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What did we learn from O3?

3 [Petrov+2021, ApJ; Kiendrebeogo+, ApJ]
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What are we learning from O4?

4 [Petrov+2021, ApJ; Kiendrebeogo+, ApJ]
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Gravitational Wave Data
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11 events 
from O1+O2

44 events in O3a, 55 total
1041 “subthreshold” events in O1,O2,O3a

35 events in O3b, 90 total 
(catalogs are cumulative)
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Gravitational Wave Alerts
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Tested the end-to-end alert infrastructure 
using a MDC (Sharma-Chaudhary & 
Toivonen et. al. 2308.04545)

Latencies In O4 so far
Median: 28s Max: 38s

https://arxiv.org/abs/2308.04545


Machine Learning in 

Gravitational Waves
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Detector Characterization Event Detection Event Characterization

Feedback/controls 
reinforcement learning

Noise subtraction nonlinear 
regression

Modelled supervised

Unmodelled semi-supervised

Vetoes Glitch identification

Parameter estimation
Normalizing flows

Population modelling
Normalizing flows (reprise)

Fast inference times, small compute footprint



Machine Learning in 

Gravitational Waves
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Papers

GravitySpy

Approaching production

What else?

MLy

https://www.zooniverse.org/projects/zooniverse/gravity-spy
https://arxiv.org/abs/2009.14611


Machine Learning for Machine 
Learning Sake
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https://info.algorithmia.com/hubfs/2019/Whitepapers/The-State-of-Enterprise-ML-2020/Algorithmia_2020_State_of_Enterprise_ML.pdf



Are we having fun yet?
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Who wants to train ML models?

Maintain python envs
Manage GPU libraries
Write tests
Version datasets
Set up experiment tracking
Automate hyperparameter sweeps
Establish test-time metrics
Visualize failure modes
Analyze performance on subpopulations
Build all this into CI/CD
etc.

Who wants to



MLOps: Chicken and the Egg
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…to do better science at these layers

Want these layers built well…

But…



MLOps: Chicken and the Egg
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Needs here driven by science goals:
● What models (e.g. TD vs. FD)?
● What kinds of data, how much?
● Runtime latency/throughput
● Performance requirements

Drives needs at these layers
● Only discovered through 

experimentation
● Defined by domain experts
● Built by?



Frictionless Reproducibility
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Ben Recht:

https://argmin.substack.com/p/rigor-vs-github-descent

https://arxiv.org/abs/2310.00865

https://arxiv.org/abs/2310.00865
https://argmin.substack.com/p/rigor-vs-github-descent


Hacking Graduate Student Descent 
with Better Tools
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High-level requirements
● Lower barriers to entry
● Allow users to focus on physics
● Produce real knowledge - is this method better or 

not?

More specifically
● Modular, composable
● Successive layers of abstraction
● Fast, efficient usage of heterogeneous 

computing resources

Align GSD cost function with real 
science goals

Accelerate iteration cycle - 
more steps in evolutionary 
algorithm



An Example Use Case
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aframe - Binary black hole merger detection

Simple supervised binary classification

99% of work has been physics/engineering

Finally nearing position to do good ML research at 
scale - what’s next?

Paper with SOA sensitivity in the works

https://github.com/ML4GW/aframe


Machine Learning: ML4GW
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hermes: extending inference-as-a-service prototype to scale up model 
inference/validation
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ml4gw: GPU-efficient Pytorch implementations of common GW ops, 
e.g. waveform → IFO response

https://github.com/ml4gw/hermes
https://www.nature.com/articles/s41550-022-01651-w
https://github.com/ML4GW/ml4gw


Machine Learning: 

Algorithms

19

Main focus: All algorithms use our inference-as-a-
service  (IaaS) prototype to implement a real-time 
noise subtraction pipeline (DeepClean), detection 
(aframe/GWAK), and parameter 

estimation for use during the fourth observing run (O4) 
of LIGO-Virgo-KAGRA on dedicated hardware at the 
detector sites. 

