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What people think astronomers do
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What we (increasingly) do
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“Pillars of Creation”
in the Eable Nebula

… “active star-forming region within the 
nebula, harboring newborn stars”.







Approximately 20 TB of 
raw imaging data

10 years of SDSS

Over 1.2 billion observations 
of stars and galaxies

Northern	Sky	(hemisphere)

Data in large 
databases

(1998 – 2009)

Started by U.W. and Princeton (ARC)



First light: 1998
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How big of a deal was SDSS?



First light: 1998
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Launch: 1990
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What we (increasingly) do.
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Most of us don’t go to telescopes: we devise algorithms to analyze huge 
databases to draw inferences about the Universe. We employ machine 
learning and data science. Our day-to-day work has more in common with 
someone at Microsoft or Google, than with our predecessors 20 years ago.

This is a dramatic shift in what an 
astronomer is, and what skills 
they need to be successful.



Vision

Develop advanced astronomical datasets, algorithms, and 
software, and use them to explore and understand the 
universe.

Mission

Bring together talent in astronomy, software, and AI, 
incubate big ideas, seed the next generation of leaders.

People

Launched in 2017

DiRAC Today:
○ 7 faculty members
○ 17 software eng. and researchers

○ 6 postdocs
○ 11 graduate students

○ 1 administrative staff

DiRAC @ Rubin Annual Meeting 2022

A Universe Understood through Data-Intensive Discovery

UW Institute for Data-intensive Research in Astrophysics and Cosmology



LSST #1
…….…….…….

Rubin Observatory, July 15th 2021.

A new special-purpose observatory being built in 
the Chilean Andes to conduct a comprehensive, 
deep, time-domain survey of the sky (LSST).

Repeated imaging of the visible sky to ~24th mag.
10 years of operation.
60 PB of raw data.

40 billion stars, galaxies, asteroids.
30 trillion observations.

Rubin Observatory
The Legacy Survey of Space and Time (LSST)

First Light: early 2025.
Operations: late 2025.



Rubin Observatory, March 15, 2023.
Cerro Pachon, Chile



8.4 Meter Telescope Mount and Assembly
Simonyi Survey Telescope



8.4 Meter Telescope Mount and Assembly



8.4 Meter M1/M3 Mirror
August 2008



Polishing completed in 2015



April 27, 2024.



Rubin Camera (October 31, 2022, SLAC)



LSSTCam – 21 rafts
(189 CCDs, 3.2 Gpix)

LSSTCam, 21 “rafts”, 189 
CCDs

Interactive viewer: https://dirac.us/kw3

https://dirac.us/kw3


Packed for the move!
May 6th, 2024 (SLAC)



Arrival to Chile
May 15th, 2024 (Santiago)



Arrival to Chile
May 15th, 2024 (Cerro Pachon)



Arrival to Chile
May 15th, 2024 (Rubin Observatory)



Secondary Mirror Installed
Aug 1st, 2024 (Rubin Observatory)



ComCam Reinstalled
Aug 23rd, 2024 (Rubin Observatory)



Primary Mirror Installed
Oct 3rd, 2024 (Rubin Observatory)



LSST: The Legacy Survey of Space and Time

Rubin will execute a single* survey 
designed to support all four science 
themes.

How to think about LSST:

• 500 pointings per night
• 2 visits to each pointing (~20 min 

apart)
• 10 deg2 per visit, to r~24th mag

• ~4000 unique deg2 surveyed per 
night

• Repeat for ~3300 nights.

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

space.



Approximately 20 TB of 
raw imaging data

10 years of SDSS

Over 1.2 billion observations 
of stars and galaxies

Northern	Sky	(hemisphere)

1 night of Rubin



Data Products: Images and Catalogs

~6 PB/yr, raw (~30 PB/yr processed) ~60 Bn rows/year (~3 trillion/yr for the “forced source” table)

Images (instrument-signature corrected) Catalogs (positions & shapes of sources in images; compression)

Credit: HSC Survey DR1









Rubin, Science, and AI



Vera C. Rubin Observatory

LSST Science Themes
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Probing Dark Matter &  Dark Energy

