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Photometry: 0.5-1% (systematic)
Astrometry:
10mas (rel), 50mas (abs)
~140mas at SNR=5, r~24
(calibrated to Gaia)
Timekeeping:
1ms (rel), 10ms (abs)

L4 -~

First |ght 2023.
Operatlons: mid 2024.

Rubln Observatory N the Chllean Andes housmg
the 8.4-meter Simonyi Survey Telescope.

Repeated imaging of the visible sky to ~24th mag
10 years of operation.

60 PB of raw data.

40 biIIion stars, galaxies asteroids.

e}vatory, Jully 15th 2021.



N Schedule Forecast (as of April 2022)

> TMA and Dome contracts substantially complete:
> EPO complete:

> [ SSTCam shipped from SLAC to Chile:

> Telescope ready for integrated optical testing:

> ComCam: Engineering First Light:

> LSSTCam ready for I&T at the telescope:

> | SSTCam: System First Light:

> Science Pipelines ready for Science Verification Surveys:
> Commissioning Science Verification Surveys completed:

> Operations Readiness Review completed:
(4 months of schedule contingency)

July 2022
September 2022
April 2023

May 2023

June 2023

July 2023
October 2023
November 2023
March 2024
March 2024



Data Products for Small Body Science

(no changes from last year)
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Astrometry

PSF flux
Aperture flux
Trailed source fit

Appearance
characterization

Spuriousness score
Nearby static objects
MPC designation

Predicted position and
magnitude

+10 mas (bright; +140 faint)
+10 mmag (bright end)
+10 mmag (bright end)

Flux and on-sky motion for
fast-moving (trailed) objects

Moments and extendedness
of the object’s image

Probability that the detection
is an artifact

Information on adjacent
objects (up to three)

Given for known objects
Given for known objects

Details: DIASource tables in

|. Real-Time Alerts within 60 sec

Measurements of all detections on difference images,
including known and unknown SSOs.

Suitable for real-time discovery of trailed objects, and
activity of known objects.

Allows us to monitoring ~0.5-1M small bodies for
activity, each night.

UT 2019-02-10.44

2014 MF6 (PHA), 60sec
exposure, MPC Q62 (6478) Gault outburst
(Guido, Howes & Nicolini) (Ye et al, for the ZTF Collaboration)


http://ls.st/oug

TN Il. Daily Catalog
yERa G RuB

Orbits Computed by the MPC recomputed daily. The orbit solutions and
Light-curve Period, light curve shape, designations will be obtained from the MPC.
characterization other features

Absolute magnitude Estimates of (H, G12) in The physical properties (absolute magnitudes,
estimates u,g,r,i,z,y bands light curves, extendedness characterization) will
be computed from LSST data.

MOID Minimum Orbit Intersection
Distance (Earth) - 4 | - ' .
e most up-to-date catalog o sically well-
Extendedness Is/was the object comet-like in . P . g - Ji/ :
. : characterized small bodies in the Solar System.
indicators its appearance?

Details: SSObject and SSSource tables in htip.//Is.st/oug
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Computing Physical Properties

Phase curve for SO0001vAa , r band

| Currently fitting the (H, G) model, but intend to switch to (H, G12)
20 1 | Independent, per-band fits. Assuming no variability.
{\l*\L
= ~ Using sbpy fitting routines
i 44,1\.\\#\ |
ol % J[ ~ Figure from Isst-simulations demo notebook
£ TH—
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C. Solar System Data Release Products (every
year)

High-fidelity
reprocessing

The LSST Catalog
of Solar System
Objects

Catalogs derived from re-
reductions of all survey data
using improved calibrations
and a single, well-
characterized, software
release. A “gold” version of
the daily catalog.

A catalog, suitable for
population studies, of
objects detected by LSST with
orbits estimated using only
LSST data.

Details: SSObject and SSSource tables in htip.//Is.st/oug

Ill. High-Quality Data Release Catalogs

LSST will reprocess all data once a year,
publishing well-characterized and manually
QA-ed data releases (DR).

The Solar System aspects of a data release
include a “gold” version of the daily catalog
(improved astrometry and photometry), and a
special “LSST-only” catalog of Solar System
objects, suitable for population studies.

We will also deliver the linking software,
information about the selection functions,
and metadata necessary to enable debiasing
of the population.


http://ls.st/oug

Software Development Updates

(many changes from last year!)