Clean the Data: DeepClean (CNN)

Detect the GWs: 

aframe (CNN)/GWAK 
(autoencoders)

Characterize the GWs: (MAF*) 

Top-level github work area: ML4GW

MAF: Masked 
Autoregressive FLow

https://www.nature.com/articles/s41550-022-01651-w
https://www.nature.com/articles/s41550-022-01651-w
https://github.com/ML4GW/


The Time-Domain Astronomy 
Ecosystem
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SkyPortal: Overview
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A portal utilizing secure modern 
web technologies, scaling 
effectively, and is highly highly 
customizable and extensible to 
various astronomy workflows 
related to ZTF, LSST, LS4, and 
other surveys. 	 A single-source-
of-truth marshal for transient, 
variable, and Solar system science 
cases. Facilitates follow-up 
observation management: 
robotic and classical facilities  

‣ 	Open source (free to use, modify, and 
distribute)  

‣ 	API-first system: rich APIs for machine usage  

‣ 	Extensible & scalable design  

‣ 	Fine-grained access control, Authentication via 
Social/OAuth 

‣ 	Real-time Slack-like messaging, notifications  

‣ 	Rich visualization capabilities 

‣ MMA planning, telescope triggering, follow-up 
management 

‣ 3rd Party Source Analysis integration  

‣ 	Distributed computation via Dask  

‣ 	Docker compose or Kubernetes deployment  

‣ 	Well-tested, extensive docs, CI/CD 



SkyPortal: In Context
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SkyPortal: O4 workflow
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of View 

Galaxy 
Targeted
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Photometry Spectroscopy

Characterization

Identification

Localization Classification

Alerts

Ingestion by gcn-
kafka

Network-level 
scheduling using 

gwemopt. Validation 
using simsurvey.

Cross matching of 
filter streams with 

skymaps.

Automated 

summaries for 
distribution through 

GCN.
Analysis framework 
to interact with light 

curve / spectroscopy 
fitting frameworks

API interactions with 
follow-up telescopes 
(SEDM, LCO, Swift, 

NICER, etc.) and 
photometry services 

(ATLAS, ZTF, etc.)

Notification 
framework by email, 

SMS, slack, phone etc. 
Time-zone cognizant 

shifts



SkyPortal: In Production
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366
Users

3.3M
Sources

9.4M
Candidates

489M 
Photometry 

Points

198k 
Comments

5.9M
Source Views

5.1k
GCN Events

3.3M
Annotations

14.7M
Thumbnails



The Bright Transient Survey
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Classified 
bright 

transients
106 alerts / night


→→
~50 candidate 
BTS sources / 

night→
~5-10 new 

bright 
transients / 

Manual ScanningFritz alert filter



BTSBot
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Classified 
bright 

transients
106 alerts / night


→→
~50 candidate 
BTS sources / 

night→
~5-10 new 

bright 
transients / 

BTSbot

Rehemtulla+23

sgscore

Tachibana & Miller 18 

braai

Duev+19

pySEDM 
Rigault+19 

SNIascore

Fremling+21

SkyPortal

Coughlin+23



SN 2023tyz
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World’s First: 
Fully automatic from 
discovery to TNS

Nabeel Rehemtulla 
Northwestern

Theophile Jegou du Laz 
Caltech



From gravitational waves to 
photons

28

48 inch Samuel Oschin 
Schmidt telescope

The crucial element: ZTF has a large field of view, and accumulates 
many images quickly



Optical Data
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Beta Lyrae Blend



And with the help of some other 
kinds of hardware…
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Optical Data
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W Ursae Maj 
(contact binary) 

P = 0.35017 d



ZTF Source Classification Project
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• Open-source


• Python-based


• CI/CD pipeline


• Regularly updated docs

(van Roestel et al. 2021, 
Coughlin et al. 2021, 

Healy et al. 2023) 

• Supervised, active learning: training set built up over time (w/human input) 

• Two taxonomies: ontological (intrinsic), phenomenological (light curve shape)


• Provides useful information for anomalous sources 

• Avoids complications of overlapping classes



ZTFReST for fast transient 
discovery

33 [Andreoni, Coughlin+2021, ApJ]


growth-astro/ztfrest

Andreoni & Coughlin et al., 

in preparation



Real Time Discoveries

34 [Andreoni, Coughlin+2022, Nature]



Real Time Discoveries
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My favorite part

wrong galaxy, correct 
photoz!