• Strong & Weak Lensing
• Large Scale Structure
• Galaxy Clusters, Supernovae

Mapping the Milky Way

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

Exploring the Transient Optical Sky

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

Inventory of the Solar System 

• Comprehensive small body census
• Comets and ISOs
• Planetary defence

LSST Overview: Ivezic et al. (2019)
LSST Data Products Definition: Juric et al. (2013)

https://ui.adsabs.harvard.edu/abs/2019ApJ...873..111I/abstract
https://ls.st/dpdd


Probing Dark Matter and Dark Energy



Probing Dark Matter and Dark Energy

☝ https://ogrisel.github.io/scikit-learn.org/sklearn-tutorial/tutorial/astronomy/regression.html

Graham et al. (2018)



Photo-Z Estimation with AI

Pasquet et al. 2018

Photo Z model trained 
on 400k images of 
galaxies from SDSS, for 
which spectroscopic 
redshifts are available.

Outperforms best 
known photo-Z 
estimators.



Galaxy classification

The bright spiral galaxy M51 and its 
fainter companion

(https://www.sdss4.org/science/)



Can an AI find merging or barred galaxies?

Dominguez Sanchez et al. (2018)

A (simple) CNN trained on ~15k galaxies, used to classify 670k galaxies in SDSS.
Four convolutional layers, and a fully connected layer (2 million parameters).



How well does it do?

Outperforms SVM-based models.

Large accuracy (> 97\%) for 
distinguishing between disk 
features/bars/edge or face on 
galaxies/etc..

Note: this is using a fairly simple 
CNN – improvements are likely.



Implementation in Keras
(courtesy of M. Huertas-Company)

Most impressively, it’s 
conceptually simple!



Vera C. Rubin Observatory

LSST Science Themes
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Probing Dark Matter &  Dark Energy

• Strong & Weak Lensing
• Large Scale Structure
• Galaxy Clusters, Supernovae

Mapping the Milky Way

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

Exploring the Transient Optical Sky

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

Inventory of the Solar System 

• Comprehensive small body census
• Comets and ISOs
• Planetary defence

LSST Overview: Ivezic et al. (2019)
LSST Data Products Definition: Juric et al. (2013)

https://ui.adsabs.harvard.edu/abs/2019ApJ...873..111I/abstract
https://ls.st/dpdd


When a star gets too close to a supermassive black hole, the 
gravitational forces tear it apart with some of the star's material 
thrown back in space to form a disk around the black hole. One 
such event, called a Tidal Disruption Event (TDE), was discovered 

by ZTF in April 2019 and is believed to be the source of a high-
energy neutrino caught by the IceCube Neutrino Observatory.

The Transient Universe and Time-Domain Astronomy

Above: Tidal Disrup2on Events: Stars Shredded by 
Black Holes

ZTF Alert System
Maria Patterson et al.



Studying time domain: Image Differencing

Deep Lens Survey (Witman et al. 2002) 



Differencing introduces (many) artifacts

PanSTARRS Survey,
Denneau et al. (2013)

Imperfect image differencing can 
lead to spurious detections in 

image differences, that usually 
outnumber (by ratios up to 100:1) 

the real objects.



The cleanup: “Real-Bogus Classifiers”

Pioneering work by Bloom et al (2011)
Figures from Brink et al (2012)

Problem: In transient searches, 
image differencing generates many 
artefacts (”false positive 
detections”). These overwhelm real 
candidates (by ~100:1).

Solution: RF-based classifiers.



Real Bogus, Dark Energy Survey (~2015)

• Raw false detection rates of 13:1
• Post-filtering rates of 1:3



State of the art: ZTF braai

Duev et al. (2019): “Bogus-Real Adversarial AI”



When a star gets too close to a supermassive black hole, the 
gravitational forces tear it apart with some of the star's material 
thrown back in space to form a disk around the black hole. One 
such event, called a Tidal Disruption Event (TDE), was discovered 

by ZTF in April 2019 and is believed to be the source of a high-
energy neutrino caught by the IceCube Neutrino Observatory.

The Transient Universe and Time-Domain Astronomy

Above: Tidal Disruption Events: Stars Shredded by 
Black Holes

ZTF Alert System
Maria Patterson et al.



