A technical ecosystem to enable
multi-messenger astrophysics
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What did we learn from 0O3?

Cumulative fraction of events
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What are we learning from 047

SNR Network BNS NSBH BBH
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\ Multi-Messenger Ecosystem

__ Bayesian Inference Cosmology
ofl p
vl 0.12
5) [H,LL%H Planck
ﬁj : 0.101 —— SHOES
b Kt - —— BBH Expansion
" J ‘&“L , GW-EM Joint 0.081 — GWI170817 P
T Parameter = — Kiowe1ate Of the
{@j di: Inference e oo Universe
s 0.041
3\\ ] @ . JJHML’ L Lo10 \
< 804 . 0.02 1 S(k:
10;?‘(!u/‘,».‘,n,gl;) log:}Mq/:,;,’f\\r\r,) en[:eg] a’em[’dcg] ’ ﬂ 000 : < £ ; .
g 20 40 60 80 100 120 140
; Ho(kms ™ "Mpe™)
Multi-Messenger - -
Framework Nuclear Physics
. . %
Machine Learning
AGN Subtypes
_ Ryy = 11.747)%km
Object | Equation
Classification of state of
a neutron
star
x107!
8 10 12 14




Vi i\Gravitational Wave Data

Continuous time series (1Hz, 128Hz ... 16kHz)

Gravitational Wave channel:
~20GB/day (per instrument)

Physical Environment
Monitors (seismometers,
accelerometers,
magnetometers, microphones
etc)

Internal Engineering Monitors
(sensing, housekeeping,
status etc)

Together with various g Y —v
intermediate data products 11 events 44 events in O3a, 55 total 35 events in O3b, 90 total

. 1041 “subthreshold” events in 01,02,03a catalogs are cumulative
>2TB/day (per instrument) from O1+02 (catalog )
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Gravitational Wave Alerts

Time relative to gravitational-wave merger
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https://arxiv.org/abs/2308.04545
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Machine Learning In

Gravitational Waves
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Noise subtraction nonlinear
regression
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Event Detection

X102 LIGO strain data around GW150914
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Modelled supervised

Unmodelled semi-supervised

Vetoes Gilitch identification

Event Characterization

Parameter estimation
Normalizing flows

Population modelling
Normalizing flows (reprise)

Fast inference times, small compute footprint




achine Learning in

ravitational Waves

Papers Approaching production

GravitySpy

Ma 3 QUes have proved

3. Improving Data Quality
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https://www.zooniverse.org/projects/zooniverse/gravity-spy
https://arxiv.org/abs/2009.14611

Machine Learning for Machine

Learning Sake

ALGORITHMIA

2020 state of enterprise
machine learning

Model deployment timeline

Don’t know/not sure

— ,: ’;__;f, i e — == o ~

Key finding 3: Overcrowding at early maturity levels and

Al for Al's sake e
% I % 22%
31-90 days
Of Companies Surveyed more Companles have Reflects data only from survey Group B.
have not dep"_’yed a gotten models into
machine learning model

! production since 2018
https://info.algorithmia.com/hubfs/2019/Whitepapers/The-State-of-Enterprise-ML-2020/Algorithmia_2020_State_of_Enterprise_ML.pdf




yoiVAre we having fun yet?
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e :\\LOps: Chicken and the Egg

Deployed application

Experiment 1

v

Data
versioning
and
visualization

Experiment

registration

Environments/libraries

Scheduling/Orchestration

Computing Hardware

Experiment 2

tracking/artifact

Experiment N

v

Model evaluation
and visualization

A

Isolated per task - lightweight

% ...to do better science at these layers

A

Want these layers built well...

>

But...
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24V 11 Ops: Chicken and the Egg

Deployed application

Experiment 1 Experiment 2 Experiment N

v v
Data
versioning

and
visualization

Experiment
tracking/artifact
registration

Model evaluation
and visualization

A A

Environments/libraries Isolated per task - lightweight

Scheduling/Orchestration

Computing Hardware

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

Drives needs at these layers
e Only discovered through
experimentation
e Defined by domain experts
e Built by?



