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Outline

- Background on GW multimessengers
- Walkthrough of GW follow-up
- Lessons learned
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EM+GW: Binary neutron stars mergers + kilonovae
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Soares-Santos+17

Tomds Cabrera | Carnegie Mellon University | Throughput Computing Week 2026 | Madison, WI | 3



EM+GW: Binary black holes + AGN flares

Credit: Caltech/R. Hurt (IPAC)
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EM+GW: Binary black holes + AGN flares

BBHs are
multimessengers too!

44444444444444444

Graham+23

Caltech/R. Hurt (IPAC)
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The GW-MMADS 04 team

(Gravitational Wave Multi-Messenger Astronomy DECam Survey; PIs: Andreoni + Palmese)
Igor Andreoni

(UNC-Chapel Hill
Brendan O;Corm&‘
Keerthi Kunpufnkai

Barry McKernan (CUNY)
Saavik Ford (CUNY)
Matthew Graham (Caltech)
Tomdas Ahumada (NOIRLab)
Michael Coughlin (UMN)
Daniel Gruen (LMU)

Frank Valdes (NOIRLab)
and many more!

P Xander Hall
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The counterpart search workflow

Team receives Go/no-go
GW trigger decision

observations

Perform
observations

Circulate
updates

Assess
dataset

Process data

Compile ’

dataset
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The counterpart search workflow

Team receives Go/no-go
GW trigger decision

observations

Perform
observations

/

{he Ideal: close

workflow loop Assess Circulate
faster than data dataset updates
collection
(DECam: exposure Process data
time + 30 seconds) Compile
dataset
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T .
edam receives 100% solved

GW trigger

Slackbot
https://github.com/CMU-MMA /slackbot

C LVK Public Alerts User Guide
https://emfollow.docs.ligo.org/userguide/

event ID: $251018bi N

instruments: H1, L1, V1
50% area: 152 deg®

90% area: 883 deg®
Go to file

<> Code ~

600' A n‘?Oo

¢ ” : . %0°

e | ’ | ' | | ‘ 0° This branch is Fo’,ke‘{ f'rom

h h n n n h jh
:0 Qm T ;o ; N Lt7pe://github.com/ccimma/clackbot
~ - ‘”/// ) .gitignor (Ved Shah}
_60° 600
\ S ) Y_Dockerfile
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Go/no-go R
decision Depends on science case

Event parameters?

(" Archival coverage? A

HasMassGap | 0%
HasNS | 0%
HasRemnant [ 0%

Probability
°
&

Terrestrial [ 0%

o
o
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Source Frame Chirp Mass Bin (M)

Observability? [ Weather?

Z
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airmass.org | P NE RS )

\ b J
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http://airmass.org

Plan 5
observations 80% solved

. . [ - What does the archival \
healpix-painter coverage look like?

https://github.com/tomas-cabrera/healpix-painter - What filters are available?

& healpix-painter - 5 D Unwatch 1 ~ | % - How deep is the COVGI"CIgG?

$230922g | 68.16% covered (g-band) - How mUCh -“me iS quilqb|e?

- What photometric catalogs

—— u 11.94% covered t " [ qre GVGIIG ble?
—— g 95.64% covered 2
—— 1 95.64% covered o | = [

—— 195.62% covered
—— z95.64% covered

Cumulative Probability Covered

—— Y 90.34% covered .
EEETE T ET R See also:
Number of Pointings - o | e L We m O 1.
. ——ee 23h30ln Oom 22h30m 00'“ g p
2 (Coughlin+18,19, Almualla+20)

B tests

(https://github.com/skyportal/gwemopt)
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Process data

GW-MMADS DECam pipeline
Hu, Cabrera+26 (arXiv:2603.08593)

[ A GPU-Accelerated Transient Detection Pipeline for DECam Time-Domain Surveys \

Ler Hu @52 TomAs CABRERA &' ANTONELLA PALMESE @' Liran WanG @3 Icor ANpDrEONI ) * XANDER J. HALL

SNSF NOIRLab, 950 N Cherry Ave, Tucson, AZ 85719, USA
\ 7 Department of Physics, University of California, Berkeley, CA 94720, USA /

1
1

Xinazuuo CHEN @35 Jiawen Yane @2 Frank VaLpes ©.° BReENpAN O'CONNOR AND YUHAN Cuix &7

McWilliams Center for Cosmology and Astrophysics, Department of Physics, Carnegie Mellon University, 5000 Forbes Avenue,
Pittsburgh, PA 15213

2 Department of Physics and Astronomy, University of Pennsylvania, Philadelphia, 209 South 33rd Street, PA 19104, USA
3 George P. and Cynthia Woods Mitchell Institute for Pundamental Physics & Astronomy,
Texas A. & M. University, Department of Physics and Astronomy, 4242 TAMU, College Station, TX 77843, USA
4 Department of Physics and Astronomy, University of North Carolina at Chapel Hill, Chapel Hill, NC' 27599-3255, USA

5 Texas A&M Institute of Data Science John R. Blocker Building, Suite 227 155 Ireland Street, TAMU 3156 College Station, TX
T7843-3156
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Process data

~

]\

2014-01-21

e

2025-11-15T03:15:27

21.73 +/- 0.07 mag [i

/ GW-MMADS DECam pipeline \
Hu, Cabrera+26 (arXiv:2603.08593)

- GPU image differencing w/ SFFT (Hu+22)

MAXSNR ALERT

S

2021-08-18

MAXSNR ALERT

2013-09-13

\_ J

MAXSNR ALERT

\ REF SCl B DIFF | /
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https://arxiv.org/abs/2603.08593