HelioLinC+ )

An LSST-capable Implementation of HelioLinC

Ari Heinze, Siegfried Eggl, ++

(*) Note: working title...



N Milestones in HL+ development (1/2)

> Change from linking in 2-D to full 3-D solar system Cartesian coordinates

> Implementation of 3-D algorithm in python, successful tests over few-degree
fields

> Recognition that a C++ implementation was needed for full-sky performance
(speed and memory-efficiency)

> Addition of ‘acceleration’ (really 2nd time derivative of heliocentric distance) to the
search dimensions of distance and radial velocity

> Implementation of powerful post-processing ‘cluster consolidation’

> Full-sky tests of C++ implementation with >95% completeness on asteroids with
simulated perfect astrometry



N Milestones in HL+ development (2/2)

> Recognition of impossibility of linking very short tracklets in the presence of astrometric error

> Establishment of a minimum time span of 5 minutes for valid tracklets; nominally findable’
objects decreased by only 5.9%

> Full-sky tests over a two-week period delivered 97.4% completeness including simulated
astrometric error.

> Tracklet consolidation: treat many-point tracklets as ‘effective pairs’ with improved astrometric
precision from fitting all the points

> Successful tests on real data from DECam and ATLAS
> Generation of >10,000 simulated detectable interstellar objects

> Full-sky test of interstellar mode for helioling, delivering 95.6% completeness on interstellar
objects with astrometric errors
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Our C++ implementation of heliolinc
effectively searches a grid in the first
three terms of a Taylor Series expansion
of heliocentric distance as a function of
time.

The color scale gives the average value
of the 2"9 derivative for real asteroids in
each bin of heliocentric distance and
radial velocity.

Previous versions of heliolinc used a
constant value of +1.0, which is not a
good guess anywhere.

Radial Velocity (km/sec)

-20

40

20

-40

Second time-derivative of asteroids' heliocentric distances

Second time-derivative divided by -GM/r2
H N H 0B H H N

-0.5 -04 -0.2 -0.1 0.0 +0.1 +0.2 +0.4 +0.6 +0.8

Distance from the Sun (AU)
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Normalized occurrence rate

0.3

0.2

0.1

Normalized histograms of tracklet lengths

Only objects with exactly
three tracklets are shown

Missed Found
12523 objects 104316 objects
—_—
o R
0.61 O!1 1.0 1d.O

Length of shortest tracklet (arcsec)

—1

100.0

Even with 0.05 arcsec astrometry,
angular velocities of short tracklets are
typically wrong by >10%.

Integrated over time, velocity errors put
the object in the wrong place and make
a successful linkage impossible.

We choose a threshold in time span (5
min) rather than in angular arc, because
the time span can be controlled by
scheduling.



Cutouts of a previously unknown asteroid in the DECam Deep Drilling Fields, linked across five night by HL+.