What am I looking at? Real-time transient classification.

ParSNIP: 
Generative Models 
of Transient Light 
Curves with 
Physics-Enabled 
Deep Learning

Boone (2021)

Hybrid model: uses a neural network to model the unknown intrinsic diversity of different transients and an explicit physics-
based model of how light from the transient propagates through the universe and is observed.

2x better (contamination) at Type-Ia SNe identification relative to PLAsTiCC SOTA model



Periodic Variability Classification

Classifying variable sources in 
(noisy, sparse) survey datasets.

Variable examples: Deb & Singh (2009)



Periodic Variability Classification

Classifying variable sources in 
(noisy, sparse) survey datasets.

RF-based classifiers trained on 
features computed from time-
series of well-known variables.

Outperformed all other classifiers 
(by ~25%).

Extremely efficient discovery tool 
(e.g., >95% for pulsational
variables).

Classifier: Richards et al. (2011)



Vera C. Rubin Observatory

LSST Science Themes
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Probing Dark Matter &  Dark Energy

• Strong & Weak Lensing
• Large Scale Structure
• Galaxy Clusters, Supernovae

Mapping the Milky Way

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

Exploring the Transient Optical Sky

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

Inventory of the Solar System 

• Comprehensive small body census
• Comets and ISOs
• Planetary defence

LSST Overview: Ivezic et al. (2019)
LSST Data Products Definition: Juric et al. (2013)

https://ui.adsabs.harvard.edu/abs/2019ApJ...873..111I/abstract
https://ls.st/dpdd


Exploring the Solar System

About ~0.7 million  are known
Will grow to >5 million in the next 5 years

Animation: SDSS Asteroids
Alex Parker, SwRI



An unprecedented census of the Solar System Animation: SDSS Asteroids
(Alex Parker, SwRI)

About ~0.7 million  are known
Will grow to >5 million in the next 5 years

Estimates: Lynne Jones et al.The LSST data should increase the number of known objects between 5x-30x, depending on the population.

These objects will be well-characterized (orbits, light curves, absmag estimates), and discovered with an exceptionally 
well understood selection function.



Chelyabinsk, Russia      February 15, 2013.

Impacts and Planetary Defense

At present, we’ve discovered only ~40% of asteroids capable of 
causing continent-wide destruction.

With advanced software (THOR) and cadence changes, we could 
go as high as ~85%.

The LSST will bring that number up to ~70%.

Jones et al. (2019)



Solar System Volatiles
comets à

ß accretion

Slide Credit: Colin Orion Chandler coc123@uw.eduImage Credit: NASA

Active asteroids? ~30 known
Active Centaurs? ~20 known
Active Quasi-Hildas? ~10 known

Colin Chandler
LINCC Postdoc & PS

Active Asteroids
ac#veasteroids.net



Interstellar Objects: Messengers from Exoplanetary Systems

https://www.youtube.com/watch?v=iwv1RxtsmA0

1I/2017 U1 (‘Oumuamua)

Credit: ESO, M. Kornmesser, L.Calcada.

hJps://www.youtube.com/watch?v=vqMJo3DHOfg

C/2019 Q4 (Borisov)

Credit: NASA/JPL-Caltech and Steve Spaleta (Space.com)

LSST will discover anywhere from 1 ISO /year to 1/month.
Up-close exploration of material from other planetary systems.

https://www.youtube.com/watch?v=iwv1RxtsmA0
https://www.youtube.com/watch?v=vqMJo3DHOfg


A planet that may exist somewhere on the
outskirts of the Solar System.

Planet Nine

Rubin will directly and exhaustively survey ~60% of the sky for the proposed unknow planets, and 
indirectly set strong constraints on their (non)existence by characterizing the KBO population.



But… we first have to identify them in the data!



Problems in Solar System Discovery

1. Asteroid Linking

2. Optimal detection of fast-moving asteroids (planetary defense)

3. Deep discovery (dwarf planets, Planet 9)



Finding Asteroids

In a typical image, asteroids 
are indistinguishable from 
stars…

It is only their motion that 
makes them different.