Flagged as 
special

Immediate public 
reporting

Rapid follow-up

[Andreoni, Coughlin+2022, Nature]



Constraints on Kilonova and

neutron star merger rates

36 [Andreoni, Coughlin+2021, ApJ]


ZTF constrained the rate of GW170817-like 
kilonovae to be R < 900 Gpc-3 y-1

Andreoni & Coughlin et al. (2021), ApJ, 918, 2, 63

Model grid in Andreoni et al. (2020d), ApJ, 904, 2, 155 

GWTC-3

GWTC-3 upper limit




NS Equation of State
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Watts et al, Rev. Mod. 
Phys. 88. 021001 (2016)

Described by the Equation 
of State:


• Pressure-density or 
equivalently mass-
radius.


• Numerous models 
proposed.

Phys. Rev. Lett. 121, 161101 (2018)

• Stiffness of NS determines how much it 
deforms under gravity (tidal effects).


• Estimate NS deformations from GW signals.

• Some EoS models are ruled out, others are 

consistent with observations. 



MMA Equation of State 
Constraints
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NICER - Pulsars

GWs

Optical Counterpart

Nuclear 

Theory

[Dietrich, Coughlin, Pang+2020, Science]




MMA Equation of State 
Constraints

39 [Huth+2022, Nature]


high-density information 
from astrophysical 
studies

Good agreement between macroscopic 
and microscopic collisions



A nuclear physics and multi-
messenger framework (NMMA)
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github.com/nuclear-multimessenger-astronomy



NMMA - Consider using it!

41

- incorporation of nuclear-physics  
information


- simultaneous analysis of GW, kilonova,  
and GRB afterglow


- (some) unit testing and (growing) 
documentation!


- Used in online kilonova searches


- HPC facilities needed



A Multi-Messenger Ecosystem
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Kilonovae - Hard to find
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Rapid reddening

Faint

Fast

modified from Andreoni+2018, LSST White Paper




The Observational Landscape
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The Observational Landscape
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Classifying Astronomical 
Transients

46

In 2019 alone, 18,296 ATs were identified by various surveys


Classification numbers are abysmal




The SED Machine
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The SED Machine
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The SED Machine (zoomed)
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R (constant) ~ 100


1 µm 360 nm

Data reduction is a big challenge!




Comparison to higher 

resolution instruments
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1 µm

SEDM: Pink, 
1800s, 60-inch 

DBSP: Blue, 
500s, 200-inch 

• 50% of all SN classifications on TNS website


• Integral part of ZTF impact


• 10-20+ Targets Per Night (Depending on time of year)




SED Machine - Kitt Peak
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1 µm AG-HS Imaging Fold 
Mirror Assembly

IFU Pickoff + 
Expander Assembly

AG-KPED Imaging Channel

IFU Packaging Fold

IFU Collimator + MLA 
Assembly

IFU Prism AssemblyIFU Camera Assembly
IFU Detector 

Assembly



SED Machine - Kitt Peak
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1 µm

Kitt Peak 2.1m: Facility Specs

• Primary: 2.1m (84in)

• 2x P60 area = +0.75mag

• Secondary: f/7.6

• Automated for KPED


Kitt Peak 2.1m: Facility History

• 3yrs with RoboAO

• 2yr with KPED


Instrument improvements over v1

• Optimize IFU wavelength coverage 

and throughput

• Optimize imager FOV

• Reduce number of optics

• Improved QE response in imager

• Use filter wheel for imager instead 

of fixed quadrant design

• Use fold mirror with central hole 

instead of pickoff mirror



SED Machine - Kitt Peak
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1 µm

Kitt Peak 2.1m: Facility Specs

• Primary: 2.1m (84in)

• 2x P60 area = +0.75mag

• Secondary: f/7.6

• Automated for KPED


Kitt Peak 2.1m: Facility History

• 3yrs with RoboAO

• 2yr with KPED


Instrument improvements over v1

• Optimize IFU wavelength coverage 

and throughput

• Optimize imager FOV

• Reduce number of optics

• Improved QE response in imager

• Use filter wheel for imager instead 

of fixed quadrant design

• Use fold mirror with central hole 

instead of pickoff mirror

SEDM-KP could achieve 100% completeness down to 19+ mag 
(dominating the optical classification landscape)



SED Machine - Kitt Peak: 

First Science Observations
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1 µm



SED Machine - Kitt Peak: 

Timeline
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1 µm

June 5 - June 8

First commissioning trip


-Removed KPED

-Put SEDMv2 on with stop-
gap prism

Sep 19 - Sep 30

Second commissioning trip(s)


-No damage to instrument

-Replaced stop-gap prism with tri-prism and 
realigned

-Put SEDMv2 back

-Operations paused until access to stable 
power supply

Oct 18

Line power back


Dec 25

Internet restored


BUT

KP84 UPS failure!