AErictionless Reproducibility

Ben Recht:

Our machine learning algorithm development is what Stephen Boyd calls “graduate
student descent.” Given the industrial interest, | think these days it's better designated
"GitHub descent.” Find a model on the internet, tweak a parameter or two, see if it gets
better test error. If it does, that's a paper. We're most definitely optimizing, as we really
care about these competitions on dataset benchmarks. But our algorithm is some sort
of massively parallel genetic algorithm, not a clean, rigorous, and beautiful convex
optimization method.

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

https://arxiv.org/abs/2310.00865

Data Science at the Singularity

Version 1.00

David Donoho *
October 3, 2023

[FR-1: Data] datafication of everything, with a culture of research data sharing. One can now
find datasets publicly available online on a bewildering variety of topics, from chest x-rays to
cosmic microwave background measurements to uber routes to geospatial crop identifications.

[FR-2: Re-execution] research code sharing including the ability to exactly re-execute the same
complete workflow by different researchers.

[FR-3: Challenges] adopting challenge problems as a new paradigm powering scientific research.
The paradigm includes: a shared public dataset, a prescribed and quantified task performance
metric, a set of enrolled competitors seeking to outperform each other on the task, and a public
leaderboard. Thousands of such challenges with millions of entries have now taken place, across
many fields.

The maturation of [FR-1]+[FR-2]+[FR-3| and emergence of FRX did not spring out of a vaccum.
Nor out of slidedecks presented to Silicon Valley VC’s who funded Github, Kaggle, and Hugging
Face. Nor out of today’s hegemon research labs. Rather, they developed organically from efforts by
data scientists and technologists across at least 4 decades, witnessed by my own eyes.


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

Hacking Graduate Student Descent
G 1]

with Better Tools

Align GSD cost function with real
science goals

Accelerate iteration cycle -
more steps in evolutionary

algorithm
High-level requirements More specifically
e Lower barriers to entry e Modular, composable
e Allow users to focus on physics e Successive layers of abstraction

e Produce real knowledge - is this method better or e Fast, efficient usage of heterogeneous
not? computing resources




Deployed application

Experiment 1 Experiment 2 Experiment N

v v

Data
versioning
and
visualization

Experiment
tracking/artifact
registration

Model evaluation
and visualization

A A

Environments/libraries Isolated per task - lightweight

Scheduling/Orchestration

Computing Hardware

£:V\An Example Use Case

Whitened strain

aframe - Binary black hole merger detection

NN Output

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

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

Machine Learning:

Algorithms

Top-level github work area: ML4GW

Clean the Data: DeepClean (CNN)

Detect the GWs:
- — aframe (CNN)/GWAK
= (autoencoders)

Characterize the GWs: (MAF¥)

% N=84, p-value=0.0011

— g (0.056)

S

Background Survival Function

— & (0.387)
3 4 — 6:(0706)
— 6 (0.024)
—— b$ (0.533)
— @ (0.364)
== DEC (0.036)

. L 54 -- rao1ny
Detection Statistic —— v (0.357)

Main focus: All algorithms use our_inference-as-a- e
service (laaS) prototype to implement a real-time N
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.

Fraction of eve

o
[N}
|

»
0.0 0.2 0.4 0.6 0.8 1.0
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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
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SkyPortaI: Overview

v

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

v

>

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
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SkyPortaI: In Context
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SkyPortaI: O4 workflow

Ingestion by gcn-
kafka

Notification
framework by email,
SMS, slack, phone etc.
Time-zone cognizant

o

Network-level

: . shifts
scheduling using _ _ Gl
gwemopt. Validation [RAASAIEE Tara :’)c(eyd
using simsurvey. ol e ]
< Candidates Y Cross matching of
Photomet filter streams with
2/ 2 2 skymaps.
API interactions with I ) Automated
follow-up telescopes SHHIeeno summaries for
(SEDM, LCO, Swift, distribution through
NICER, etc) and GCN.
photometry services Analysis framework
(ATLAS, ZTF, etc.) to interact with light

curve / spectroscopy
fitting frameworks
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SkyPortaI: In Production