Credit: a sequence of images of asteroid (1078) Mentha by the UK Spaceguard Centre 
(https://spaceguardcentre.com)



1. Asteroid Linking Problem
Deep sky images have high object densities. 
Unclear which object is which.

Above: Simulation by Veres & Chesley (2017)

Problem statement

Given O(150M) 2D data points, find 
O(1M) groups of O(10M) objects 
that satisfy gravitational equations 
of motions.

Non-AI solutions exist for:
• Simplified problem where pairs of images are taken 

closely space in time (O(100) cores)
• Arbitrary distribution in time, but assumption the objects 

are not near the Earth (O(10k) cores)



Transforming observations into a space where correct associations are approximately straight  lines in 
3D space (detectable with Hough transform)

Joachim Moeyens et al. (2021); http://github.com/moeyensj/thor

Tracklet-less 

Heliocentric 

Orbit 

Recovery

Tracklet-less Asteroid Discovery Algorithm

Joachim Moeyens,
THOR algorithm author



Trawling the NOIRLab Source Catalog (NSC)

● The NOIRLab Source Catalog (NSC) is 
a catalog of nearly all of the public 
imaging data in NOIRLab's Astro Data 
Archive

● 68 billion individual source 
measurements

● Dominated by DECam + Blanco 4m 
measurements (3/4 of all exposures)

● Deep (~23rd magnitude in most filters)

● ~1.7 billion don’t appear to be static 
(i.e., could be asteroids).

NSC DR2 Object Density Map

https://astroarchive.noirlab.edu/
https://astroarchive.noirlab.edu/


Initial run on 0.2% of data (15% of September 2013)

● Identified ~1200 known asteroids

● Linked 104 new objects (MPC-designated)

● Also pulled in a number of tracklets from 
the ITF.

● The vast majority have no 3-obsv tracklets
(unidentifiable with “usual” software)

● A number of them have no tracklets (pairs 
of observations in a single night) at all.

● Extrapolating to the whole dataset, we’re 
looking at ~10-40k of new discoveries.

Moeyens et al. (2021)



27,000 new candidates from the NSC

● Used a scalable version of 
THOR implemented and run on 
Google Cloud

● For scale: typical world-wide 
discovery rate today is ~25k/yr

● Most candidates are main belt 
asteroids

● ~100 NEOs
● A few objects on cometary 

orbits

Moeyens et al. (in prep)



Joachim Moeyens,
THOR algorithm author



But… we miss too many to dangerous objects.

Moeyens et al. (2021)Too computationally intensive for the current algorithms; AI emulators may be the way to make this work.
Opportunity for transfers of knowledge from HEP.



2. Op8mal Streak Detec8on
Fast moving asteroids leave streaks in 
images (think motion blur)…

Above: Duev et al. (2019)

2022 WJ1 (#C8FF042) over London, ON, Canada
(Photo by Rob Weryk)

The time from first detection to ~100%-impact likelihood determination was ~1hr.

Fast-moving == close. Sometimes, they impact the Earth.
9 found so far, hours before impact (all small)



2. Op8mal Streak Detec8on

Above: Jones et al. (2018)

Our current image processing algorithms are optimal for point source detections, not streaks.

Radon-transform type algorithms exist for 
streak detection, but the performance is 
not ideal and they suffer from being 
confused by artefacts.

Seems ideal for a CNN to solve.

Nearly perfect, unlimited, easy-to-
generate training sets are possible.

Loss due to 
physics 
(unrecoverable)

Loss due to 
algorithm 
(recoverable)



Convolutional Neural Network for Streak Detection

Focal Twersky loss

Abraham et. al. (2018)
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Karlo Mrakovcic, Univ. of Rijeka
Chester Li, Guinevere Berg, UW
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Injected calexp Split injected calexp Detection mask



Input Truth Estimated



Training
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● Model trained on S3DF on SLAC
● ~85 hours on 8 GPU-s
● Training set: 10 000 HSC images with synthetic injections of asteroids
● Test set:               100 HSC images with synthetic injections of asteroids 
● Magnitude range: 20 mag - 26 mag
● Speed range: 1 deg/day - 10 deg/day
● Inference time: ~1 minute on 8 GPUs per 200 CCDs (one Rubin camera image)

Karlo Mrakovcic, Univ. of Rijeka
Chester Li, Guinevere Berg, UW



Preliminary results: 2x better

● We can detect more asteroids than LSST 
pipeline

● CNN successfully detects faint asteroids 
down to magnitude 27.5.  