cluster_id=106
cluster_metric=0.082982
cluster_rms=8225.193

mjd=59292.02 mjd=59292.02
band=r band=i

mag=22.31+0.11 mag=21.91+0.09

mjd=59292.03 m)d 59292.04
band=r nd=i
mag=22.17+0.09 mag=. 22.00:0,08

mjd=59295.03 m)d 59295.03
band=i band=g
mag=22.15+0.11 mag=22.78+0.19

mjd=59295.04 mjd=59295.07
band=i band=g

mag=22.09+0.10 mag=22.67+0.14

mjd=59295.08 mjd=59295.08
band=i band=g
mag=22.30+0.08 mag=22.66+0.12

mjd=59292.03
band=g

mag=22.39+0.11

mjd=59295.03
band=r
mag=22.33+0.11

mjd=59295.04
band=r
mag=22.18+0.08

mjd=59295.08
band=r
mag=22.49+0.09

mjd=59295.08
band=r

mag=22.46+0.09

mjd=59295.02
band=r
mag=22.12+0.09

mjd=59295.02
nd=r
mag=22.34+0.12

mm -59295.09
band=g
mag=22.58+0.12

mjd =59295.12
band=g
mag=22.24+0.21

mjd=59295.12
band=i
mag=22.23+0.07

mjd=59295.02
nd=i
mag=22.31+0.13

mjd=59295.02
nd=i

mag=22.19+0.12

mjd=59295.09
band=r
mag=22.32+0.08

mjd=59295.12
band=g
mag=22.71+0.12

mjd=59295.13
band=g
mag=22.83+0.14

mjd=59295.02
band=g
mag=22.53+0.20

mjd=59295.08
band=1
mag=22.24+0.08

mjd=59295.09
nd=1i

mag=22.26+0.10

mjd=59295.12
band=r
mag=22.25+0.06

mjd=59295.13
band=r
mag=22.46+0.08

mjd=59295.13 mjd 59295 13 mjd=59295.13
band=i band=r

mag= 22 IO+0 11

mag=22.27+0.07 mag=22.15+0.06

mjd=59295.13 mjd=59297.00 mjd=59297.01
band=i band=i band=g

mag=22.27+0.07 mag=22.54+0.10 mag=22.71+0.20

mjd=59297.01 mjd=59297.02 m]d 59297.06
nd=r band=i band=g
mag=22.38+0.10 mag=22.16+0.09 mag=22.77+0.18

mjd=59297.00 mjd=59297.06 mj! —59297 07
band=r band=r band
mag=22.28+0.09 mag=22. 35-‘-0 09

mjd=59297.08 mjd=59297.08 mjd=59297.08
band=g band=r band=i
mag=22.49+0.17 mag=22.53+0.13 mag=22.29+0.08

Steven Stetzler produced these cutouts from data acquired through Melissa Graham’s observing proposal.



TN Linking Pipeline Summary

> Computational and linking performance meets requirements for all but
NEO populations. NEO linking at ~70% (conservatively).

> Testing on simulations, cautiously starting to run it on real data.
> We have a high degree of confidence that this will work!

> Next steps
* Performant orbit determination.

* Bring NEO linking performance to 95%+ regime.
* Hope to fully retire linking risks in the next 12 months. (i.e., have ops-ready code).
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Association and Precovery Pipelines
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TN Known Asteroid Association (v0.0.1)
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[ ] ) Chronograf X + v

Have the first version of the
code that associates known
objects in the field.

(¢} & chronograf-demo.lsst.codes/sources/2/dashboards/7?refresh=Paused&tempVars%5BDataset%5D=ap_verify_ci_hits2015&tempVars%5Bvisi... M ¢ 2] @ a @ ¢ » 0O ' :

im AP catalog metrics from ClI € @ uTc Local [EE @ Variables  Annotations Ilv O @ Past3od v

Associated SSObjects per CCD for 'ap_verify_ci_hits2015' Fraction of SSObjects Associated per CCD for 'ap_verify_ci_hits2015'

1 100%

Presently a simple
positional match, uses
SkyBot for ephemerides
computation.

0.8 " 80%

0.6 60%

ciated Objects

0.4 2 40%
02 S 20%

. P R, 0%
29 May

Running daily+ within the
prompt processing pipeline
QA runs.

Detectable SSObjects per CCD for 'ap_verify_ci_hits2015'

N ¢ B B % 0 KR

2

15

Running on real data: HITS
(DECam), COSMOS (HSC) P

0.5

0

S. Eggl, C. Morrison,
K. Findeisen




(2013 RR163)
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> Looking to adopt a general package UW developed
with the B612 Asteroid Institute

® Spencer Nelson (UW), Joachim Moeyens (UW), Steven Stetzler
(UW), Kat Kiker (Al), Nate Tellis (Al

* (Code: https://github.com/B612-Asteroid-
Institute/precovery

* Service (closed beta): https://adam.b612.al/#precovery

> Fast: O(40s) to find counterparts of a single object in a
catalog of ~1.7Bn detections. See a path to ~O(10s).

> Scalable: CPU, not I/0, intensive - trivially

parallelizable. Already meets the LSST performance
reguirements.

DECam cutouts at
locations predicted by
precovery.

> TODO: smarter association (covariances, local density).


https://github.com/B612-Asteroid-Institute/precovery
https://adam.b612.ai/

Prompt Processing Pipeline Components

Elements running in 60 seconds and/or touching the pixels



TN Trailed Source Fitting Merged

> Trailed-source measurements in the Science Pipelines
* Estimates the centroid, flux, length, angle, and uncertainties.
* Now run by default in ImageDifferenceTask

> Added trailed-sources to stack injection code

> Implements a fast, semi-analytic, fitting technique using adaptive 2nd order
moments
* Paper nearing completion (Langford et al.)


https://github.com/lsst/meas_extensions_trailedSources
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®* Marginal precision difference
between moments and Veres et al
2012 algorithms

® ~10x speed up, and less variance in
compute time for moments approach

Plots show median fractional errors in
length (top) and flux (bottom) versus
signal-to-noise for trails with Gaussian

PSF. Error bars are inner-quartile range.