5 oM 3.3M 489M
Source Views Sources Photqmet"y
Points
GCN Events
366 Comments
Users
Annotations 2.4M
14.7M Candidates

Thumbnails
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The Bright Transient Survey

106 alerts / night

—>
Fritz alert filter Manual Scanning




106 alerts / night
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SN 2023tyz

World’s First:
Fully automatic from
discovery to TNS
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From gravitational waves to
i photons
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The crucial element: ZTF has a large field of view, and accumulates
28 many images quickl
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Optical Data
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ZTF Source Classification Project

O Search or jump to...

Pull requests Issues Codespaces Marketplace Explore

& ZwickyTransientFacility / scope ' Public <% EditPins + ®Watch 5 ~ % Fork 17

<> Code (O Issues 38 1 Pull requests 10 ) Discussions ~ (® Actions [ Projects [ Wiki @ Security [~ Insights &3 Settings

e Open-source

¥ main ~ ¥ 2branches © 0tags Go to file Add file ~ <> Code ~ About &

SCoPe: ZTF source classification project
‘ bfhealy Sort light curves to be monotonically increasing in time (#315) ' 157c¢817 22 minutes ago @203 commits
@ zwickytransientfacility.github.io/scop...

[ .github

M .requirements
I data

| doc

B3 periodfind @ 9413dac

B3 scope-phenomenology @ f95d445

B scope

tools

flake8

.gitignore

.gitmodules
.pre-commit-config.yaml|
LICENSE

README.md
combine_preds.py
config.defaults.yaml
get_all_preds.sh

pyproject.tom|

O DO DD DD DDDDD

requirements.txt

Update inputs for doc deploy workflow (#294)

Add tests for inference and active learning sample selection (#291)

Add variable object examples (#45)

Impute features when using get_features.py (#292)

Pin latest periodfind (#311)

Pin scope-phenomenology (#284)

Sort light curves to be monotonically increasing in time (#315)
Sort light curves to be monotonically increasing in time (#315)
Initialize repository structure (#1)

Field guide and workflows (#4)

Update periodfind URL (#299)

Fix failing tests due to changed repo location (#168)

Initial commit

Update documentation URL (#259)

Inference pipeline (#84)

Loop over config-specified period algorithms (#303)
Inference pipeline (#84)

DNN model training pipeline (#6)

Field guide and workflows (#4)

2 weeks ago

2 weeks ago

2 years ago

2 weeks ago

2 days ago

3 weeks ago
22 minutes ago
22 minutes ago
2 years ago

2 years ago
last week

4 months ago
3 years ago
last month

6 months ago
last week

6 months ago
2 years ago

2 years ago

0 Readme

MIT license

5 watching

Litd
¢ 5stars
®
% 17 forks

93200 O
=

Languages

® Python 71.3%
® Jupyter Notebook 18.3%
® Fortran 7.7% Shell 2.7%

Python-based

CI/CD pipeline

Regularly updated docs

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

(van Roestel et al. 2021
Coughlin et al. 2021,
Healy et al. 2023)

. Avoids complications of overlapping classes




ZTFReST for fast transient
discovery

growth-astro/ztfrest

Query alerts for Add candidates F'AlderF l'g'tdaém Fades yes
. short-duration alerts to ZTFReST mt rise aln e(f:?ty < 0.3 mag/d? ]
r sources database rates via linear :
Reject
, Quality check
Based on nearby alerts (optlonal) Update
Select from database e ,
no/ambiguous
those candidates that |« Y /ambig database
need new forced phot
v yes Reject
Trigger forced photometry J
—— Add light curves to Find rise and decay N Fades no/ambiguous
— v the ZTFReST database | | rates via linear fit < 0.3 mag/d?
Stack flux ) | ¢
Y
e
Kilonova fitting L
z : . galaxy
i i (optional)
LC G T - Trigger LOOGT « crossmatch
- . | Dailycandidate | L. S

Check P scanning 0.

