constrain its

Figure 2. Heliocentric orbit (ECLIPJ2000) of
1I/‘Oumuamua, 2I/Borisov, 3I/ATLAS (A11pl3Z), Earth,
Mars, and Jupiter. Markers denote each body position at
discovery. Vernal equinox direction is indicated.

rotation period. These images were also used to extract
further astrometric measurements, accurate to approx-
imately ±0.001 (also already reported in ADES to the
MPC), which provide a high-fidelity anchoring point to
our orbital solution.
A series of 3 ⇥ 60 s gri -band non-sidereally guided

images were obtained with the MegaCam mosaic-CCD
on the 3.6 m Canada-France-Hawaii Telescope (CFHT;
MPC code T14) on 2025 July 2 to check for faint
cometary activity. The highest-quality image had a stel-
lar FHWM of 0.0072±0.0005 measured perpendicular to the
direction of trailing, while the object had a FWHM of
1.0029±0.0002. The magnitude in a 5.00 radius aperture was
17.2 in the Gaia DR2 G band after three background
stars were masked, although the field was crowded. Fig-
ure 4 shows stacked composite image of these data in
which faint activity is visible.

4. COLOR

We observed the target with the 2.0 m FTN on
Haleakalā using the four-channel MuSCAT3 imager,
which records the Sloan g

0-, r
0-, i

0-, and zs-bands si-
multaneously. Two multi-filter imaging sequences were
obtained: (i) six exposures of 30 s in each filter, and
(ii) three exposures of 50 s in each filter, yielding total
integrations of 180 s and 150 s per band, respectively.
For context, as part of the LCO Outbursting Objects
Key project (LOOK; T. Lister et al. 2022), we also
obtained deep imaging observations with FTN on the

Seligman et al. 2025ATLAS discovery cutouts

See also Dorsey et al. 2025 for LSST ISO predictions



SSO Activity
• LSST alerts - Extendedness, trailed source, predicted mag


• LSST:UK Adler - additional routines for phase curve photometry and cutout 
analysis


• Modular set of tools, to be run locally/Rubin Science Platform/alert broker (Lasair) 

https://github.com/lsst-uk/lsst-
adler

Adler GitHub:

Wedge 
Photometry

Noisechisel 
(Gnuastro)

reflecting this (imperfect) knowledge. A preliminary run on the
ZTF data with only a uniform prior on Hr indicated the median
offset between our measured r-band absolute magnitudes and
the absolute magnitudes (in the V band) tabulated by the JPL
Small-body Dataset was 0.04 magnitudes. For the our final run,
we then set the prior on Hr to be a Gaussian with a mean at
MJPL+0.04 and a standard deviation of 0.5, reflecting the
spread observed in our initial run. The prior on off1 and off3,
the change in absolute magnitude from one opposition to the
next, is a Gaussian with a mean at 0 and a standard deviation of
0.1. We expect the magnitude offset between oppositions to be
small, given that the light curve must change continuously from
season to season as the viewing geometry of asteroid changes.
Empirically, we find the offset is generally less than 0.2 in
either direction. The specific values of all of the priors have
little effect on the final results except in the cases where not
enough data points exist to constrain parameters, in which case
the corresponding uncertainties reflect out poor knowledge of
the derived parameters.

For f, we strongly bias the prior to a small number of outliers
by using the function ( ) ( )p=p f fcos 2 10 We also truncate f
to ensure that the likelihood does not sum to less than zero.
Because the maximum range of Δm is 3 mag (due to our cutoff
of large outliers), we limit f to values below 0.33.

We show example fits to Trojans (617) Patroclus, (11351)
Leucus and (421382) in Figures 2, 3, and 4, respectively. The
measured parameter values for each asteroid are shown in
Table 1.