Trailed Source Algorithm Performance
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Simulations, Testing, and MPC Interfaces
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> Full 10yr dataset (~1Bn measurements)

> All SS* tables (SSObject, SSSource, MPCORB)
® SSObject: prototype Daily Data Products Pipeline

> Using the (now old) baseline 1.7 cadence

> Realistic magnitude, astrometry errors

> Absolute magnitude fits (H, G system)

> Using the same chosen technology (PostgreSQL)

> Community-developed pipeline including
software from Naidu, Fedorets, +Rubin’s SSO
team and UW Solar System Group’s most
excellent band of undergrads (Cornwall, Berres,
Chernyavskaya, Langford)

Dec (deg)

rrected mag_r (mag)
~

Notebooks at htips://github.com/Isst-sssc/lsst-simulation/

Night MJD 60000

g RRY E

w
-
8.
P &
B LA
X i oW e e W W W o
A
RN YOI

Sb 160 15'0 2(’)0 25’0
RA. (deg)
Phase curve for SO0001vAa , rband

300

350

0 2 a0 60 &0

Phase Angle (deg)

100



https://github.com/lsst-sssc/lsst-simulation/
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= — < Hybrid Solar System Catalogue 3

Tom Wagg @ UW

Motivation: Make predictions for LSST that account for prior observations - let’s not predict the (re)discovery of Ceres!

€ SiM @ MPCORB
We create the hybrid catalogue by replacing S3M f b
objects with real detections from MPCORB S
2
Bin data in absolute magnitude, for each MPCORB object O ®
. . . , O
e Find nearest 100 neighbours in S5M that haven't yet 4
been replaced ® S
o Replace S5M object that has the closest velocity 2
e (If no objects are close then just add MPCORB
object directly) S 4
, o
Code: https://github.com/dirac-institute/hybrid_sso_catalogue ~ \_ 2D lllustration P

(Wagg et al., in prep)


https://www.tomwagg.com/
https://github.com/dirac-institute/hybrid_sso_catalo
https://github.com/dirac-institute/hybrid_sso_catalogue

== Hybrid Solar System Catalogue @

OBSERVATORY 4 Z

Tom Wagg @ UW

[ S3M [ Hybrid

MPCORB

Left: CDF of the Hybrid and S3M

100 catalog H-mag distributions. The ~ _ N
two are essentially identical (by % 0,
design), with real objects being ¢ L
107+ given a priority when 2
" reconciliation is impossible v
Q 10°8
O 1074+ ' Hetiocentrio x[AD]
S3M Matched Objects 1o
1075+ 3 v
Right: Spatial distribution of 3 10° 5,
| | | hybrid vs. MPCORB. They're
0 5 10 15 20 25 c

essentially identical in the inner

Absolute Magnitude, H Solar System.

-4 -2 0 2 4
Heliocentric x[AU]

(Wagg et al., in prep)


https://www.tomwagg.com/
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Note: Full report being worked on

Ran a successful second integration test New Objects Submitted to the MPC

with the Minor Planet Center (March 2022) 100000 —
— S

Used the Hybrid catalog to simulate the first 75000 - .

month of LSST survey (starting on March 1st, 50000 -

2022). Created ADES PSV formatted files. A |—|

typical night brings in ~25,000 new 25000 -
discoveries. (Note the bad weather in the first
0

feW n|ghts') T T T T T T T T T T T T T T
2 4 o6 8 10 12 14 16 18 20 22 24 26 28

1000 0
The MPC accepted and automatically — TNOs _I
processed submissions for nights 3, 4, and 5. 750 4 — NEOs
We pulled the updated catalogs/designations. e iDos
The processing was done using the new, 500 1 : er.'taurs

Trojans
scalable, AWS system. Night 21 (70k 250 -
discoveries) caused timeouts (fixable).
0 T T . T . . . 7 .

Take-home points: the system worked. Next 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
step — submit data linked with HelioLINC Night

(simulated and real). A HUGE thanks to everyone at the MPC for helping us put this together:

Matt (P & H), Federica, Margaret, Michael, +++ 27



N Looking Ahead...

> Make available the simulated survey using the hybrid catalog [summer]
> Working with Leanne Guy to add the SolSys database to the RSP [7]

> Full HelioLinC implementation (including OD) [next 6 mo.]
> Running HelioLinC on DECAT survey, submitting to the MPC [next 6 mo.]
> Conda-installable HelioLinC beta available for broad use [next 6 mo.]