__LCOGT status | 2 %
i 4|CUpdate database

sdome

[Andreoni, Coughlin+2021, ApJ]




Real Time Discoveries

n Igor Andreoni 11:05 AM
@channel Are we re-starting with a bang?!?! https://fritz.science/source/ZTF22aaajecp
LS photoz of the closest galaxy: z = 1.201284 +- 0.176194

Michael Coughlin 11:08 AM

M WOW!

Igor Andreoni 11:08 AM
This looks a lot like an afterglow to me.. but caught on the rise would be crazy..

O Daniel Perley 11:17 AM
4 'l put it in for LT tonight

g Igor Andreoni 11:18 AM
Thanks Dan

| am reporting to TNS and putting together a short astronote

Michael Coughlin 11:19 AM
@sganand Can you put in LCO?

n Anna Ho 11:40 AM . L
. .. . test . . .
Interesting!! | have a Gemini ToO program this semest® =P e you would like me to trigger it.

[Andreoni, Coughlin+2022, Nature]



Real Time Discoveries

n Igor Andreoni 11:05 AM
@channel Are we re-starting with a bang?!?! https://fritz.science/source/ZTF22aaajecp

LS photoz of the closest galaxy: z = 1.201284 +- 0.176194 My favorite part
-
Wl Michael Coughlin 11.03 A1 -
WOW! wrong galaxy, correct
. photoz!
n Igor Andreoni 11:08 AM
This looks a lot like an afterglow to me.. but caught on the rise would be crazy..
O Daniel Perley 11:17 AM Flaggeq as
special

4 'l put it in for LT tonight
n Igor Andreoni 11:18 AM - Immediate. public
Thanks Dan reporting

| am reporting to TNS and putting together a short astron@tgpid follow-up

Michael Coughlin 11:19 AM
@sganand Can you put in LCO?

n Anna Ho 11:40 AM . L
. .. . test . . .
Interesting!! | have a Gemini ToO program this semest® =P e you would like me to trigger it.

[Andreoni, Coughlin+2022, Nature]



Constraints on Kilonova and

neutron star merger rates

0 This work
[ Optical survey KN

[ 1 GW BNS mergers
1 short GRB

[ Population synthesis
[ 1 Galactic double NS
ZTF, this work

_ | GWTC-3 upper limit
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104

Andreoni & Coughlin et al. (2021), ApJ, 918, 2, 63
Model grid in Andreoni et al. (2020d), Apd, 904, 2, 155

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

[Andreoni, Coughlin+2021, ApJ]



NS Equatlon of State

@
=3
R (km) d =
Phys. Rev. Lett. 121, 161101 (2018)
e Stiffness of NS determines how much it
deforms under gravity (tidal effects).

e Estimate NS deformations from GW signals.
e Some EoS models are ruled out, others are
consistent with observations.

Described by the Equation

of

State:

* Pressure-density or
equivalently mass-
radius.

e Numerous models
proposed.

1.0

0.5

0.0

8 10 12 14 16
Radius (km)

Watts et al, Rev. Mod.
Phys. 88. 021001 (2016)



MMA Equation of State

Constraints

Prior construction N IC E R - P u |S ars

N U C I ea r (A) Chiral effective field theory: (B) Maximum Mass Constraints: (C) NICER:
EOS derived with the chiral EFT PSR J0740+6620/ PSR J0348+4032/ PSR PSR J0030+0451
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[Dietrich, Coughlin, Pang+2020, Science]




MMA Equation of State

Constraints

ood agreement between macroscopic
and microscopic collisions

(A) Chiral effective field theory: (B) Multi-messenger astrophysics: X
1 1 T | I 1 I I 1 I T I T 1 I I I 1 1 ] T I 1 I 1 I
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Z 10k - Z 10k ‘ - =5
- 1 P E : e
= [ ] = [ ] =
ey 10" = £ 10 = =
1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 : 1 1 1 l 1 | 1 I 1 1 | I 1 1 1 I 1 1 1 :
0.5 1.0 1.5 2.0 2.5 3.0 0.5 1.0 1.5 2.0 2.5 3.0
Number density n [nga) Number density 7 (1.
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A nuclear physics and multi-

messenger framework (NMMA)

github.com/nuclear-multimessenger-astronomy

0 Product Team Enterprise Explore Marketplace Pricing - Search Sign in

Nuclear Multimessenger Astronomy

B3 nuclear_multimessenger_astronom...