The large bright Trojan (617) Patroclus was observed 90
times by ZTF (44 in the r filter and 46 in the g filter), which is
on the higher end for the Trojan asteroids examined in this
study, giving tightly constrained results (Figure 1). It was
observed in three oppositions and, as a result, three rotational
amplitude values were measured. The rotational amplitudes for
the 2019 and 2020 oppositions are shown in Figure 2. Two

offset values, those between the 2018 and 2019 oppositions and
between the 2019 and 2020 oppositions, were measured. The
rotational amplitude and mean absolute magnitude changes
little from season to season.
(11351) Leucus is an example of a Jupiter Trojan with a

larger rotational amplitude (Figure 2). The bifurcation between
the points clustered at the top and bottom of the light curve is

Figure 2. The model fit to ZTF observations of (617) Patroclus. The data and
uncertainties for the g and r filters are plotted in green and red, respectively.
The detection limit of each observation is denoted by the star symbol. The
phase curves shown randomly selected samples from the MCMC and thus
approximately represent the probability distribution of expected magnitudes.
When the results are well constrained, the density of curves will match the
density of data points at each magnitude. The resulting posterior distribution of
each parameter is shown to the right of the phase curve fits. The median value
is indicated with the black arrow. The range of light blue colors represents
covers the 68% of data with the highest density.

Figure 3. The model fit to ZTF observations of (11351) Leucus. The data,
models, and results are as in Figure 2.

Figure 4. The model fit to ZTF observations of Trojan asteroid 421382.The
data, models, and results are as in Figure 2.

Table 1
Results for Trojan Asteroids (617) Patroclus, (11,351) Leucus, and 2013 UE4

(421,382)

(617) Patroclus (11351) Leucus (421382) 2013 UE4

A1 0.07±0.03 0.7±0.1 <1.2
A2 0.04±0.03 0.6±0.1 <0.7
A3 0.03±0.01 0.8±0.1 <0.6
G 0.20±0.03 0.1±0.1 0.1±0.3
Hr 8.04±0.02 10.8±0.1 12.9±0.3
off1 0.00±0.02 −0.01±0.05 0.0±0.1
off3 0.08±0.01 0.02±0.05 0.05±0.09
g–r 0.51±0.01 0.58±0.04 0.6±0.1
f 0.000 7±0.0005 <0.004 <0.02

4

The Planetary Science Journal, 2:40 (8pp), 2021 February Schemel & Brown

Rotational likelihood phase curve model 
(Schemel & Brown 2021), 

see also sHG1G2 (Carry et al. 2024)

new active observation



LSST Alerts
• The Rubin Prompt Processing pipeline requires a template image of a visit sky area (in the same 

filter) to perform difference imaging and generate alerts


• Solar System Processing builds discovery tracklets from alerts - without alerts there can be no 
SSO discoveries 


• Subsequent data releases will reprocess all images - alerts are not lost, they just aren't real-time

Year 1 
Survey 

Footprint 
Night 1 pair

Night 2 pairs Night 3 pair

Mario Jurić



Simulating template generation
• Consider templates for one_snap_v4.0, nside = 256 healpixels (~14 arcmin scale, 

comparable to patch size) using Rubin Metric Analysis Framework (MAF; Jones et al. 2014)


• Pick timescale for template generation (every Δt = 3, 7, 14, 28 days)


• Consider all visits (in given filter) up to template generation night tn = t0 + Δt*n (year 1 only)


• A healpixel has a template on night tn-1 if >=4 visits (of sufficient quality) were available and 
will generate alerts in the period tn-1 < t < tn  

• Consider the year 1 visit database in cumulative chunks (t <= tn) and record metrics for 
healpixels with templates

Template Image Requirements 

seeing/min(seeing) < seeing ratio = 2 

(max(fiveSigmaDepth) - fiveSigmaDepth) < fiveSigmaDepth range = 0.5 

Thank you to Lynne Jones and Peter Yoachim for the notebooks to start this work!