● Slower drop off due to trailing losses

78

2x better for very fast moving objects 
(>5 deg/day) than PSF-detection (the 
current Rubin algorithm,)



And, Again, AI could 
help save the world.



An Earth or Neptune-sized 
planet may be out there.

3. Deep Exploration of the Outer Solar System



How do we detect very faint objects?

Whidden, Kalmbach, Connolly et al. (2019)



How do we go deeper?

● We take multiple, short-exposure, images, and produce a co-add digitally compensating 
for the motion of the object. This increases the signal to noise and makes an object 
detectable.

Whidden, Kalmbach, Connolly et al. (2019)

● Q: But what if you don’t 
know where the object 
is, and it’s undetectable 
on individual exposures 
frames?

● A: try all possible motion 
compensation vectors.



Shift-and-stack (KBMOD) Smotherman et al. (2021)

KBMOD (Kernel Based Moving-Object Detection)
https://github.com/dirac-institute/kbmod

Uses GPUs to try out billions of plausible trajectories (motion 
vectors).

Incredibly computationally expensive; to do all of Rubin may 
need 5000+ GPUs operating 24/7.

Likely an excellent AI problem: detect objects in 
“movies” that are below the SNR threshold in individual 
frames but with the right motion compensation 
trajectories result in an object with a signficant SNR.

Le?: An example object, coadded 
SNR=16, per-epoch snr <5

https://github.com/dirac-institute/kbmod


Impact if solved

● Nobel Prize for Planet X discovery (in Physics, of course)

● Find numerous (>100) dwarf planets (objects of same or large size than Pluto)
● Increase the number of known outer solar system objects by 5-10x (beyond what 

LSST will already find)
● Enable the understanding of Solar System formation (many of the clues are in the 

outer solar system)

● If made to run in real-time, enable similar advantages for Planetary Defense use 
cases (finding dangerous asteroids); enable the use of cheap CMOS chips taking 
movies to repeatedly scan the skies for dangerous/interesting objects.



A final note: LLM-accelerated research, for everyone



Visnjan Observatory, Croatia
https://astro.hr

https://astro.hr/






My VSA 2024 Project Pitch Slides



My team of five excellent high-school students
(operating at 35 degC temperatures!)



91VERA C. RUBIN OBSERVATORY LSST

We recruited a 6th team member: ChatGPT 4o



Result: mpsky.org

https://mpsky.org

Note: Only one observatory 
location (L01), and only one 
night (August 15, 2024)

Written and deployed by a team 
of five high school students with 
no prior experience with 
JavaScript, web programming, 
server maintenance, etc.

Delivered AHEAD OF 
SCHEDULE (Saturday).

ChatGPT was an INCREDIBLE 
accelerant!

https://mpsky.org/


Construct SQL queries via 
ChatGPT?

Complex visualizations?

Data exploration?

Complete research tasks 
(with o1-preview)?

We’re all be getting a 
team of AI RSEs & 
analysts to work with!

https://youtu.be/43Rd-y2xe84?si=B8ZC1OD13Oo6sst2&t=994

https://youtu.be/43Rd-y2xe84?si=B8ZC1OD13Oo6sst2&t=994


Rubin is nearly here & with AI we can maximize its discovery potential

> After nearly 10 years of construction, Rubin Observatory will enter commissioning in ~a month, 
with early data previews expected next year. The largest astronomical sky survey in human 
history is about to begin.

> The next challenge is extracting knowledge from the data: AI will play a major role in doing so 
optimally.

> The applications of AI are still novel in astronomy: possibilities for collaboration are abundant!



A Universe Understood Through
Data-Intensive Discovery

Thank You! Questions?

https://dirac.astro.washington.edu

https://dirac.astro.washington.edu/