(M Overview [J Repositories 2 fJ Projects @ Packages R People

Pinned
People

] nmma ( Public
This organization has no public members.

A pythonic library for probing nuclear physics and cosmology with
You must be a member to see who's a part of

multimessenger analysis

@®Python W5 %13

this organization.

(] Repositories Top languages

Q Find a repository... Type ~ Language ~ Sort ~ @ Python

nmma | Public A\

A pythonic library for probing nuclear physics and cosmology with multimessenger analysis AM/

@Python w5 MMT ¥ 13 (O 8 93 Updated 12 daysago

nuclear-multimessenger-astronomy | Public
Config files for my GitHub profile.

QO Yo @O I‘Lo Updated on 2 Feb
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The Observational Landscape

MLOF?

Transient
TURBO? Generator

ZTF

Spectroscopi
c
Classification
Facilities

SEDMv2 LBT?

Steward?
i.e. Bok/
MMT
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The Observational Landscape

Spectroscopic
Classification
Facilities

MLOF?

Transient
TURBO Generator

{ SEDMv2 LBT?
' Steward?

i.e. Bok/
MMT




Classifying Astronomical

Transients

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

ATs in 2019 ATs in 2019
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The SED Machine

Hyperspectral imaging spectrograph

Spectrograph

v s
'k‘ \J" -

| Imager F¢ @

Pl. Pixis 2048 CCD

dander Lens




The SED Machine

48



Y
The SED Machine (zoomed)

Data reduction is a big challenge!
49



Comparison to higher
Lkt resolution instruments

1 5flr N la .o e
OVERVIEW Pl

OTOMETRY SPECTROSCOPY FOLLOWUP OBSERVABILITY FINDING CHART A EXAMINE PAGE
Rest (z=0.0885) Wavelength (A)
3675 4593 5512 6431 7350 8268 9187 @ 2016 Jan 14 P60+SEDM
W 2016 Jan 14 P200+DBSP
\ | 2016 Jan 14 P60+SEDM
30
Select All || Clear Selection
25
Retrieve All Spectra
20
SEDM: Pink,
1800s, 60-inch
DBSP: Blue,
# 500s, 200-inch
4000 5000 6000 7000 8000 9000 10000
Observed Wavelength (A)

* 50% of all SN classifications on TNS website
* Integral part of ZTF impact
» 10-20+ Targets Per Night (Depending on time of year)




v
SED Machine - Kitt Peak

IFU Camera Assembly IFU Prism Assembly

IFU Detector
Assembly

IFU Collimator + MLA
Assembly

IFU Packaging Fold

IFU Pickoff +
Expander Assembly

AG-HS Imaging Fold
AG-KPED Imaging Channel Mirror Assembly




SED Machine - K|tt Peak

300 400 500 600
Wavelength (nm)

700 800 900 1000

Kitt Peak 2.1m: Facility Specs
e Primary: 2.1m (84in)

2x P60 area = +0.75mag
Secondary: /7.6
Automated for KPED

Kitt Peak 2.1m: Facility History
e 3yrs with RoboAO
e 2yr with KPED

Instrument improvements over v1

e 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

e Use fold mirror with central hole
instead of pickoff mirror



SED Machine - K|tt Peak

45%

0%
300 400 500

600 700
Wavelength (nm)

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

800 900 1000

e Primary: 2.1m (84in)