RA

Dec

Tract
Patch

Coverage of a random patch 
(John Parejko)



Template Coverage

Template generation reduces number of visits producing 
alerts, with patchier coverage (Robinson et al. 2025)



Template Coverage

Visits (~183 healpixels) generally have 0% or >90% 
template coverage

Visits likely to 
produce alerts

Visits likely to be 
used for templates



SSO Discoveries

Drop in discoveries 
depends on 
population: 
Main Belt Asteroids 
(MBAs) 
Near-Earth Objects 
(NEOs) 
Potentially 
Hazardous Asteroids 
(PHAs) 
Trans-Neptunian 
Objects (TNOs) 
Oort Cloud Comets 
(OCC)

~50 day time delay

*results calculated for visits with 
>90% template coverage only



Problem Filters/Areas

Filters or sky areas with low coverage in 
one_snap v4.0 are impacted more strongly by 
template generation. Important for:


• colour measurements


• spatially dependent populations

u and g 
lag

Sample North Ecliptic Spur 
(NES) region in the r filter:


1. one_snap v4.0


2. template generation (Δt = 7d)


3. Difference between 2 and 1

1 2

3
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Figure 4: SV surveys coverage expressed as total number of overlapping visits across the
ugrizy bands.

Euclid Q1 release, and overlap with deep fields recommended by the Roman Observations
Time Allocation Committee.

The planned observing cadence for the DDFs during the SV surveys uses a modified form of
the “ocean” strategy currently being considered by the SCOC. The “ocean” strategy features
more frequent observing epochs to better sample night-to-night time-domain phenomena
and providemore distinct epochs for validating the internal calibration during commissioning.
The primary modification for the SV surveys is to increase the number of visits relative to the
baseline “ocean” strategy in order to accumulate a deeper integrated exposure during the
finite time period of the SV surveys. During the SV surveys, XMM LSS is designated for a “deep
season”, with longer sequences of visits in each epoch, particularly in the 𝑖 and 𝑧 bands. ELAIS
S1, ECDFS, and EDFS are designated for “shallow seasons”. Visits are split evenly across the
EDFS A and B pointings.

Wide Survey

The Wide Survey is implemented using a configuration similar to that of the LSST Wide-Fast-

28

New Baselines and Science Validation

new baselines 
on community 

forum:
SV info: 

SITCOMTN-005



Conclusions
• Template generation is relevant to any science case that requires real-time alerts in 

year 1 

• Template generation reduces the sky area capable of producing alerts - SSO discovery & 
characterisation in year 1 is greatly impacted (up to 50% loss)


• Generating templates as soon as sufficient images are available maximises alert 
production


• Possible tweaks to year 1 strategy? Assign more time to low coverage areas/filters? We 
have assumed no commissioning data for templates


• The new year 1 cadence simulations need to be assessed for impact on LSST 
science goals 

• More info at lsstc.slack.com #incremental-template-generation and Focus Issue paper

http://lsstc.slack.com


References
• Carry, B., J. Peloton, R. Le Montagner, M. Mahlke, and J. Berthier. ‘Combined Spin Orientation and Phase Function of Asteroids’. arXiv, 29 March 2024. http://arxiv.org/abs/

2403.20179.


• Dorsey, Rosemary C., Matthew J. Hopkins, Michele T. Bannister, Samantha M. Lawler, Chris Lintott, Alex H. Parker, and John C. Forbes. ‘The Visibility of the Ōtautahi-Oxford 
Interstellar Object Population Model in LSST’. arXiv, 23 February 2025. https://doi.org/10.48550/arXiv.2502.16741.


• Jenniskens, P., M. H. Shaddad, D. Numan, S. Elsir, A. M. Kudoda, M. E. Zolensky, L. Le, et al. ‘The Impact and Recovery of Asteroid 2008 TC3’. Nature 458, no. 7237 (March 2009): 
485–88. https://doi.org/10.1038/nature07920.


• Jones, R. L., Peter Yoachim, Srinivasan Chandrasekharan, Andrew J. Connolly, Kem H. Cook, Željko Ivezic, K. S. Krughoff, Catherine Petry, and Stephen T. Ridgway. ‘The LSST 
Metrics Analysis Framework (MAF)’. edited by Alison B. Peck, Chris R. Benn, and Robert L. Seaman, 91490B. Montréal, Quebec, Canada, 2014. https://doi.org/
10.1117/12.2056835.