June 8

FIRST LIGHT!


System not yet fully robotic

June 15

Contreras wildfire - KP 

evacuated

-Extensive damage to KP 
power poles, internet cables

-All scientific buildings saved

-Extensive damage to 
summit road because of 
landslides during monsoon

Feb 7

-New UPS installed

-Improved KP84 drive 
performance 

-Guiding implemented

Nov 12 - April 2023

Multiple trips to KP84 


-Robotic operations tested

-Taking commissioning data

-Onsite data analysis

To Do

-Fix dome drive

-Mirror recoating

-Fix minor software bugs as 
we go!



SED Machine Version - Kitt Peak
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1 µm

Kitt Peak 2.1m: Facility Specs

• Primary: 2.1m (84in)

• 2x P60 area = +0.75mag

• Secondary: f/7.6

• Automated for KPED


Kitt Peak 2.1m: Facility History

• 3yrs with RoboAO

• 2yr with KPED


Instrument improvements over 
v1

• Optimize IFU wavelength coverage 

and throughput

• Optimize imager FOV

• Reduce number of optics

• Improved QE response in imager

• Use filter wheel for imager instead of 

fixed quadrant design

• Use fold mirror with central hole 

instead of pickoff mirror

Wavelength [nm] e2V Theoretical Wavelength [nm] SN: 2803120001 SN: 04001312 SN: 05313416 Andor iKon-936
350 20 350 14.2 16.1 23.7 49
400 65 400 36.8 52.9 59.6 89
450 77 500 58.5 92.6 90 92
500 90 650 62.1 89.7 91.6 89
550 81 900 30.3 31.6 30.4 89
600 79 90
650 76 93
900 40 80
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SEDM: Efficiency Plots

e2V+CCD42-40 (Original Theoretical Estimate.)

SN: 280312001 (Original IFU 2013-2018)

SN: 04001312 (Original RC)

SN: 05313416 (Current IFU 2018-2019)

Andor iKon-936 BEX2-DD



SED Machine Version - Kitt Peak
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1 µm

Kitt Peak 2.1m: Facility Specs

• Primary: 2.1m (84in)

• 2x P60 area = +0.75mag

• Secondary: f/7.6

• Automated for KPED


Kitt Peak 2.1m: Facility History

• 3yrs with RoboAO

• 2yr with KPED


Instrument improvements over 
v1

• Optimize IFU wavelength coverage 

and throughput

• Optimize imager FOV

• Reduce number of optics

• Improved QE response in imager

• Use filter wheel for imager instead of 

fixed quadrant design

• Use fold mirror with central hole 

instead of pickoff mirror

Wavelength [nm] e2V Theoretical Wavelength [nm] SN: 2803120001 SN: 04001312 SN: 05313416 Andor iKon-936
350 20 350 14.2 16.1 23.7 49
400 65 400 36.8 52.9 59.6 89
450 77 500 58.5 92.6 90 92
500 90 650 62.1 89.7 91.6 89
550 81 900 30.3 31.6 30.4 89
600 79 90
650 76 93
900 40 80
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SEDM: Efficiency Plots

e2V+CCD42-40 (Original Theoretical Estimate.)

SN: 280312001 (Original IFU 2013-2018)

SN: 04001312 (Original RC)

SN: 05313416 (Current IFU 2018-2019)

Andor iKon-936 BEX2-DDKP84 + SEDM-KP could achieve 100% completeness down to 19+ mag 
(dominating the optical classification landscape)



A Multi-Messenger Ecosystem

58

Kilonova

GRB

Global	astrophysical	modeling

Multi-Messenger	
Framework

Spectroscopy

Gravitational	waves	

Photometry

Expansion	
rate	of	the	
Universe

Equation	
of	state	of	
a	neutron	

star

SEDMv2

Compact	
Binary	

Coalescences

Dedicated	instrumentation

Cosmology

Nuclear	Physics

Machine	Learning

Object	
Classification

Bayesian	Inference

GW-EM	Joint	
Parameter	
Inference



Thank you!
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