2x P60 area = +0.75mag
Secondary: /7.6
Automated for KPED

e 3yrs with RoboAO
o 2yr with KPED

Kitt Peak 2.1m: Facility Specs

Kitt Peak 2.1m: Facility History

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
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SED Machine - Kitt Peak:

irst Science Observations

=22abybbud_1362721830 | exptime: 1800.0 s | Qual: 5 | file ID: 055019

Data Model

Residual

model: normal/moffat.tilted

—-= Gaussian
—-+= Moffat
- PSF Model

4000

6000
Wavelength

5000

yysedm version 0.30

7000

8000

made the

9000

2023-04-16 at 18:33:00

Total CCD pseudo magnitude

0 2 4 6 8 10

Elliptical distance [in spaxels]

Flexure

coresponds to a typical ccd 'r'-sheft of -1.10 pixels

telluric 7630 0A

T300 7400 7500 7600 7700 7800 7900 8000

sodium %9000 A

5600 sr100 5800 5900 €000 6100 6200
Wavelength [A]
.‘
-6.9 1 )
L
~7.0 4
/.
-7.14
-8~ data
vnlmpo‘ahon
-2 -1 0 1 2
ccd-j shift



SED Machine - Kitt Peak:

Timeline

June 5 - June 8 Sep 19 - Sep 30 Oct 18 Nov 12 - April 2023
First commissioning trip June 15 Second commissioning trip(s) Line power back Multiple trips to KP84
-Removed KPED Contreras wildfire - KP "No damage to instrument Dec 25 -Robotic operations tested
-Put SEDMv2 on with stop- -Replaced stop-gap prism with tri-prism and -Taking commissioning data To Do
gap prism evacuated realigned Intemgdﬁ_smred -Onsite data analysis -Fix dome drive
-Put SEDMv2 back . . X
-Operations paused until access to stable KP84 UPS failure! -Mirror recoating
power supply -Fix minor software bugs as

we go!

Feb 7
-New UPS installed
-Improved KP84 drive
performance
-Guiding implemented

June 8
FIRST LIGHT!
System not yet fully robotic

-Extensive damage to KP
power poles, internet cables
-All scientific buildings saved
-Extensive damage to
summit road because of
landslides during monsoon

-
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SED Machine Version - Kitt Peak

SEDM: Efficiency Plots
100

90
80
70
60 —@—e2V+CCD42-40 (Original Theoretical Estimate.)
50 —@—SN: 280312001 (Original IFU 2013-2018)

40 \' SN: 04001312 (Original RC)

30 / SN: 05313416 (Current IFU 2018-2019)

20 P —@— Andor iKon-936 BEX2-DD
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0
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Wavelength [nm]

Kitt Peak 2.1m: Facility Sped@Strument improvements over

v1

* Primary: 2.17m (84in
Y _ ( ) e Optimize IFU wavelength coverage
2x P60 area = +0.75mag -, throughput

o
e Secondary: /7.6 e Optimize imager FOV
e Automated for KPED e Reduce number of optics
e |mproved QE response in imager

Kitt Peak 2.1m: Facility Histdryuse filter wheel for imager instead of

: fixed quadrant design
* 3yrs with RoboAO e Use fold mirror with central hole

e 2yrwith KPED instead of pickoff mirror
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SED Machine Version - Kitt Peak

SEDM: Efficiency Plots

100
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60 —@—e2V+CCD42-40 (Original Theoretical Estimate.)
50 \ SN: 280312001 (Original IFU 2013-2018)

40 SN: 04001312 (Original RC)

cy [%]

Efficien

SN: 05313416 (Current IFU 2018-2019)

KP84 + SEDM-KP could achieve 100% completeness down to 19+ mag
(dominating the optical classification landscape)
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Kitt Peak 2.1m: Facility Sped@Strument improvements over

e Primary: 2.1m (84in) Y1Ot_ e
2x P60 area = +0.75mag” " d'rt?]'foeughp&’l’ave ength coverage

o
e Secondary: /7.6 e Optimize imager FOV
e Automated for KPED e Reduce number of optics

Improved QE response in imager

Kitt Peak 2.1m: Facility Histdryuse filter wheel for imager instead of

: fixed quadrant design
* 3yrs with RoboAO e Use fold mirror with central hole

e 2yrwith KPED instead of pickoff mirror
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\ Multi-Messenger Ecosystem
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