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Science Theme: New Messengers and New Physics
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Synergy between GW and EM facilities

Major differences between LISA and LIGO BBH observations:
 Coalescing MBHs expected in gas-rich environments: EM signals
expected
 LISA designed to detect inspiraling MBHs in “slow motion”: provide
forewarnings to EM and particle detectors for MMA

EM observations help LISA

localize sources and measure

redshifts

 Efficient EM observations
and data analysis tools
needed for realizing the full
discovery potential in the
multi-messenger and time

Credit: NASA’'s Goddard Space Flight Center/S. Noble d oma | ns




EM Searches of Dual/Binary MBHs: Analogy with Exoplanets

Direct Imaging Astrometry Radial Velocity

Transit Photometry Microlensing

Brightness

4mm) Motion

Measuring the amount a star
moves compared to background
or nearby stars

Image credit: NASA/N. Batalha

A mu Iti -SCd I e Galaxy Merger g Binary Formation Continuous GWs ORI CRUCE,

Merger Memory & Recoil
Interdisciplinary '

i ©) 4c37.1 o

1 e .?y = £ ) B :

NGC5331 C TN )
A :; .' - | .

problem: connecting & 0-Brq

' . . e * Gravitational radiation provides Post-coalescence system
cos m O I O a I ax Dynamical Dynamical friction Stellar and gas B 5 VIS . _ i Y
5 i o interactions may efficient inspiral. Circumbinary may experience

. 410 U f L) Al J 1 " ‘y . Y'Y " v 1 r o » "
massive objects to SMBHS form dominate binary inspiral? disk may track shrinking orbit. gravitational recoil.

evo I Uti O n o dyn a m i CS y central positions binary. HA #% H‘

accretion disk - e
physics, GRMHD, and e ifecycle '
multi-messenger of Binary

Supermassive
astronom
y Black Holes

GV Strain

. ~3days  BURST!
> >
Time spent in phase Burke-Spolaor+18




The Importance of Combined Datasets

 Candidate Milli-pc MBBHSs from Periodic Light Curves
w/ SDSS+DES+DECam+LSST Long-Term Monitoring
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The Importance of Combined Datasets

Magnitude

Candidate Milli-pc MBBHs from Periodic Light Curves
w/ SDSS+DES+DECam+LSST Long-Term Monitoring
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0 1 2 3 4 5 6 7 8 9

20,9 _
21.4}
21.9}
20.4}
20.9}
21.4}
204 _
20.9}
21.4}
201} 7
20.6f ©

21.1}
1000

SDSS o
® DES L i

< PTF/ZTF
W PS1

A LCOGT

2000 3000 3000 5000 6000 7000 8000

Modified Julian Date - 50,000 DES (12—19)
SDSS (98—07)

6
Liao et al. 2021, MNRAS, 500, 4025 (see also Chen+20)

1. Continued monitoring to
test red noise (DECam
Long-term Programs)

Luo et al. in prep
2. Multi-wavelength
follow-ups (VLA, XMM,
NuSTAR) to test

alternatives
Chen+21b, Foord+22

&) . \ 0,
Tony Chen

LSST (Postdoc Fellow@JHU)
DECam (19-25) _ (25+)
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See also e.g., Vaughan et al. (2016), Barth &
Stern (2018), and talk by Uros Seljak




The Importance of Combined Datasets

. Candidate Sub-pc MBBHs from Radial
Velocities w/ SDSS Muti-Epoch Spectroscopy
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Guo et al. 2019, MNRAS, 482, 3288
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The Importance of Combined Datasets

. Candidate Sub-pc MBBHs from Radial
Velocities w/ SDSS Muti-Epoch Spectroscopy

HST Imaging: Complementary Test of the Binary Hypothesis

Data Model

Liam Nolan
(NSF GRFP Fellow@UIUC)

Nolan et al. in prep

AST-2206499




Varstrometry for Off-nucleus and Dual sub-
Kiloparsec AGN (VC ‘ . Y. Shen (UIUC)

Discover sub-arcseedual/lensed quasars_at cosmic noon
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S8 AST-2108162

Shen et al. 2021, Nature Astronomy, 5, 569



Varstrometry for Off-nucleus and Dual sub-
Kiloparsec AGN (VODKA); PI: Y. Shen (UIUC)

Discover sub-arcsec dual/lensed quasars at cosmic noon
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HST SNAP 15900 (PlI Hwang) Chen, Hwang et al. 2022, ApJ, 925, 162

Hsiang-Chih
Hwang
(Postdoc
Fellow@I]AS)




Varstrometry for Off-nucleus and Dual sub-
Kiloparsec AGN (VODKA); PI: Y. Shen (UIUC)

Discover sub-arcsec dual/lensed quasars at cosmic noon

Yuzo Ishikawa

Y (PhD Student@JHU)
A Close Quasar Pair in a Disk-Disk Galaxy Merger at z=2.17 [km s~']
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Varstrometry for Off-nucleus and Dual sub-
Kiloparsec AGN (VODKA); PI: Y. Shen (UIUC)