Process data

( GW-MMADS DECam pipeline \
Hu, Cabrera+26 (arXiv:2603.08593)

- GPU image differencing w/ SFFT (Hu+22)

- ~50s/DECam exposure f P \

MEEF FITS Decomposition Image Subtraction W Minor Planet Ephemeris Prediction ~ HElll Alert Generation

W Image Alignment Flux Calibration B Differential Photometry

64 CPU cores & 2 Tesla A100

Main b vv\ 2 y 20%0S 0% ) ‘
64 CPU cores
e - GPU intensive
0 5 10 15 20 25 30 35 40 45 50

\ Time (s)
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https://arxiv.org/abs/2603.08593

daraser | | J

/ T202511140030086m410443 (00:30:08.584 -41:04:43.3“

11-11 11-13 11-15 11-17 11-19 11-21

GW-MMADS DECam pipeline I . N
Hu, Cabrera+26 (arXiv:2603.08593) ) y

60990 60992 60994 60996 60998 61000

GPU image differencing w/ SFFT (Hu+22) OB ORI 1
IN_GAIA: False, DES| BGS: True, DESI BGSAGN; Faise.

a

2016-09-08 2025-11-14T702:13:43  20.9

j 2016-09-08

~50s/DECam exposure
Crossmatch with galaxy catalogs (redshifts?)
Generate summary plots

NON-DETECTION

FIRST ALERT

MAXSNR ALERT

REF SCl DIFF j
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https://arxiv.org/abs/2603.08593

Assess o
dataset 25%

GW-MMADS vetting plot

[ T202511140030086m410443 (00:30:08.584 -41:04:43.35)
11-11 11-13 11-15 11-17 11-19 11-21

N
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% 215 )
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22.0 1
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MAXSNR ALERT

LS Z_PHOT_MEAN_I: median=0.144, mean(std)=
IN_GAIA: False, DESI_BGS: True, DESI_BGS-AGN: False

REF SCI

\ pseudo-host in LS- DRl@ps@meO E;E.l
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Assess o
dataset 25%

GW-MMADS vetting plot

Apparent Magnitude

( T202511140030086m410443 (00:30:08.584 -41:04:43.35)

20.0F

20.5

21.0¢

21.5f

11-11 11-13 11-15 11-17 11-19 11-21
m DECam-g
m DECam-r
® DECam-i .
m DECam-z Questions not answered by plot:
. s g - What does the stamp for a
; particular exposure look like?
. w

- Multiband photometry?

- What spectra are available
(archival or otherwise?)

- Archival lightcurves for hos’r?/

2016-09-08 2025-11-14T702:13:

60990 60992 60994 60
pseudo-host in LS- DRl@ps@meO éEl

LS Z_PHOT_MEAN_I: median=0.144, mean(std)=
IN_GAIA: False, DESI_BGS: True, DESI_BGS-AGN: FaIse

MAXSNR ALERT

REF e BIFF 7
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GW-MMADS 04 results

$230922g | 68.16% covered (g-band)

S240413p | 93.73% covered (i-band)

$240908bs | 69.33% covered (i-band)

S240422ed | 74.53% covered (r-band)
| [

$240511i | 75.65% covered (i-band)
f
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$240915b | 89.05% covered (r-band) $240925n | 69.94% covered (z-band) $250206dm | 9.37% covered (i-band) S$250328ae | 85.12% covered (r-band) S$250725j | 81.76% covered (z-band)
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GW-MMADS 04 results

S230922g | 68.16% covered (g-band) S$240413p | 93.73% covered (i-band) S240422ed | 74.53% covered (r-band) S240511i | 75.65% covered (i-band) $240908bs | 69.33% covered (i-band)

i ke Y
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-25° - :
1%ogn 1a0m 2gm  oom 10Mom
RA

(15 wide-field GW searches during O4
_ 16 NASA GCN CirCUIqu + 779 TNS 5250328ae | 85.12% covered (r-band) $250725] | 81.76% covered (z-band)

1h00™ QhOO™23800™22100™ 21h00™
RA

reports
- Publications w/ GW-MMADS results:
- Cabrera+23: S230922¢g 1 g
- Ahumada+26: S250206dm o i g st 19785
- Hall+26 (submitted): S251112cm '
K - Cabrera+26 (in prep): Summary
0 S S o s e Y

Tomds Cabrera | Carnegie Mellon University | Throughput Computing Week 2026 | Madison, WI | 19



Lessons learned + future prospects
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Observing run Network Source class

BNS

I f R u bi n Wq n TS 1-0 :2;}:12:: :)ne;r;:ar :jal:::cuzl::tsainty X Poisson counting uncertainty)
test its capabilities 5 N - ” o
during IR1, it will . - &

—140

need to trigger on S ——
a BBH° 1075° kg w60

—14 —420

20 33 060
5y 25 890700
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GW follow-up is not compute-limited..
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GW follow-up is not compute-limited..

..but someone needs to herd the cats.
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Only a human can say “Eureka!”
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"’

Only a human can say “Eureka!

How can we learn to
“drlnk from the firehose”
of large data streams?
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Many scientists want (or need)
bespoke solutions.
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Many scientists want (or need)
bespoke solutions.

==

How can we design solutions to
be at least modular?
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There will always be small tfeams doing

Important science.
(even ot R1%) ) -~

—’
- mm = =
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There will always be small tfeams doing

Important science.
(even ot R1%) ) -~

best practices accessible?
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==

Design modular solutions

Promote accessible computing
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