• LSST Science Collaboration, Paul A. Abell, Julius Allison, Scott F. Anderson, John R. Andrew, J. Roger P. Angel, Lee Armus, et al. ‘LSST Science Book, Version 2.0’. arXiv, 1 
December 2009. https://doi.org/10.48550/arXiv.0912.0201.


• Meech, Karen J., Robert Weryk, Marco Micheli, Jan T. Kleyna, Olivier R. Hainaut, Robert Jedicke, Richard J. Wainscoat, et al. ‘A Brief Visit from a Red and Extremely Elongated 
Interstellar Asteroid’. Nature 552, no. 7685 (December 2017): 378–81. https://doi.org/10.1038/nature25020.


• Seligman, Darryl Z., Marco Micheli, Davide Farnocchia, Larry Denneau, John W. Noonan, Toni Santana-Ros, Luca Conversi, et al. ‘Discovery and Preliminary Characterization of a 
Third Interstellar Object: 3I/ATLAS’. arXiv, 3 July 2025. https://doi.org/10.48550/arXiv.2507.02757.


• Schemel, Madeline, and Michael E. Brown. ‘Zwicky Transient Facility Observations of Trojan Asteroids: A Thousand Colors, Rotation Amplitudes, and Phase Functions’. The 
Planetary Science Journal 2, no. 1 (1 February 2021): 40. https://doi.org/10.3847/PSJ/abc752.


• Schwamb, Megan E., R. Lynne Jones, Peter Yoachim, Kathryn Volk, Rosemary C. Dorsey, Cyrielle Opitom, Sarah Greenstreet, et al. ‘Tuning the Legacy Survey of Space and Time 
(LSST) Observing Strategy for Solar System Science’. The Astrophysical Journal Supplement Series 266, no. 2 (May 2023): 22. https://doi.org/10.3847/1538-4365/acc173.


• Yeomans, Don. ‘Small Bodies of the Solar System’. Nature 404, no. 6780 (April 2000): 829–32. https://doi.org/10.1038/35009193.



Extra Slides
(baseline v3.4 but similar enough to one_snap v4.0)



Template image quality



Visit template coverage



Low coverage areas
20

NES WFD GP

Figure 16. The panels show a zoomed-in cutout view (gnomic projection) of the skymap at the indicated locations in Figure
15 for the g filter and template generation timescale �t = 7d. Each cutout is a size of 11.4 ⇥ 11.4 degrees, i.e. approximately
50 ⇥ 50 patches. For scale we indicate the extent of the LSSTCam footprint which has a 3.5 degree field of view (i.e. ⇠ 15
patches wide). The top panels show the number of visits for the baseline v3.4 and middle panels are the number of visits
with templates for �t = 7 d. The bottom panels display the di↵erence between the previous two rows. Note the di↵erent color
scales for each panel indicating either the number of visits or di↵erence in number of visits. The complete figure set (2 images)
is available in the online Journal.
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filter g filter r

Figure 15. Skymaps for template generation timescale �t = 7d showing the number of visits at the end of Year 1 in di↵erent
regions of the sky for the g (on the left) and r (on the right) filters. Sample positions representative of the NES, WFD
and GP (RA, Dec positions of (90, 20), (0, -20), (245, -20) degrees respectively) are indicated with cross markers. The top
shows the skymap for the baseline v3.4, (middle) shows the number of visits with templates for �t = 7 d, and (bottom)
displays the di↵erence between the previous two (all considering only the r filter). Note the di↵erent color scales for each panel
indicating either the number of visits or di↵erence in number of visits. Zoom in plots of the regions marked with an “x” are
shown in Figures 16 & 17. The complete figure set (2 images) is available in the online Journal.



deltaNight

Number of nights between first visit to healpixel and its template generation 



SSO Colours