Discover sub-arcsec dual/lensed quasars at cosmic noon

HST/WFC3 F160W HST/WFC3 F160W
b. Mode| 1lens+2hosts

data)/O

(fmode =

-
det (A-1)

Arran Gross (Postdoc
Felllow@UIUC)

Gross et al. 2023, ApdJ, 956, 117

VODKA: SDSS J0823 at z=1.81: A
Likely Lensed Quasar

Surprisingly nontrivial to distinguish
dual and lensed quasars: high-

Li et al. (2023) ApJL, 955, 16

reSOIUtlon deep IR Imaglng IS key Juyao Li (PostdocVODKA: SDSS J1608: A Sub-arcsec Quadruply Lensed Quasar at

z=2.58

Fellow@UIUC)



Looking Forward & Takeaways

Euclid/Rubin/Roman will revolutionize the field in synergy w/ PTA & LISA, but

only their combined power can maximize the discovery potential for Rare Gems!

SDSS-V & DESI/QESI II
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Sub-pc binary MBH
candidates from
long-term
spectroscopic
monitoring (VLTI/
Gravity+)

s P

- Rubi (2025+)

Milli-pc binary MBH/IMBH

candidates from periodic

variables/transients (also
partial TDEs, EMRIs)

See also Guy et al. (2022) for Euclid-Rubin synergy

d Dual/lensed/offset MBHES 5
* ‘; from high-res deep :
B photometry & variability

Roman Core Community Survey White Papers
Binary MBH: Haiman et al. arXiv:2306.14990
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Dual MBH: Shen et al. arXiv: 2306.15527

Pair Separation AG [ ]
Shen et al. (2023a), ApJ, 943, 38
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Shen et al. (2023b); figure adapted from Puerto-Sanchez, Habouzit et al. in prep.



Building the Astro+Al
community@lllinois

Monthly Notices

MNRAS 490, 3952-3965 (2019) doi:10.1093/mnras/stz2845
Advance Access publication 2019 October 10

Deblending and classifying astronomical sources with Mask R-CNN
deep learning
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SDSS HSC (LSST-like)

Problem &
Significance

o Efficient (real-time) and
robust deblending
technigues are
necessary in the era of
upcoming massive, deep
surveys (LSST, Roman)

Image Credit: Robert Lupton

Image credit:
https://github.com/facebookresearch/detectron2



of the
ROYAL ASTRONOMICAL SOCIETY

MNRAS 526, 1122-1137 (2023) https://doi.org/10.1093/mnras/stad2785
rO I I I p rO O O Advance Access publication 2023 September 14

. . Detection, instance segmentation, and classification for astronomical
l t surveys with deep learning (DEEPDISC): DETECTRON2 implementation and
p rl n C I p e O demonstration with Hyper Suprime-Cam data

Grant Merz ®,!* Yichen Liu ®,! Colin J. Burke ©,! Patrick D. Aleo ®,! Xin Liu,!*>

®
rO d u Ct I O I l — leve l Matias Carrasco Kind !> Volodymyr Kindratenko “'>**° and Yufeng Liu®
L Department of Astronomy, University of Illinois at Urbana-Champaign, 1002 West Green Street, Urbana, IL 61801, USA

2National Center for Supercomputing Applications, University of Illinois at Urbana-Champaign, 1205 West Clark Street, Urbana, IL 61801, USA
3 Center for Artificial Intelligence Innovation, University of Illinois at Urbana-Champaign, 1205 West Clark Street, Urbana, IL 61801, USA
4Department of Computer Science, University of Illinois at Urbana-Champaign, 201 North Goodwin Avenue, Urbana, IL 61801, USA

> Department of Electrical and Computer Engineering, University of Illinois at Urbana-Champaign, 306 North Wright Street, Urbana, IL 61801, USA
Department of Physics, University of Illinois at Urbana-Champaign, 1110 West Green Street, Urbana, IL 61801, USA

Image credit: K. Malanchev, DALL E

See also: Merz et al. (2024),
DeepDISC photo-z, in prep
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Looking Forward & Takeaways

Expecting the Unexpected: Key Collaborators from CS &
Al/ML for Anomaly Detection iISchool @UIUC:

» Self-supervised algorithms for more versatile
hierarchical representations to intricately
encode the scene-object-part compositions \ Egi
inherent in complex images and time series . \\

e Harness multimodal data Lynna Gui [l Jingrui He

 Address complex data structures

 Handle highly imbalanced data

Hanghang Yuxiong
Tong Wang

 Enhance interpretability

* Leverage “open-world” Al, adapting to

previously unknown objects Center for Artificial
* Enable real-time analysis & decision-making Intelllgence Innovation
for time-sensitive fO”OW-UpS NATIONAL CENTER FOR SUPERCOMPUTING APPLICATIONS | NCSA

See also talk by Alex Razim 17