> MPC integration: simulated HelioLinC-ed data and submit real data. [next 12 mo.]
> Integrate SolarSystem pipeline with LSST Prompt Processing. [next 12 mo.]

> Put all the pieces together & run on real data... we're almost there!



Backups



7 ASTEROID .
DiRAC (NSTITUTE https://adam.b612.ai/#precovery

A PROGRAM OF B612

° 57 B612 ADAM x + ® 87 B612 ADAM x +

& > C @& adam.b612.ai/#/precovery?user=be9af6al-fe29-439b-asf6-95b3d30e6c11 o w & 0O €)Y & > C & adam.b612.ai/#/precovery?user=be9af6al-fe29-439b-a8f6-95b3d30e6c11 Mo & O €

ABOUT SERVICES GITHUB
ABOUT SERVICES v GITHUB O e o

. Password
Coordinate System
@® Keplerian (O Cartesian
@ ADAM's Precovery Service is currently in a closed beta. If you would like to be kept in the loop about future developments, including the O Cometary
release of our open beta, please follow
a (au) e i (deg)
22294.476189292294 0.9995087041850355 95.56672692980266
ADAM :: Precovery an (deg) ap (deg) ma (deg)
Search a set of catalogs for precovery observations of an object. 190.0998787400041 326.2698343874359 { 359.99851157113153 ’
Epoch (MJD TDB) Pick a Sample Object

The objects can be specified via orbital elements or state vectors (given in usual IAU76/J2000 reference frame as
), or by selecting one of the sample objects. The search will return all matches within 1" of the predicted object position. 57863.0 Bernardinelli-Bernstein (C/2014 UN271) e
The typical search time is about 1 minute. The results will be downloladable as a CSV file.

Currently available catalogs:
: Includes 1,763,381,575 observations spanning 9/23/2012 (MJD 56193) to 11/16/2019 (MJD 58804).
The full NSC has 67,822,619,019 observations of 3,932,838,064 unique objects, but we exclude any object with more than
four detections as those are likely to be static (stars, quasars, galaxies) and not moving (asteroids/TNOs). Mouse over column headers to view additional information

) MJD (UTC RA (° DEC (° Filt Magnitud Magnitude E dRA (" RAE
Please suggest potential features or report any bugs to our (ure) © © s AGRIUES HYMIUCE.SIOr ) d
56950.29382 23.64590 -37.24616 r 22,641 0.18311 -0.03846 0.
56965.12151 23.08762 -37.38920 z 21.936 0.14311 0.05129 0.1
X Password
Coordinate System 56979.23782 2259752 -37.42777 i 22.136 0.12757 0.02928 0.
@® Keplerian () Cartesian 56979.23507 22.59761 -37.42778 r 22,009 0.07179 0.05382 0.
(O Cometary 56976.25138 2269602 -37.42754 z 22.368 0.18997 -0.05629 0.1
56988.22095 2232323 -37.40349 g 22.883 0.15772 0.13001 0.

a (au) e i (deg)



https://adam.b612.ai/
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Probing Dark Matter & Dark Energy Inventory of the Solar System

¢ Strong & Weak Lensing
® Large Scale Structure
® Galaxy Clusters, Supernovae

¢ Comprehensive small body census
® Comets and ISOs
® Planetary defence

Mapping the Milky Way Exploring the Transient Optical Sky

® Structure and evolutionary history
® Spatial maps of stellar characteristics
® Reach well into the halo

® Variable stars, Supernovae
® Fill in the variability phase-space
® Discovery of new classes of transients

Vera C. Rubin Observatory | Planetary Decadal Survey | 32 March 2021 31
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Year 8 Day 80.4265

Simulation enigma_1189: night3000
75°

Aitoff plot showing HA/Dec of simulated survey pointings

20 deg elevation limit  —— Galactic plane Moon (Dark=Full)
+ Zenith —— Ecliptic plane (Light=New)

A single uniform survey of the visible sky

LSST will execute a single™ survey
designed to support all four science
themes.

How to think about LSST:

e 500 pointings per night
e 2 visits to each pointing
* 10 deg? per visit, to r~24th mag

* ~5000 unique deg? surveyed per
night
e Repeat for 3300 nights.

(*) There’s also smaller (<10% of time) set of “special survey
programs” designed to explore extreme corners of discovery
space.



