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The combined strengths of next-generation surveys
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The joint Rubin-£uclid data products

30-60% of galaxies in LSST coadds overlap with other galaxies
15% of sources will suffer from ‘unrecognized’ blending with faint background sources and galaxy
photometry inaccurate at ~5% level

Correct host associations needed for GW counterparts, hostless transients, gLSNe Ia identification.

DECal$ : HSC SSP x4 CANDELS

Melchior et al. (2018)
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Multi-survey host galaxy characterization

Accurate host galaxy SEDs and morphology models  will help us understand:
e Do tidal disruption events prefer post-merger systems  ?
e  How does host metallicity affect SNIa light curve shape ?

e  What environments are H-poor and H-rich superluminous supernovae  found in?
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Multi-survey photometry

High cadence, long baseline optical + IR light curves  to study:

150 LSST, 87584
- Repeating tidal disruption events; — LSSTg
- Supernova light curve shape and dust reddening; — tzgr
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Joint detection and multi-resolution modeling

image calibration
Photometric, WCS, PSF, Sky
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Why use multi-resolution scene modeling for transients?

e  Use all available deep imaging to
identify faint background host
galaxies, get improved photo-Z’s,
and resolve substructures within
host galaxies .

2024ahzc

R-band, P48

° Measure transient fluxes across
surveys or from a single image
without reference images.

e MCMC sampling on parameters like K-band, Keck/NIRC2 AO
0 10 20 30 40 Lensed SN

source positions and host shapes. ‘ ‘ ost galaxy

19+

e  Extract photometry from ol ?
multi-epoch ground-based e Wl ] Lensing

— galaxy
[} \ 7
imaging that is highly blended - =, -
anchored on a space-based image. ¥ uer
22 & + Euclid catalog
N . . Euclid Scarlet2
e  Precise SNIa photometry via 560 G T30 Goobar et al. 2017

Wavelength (nm)

treatment of SED-dependence of PSE
Ward et al. (in prep) 7



New challenges for multi-resolution modeling

e Complex galaxy shapes
seen in space-based
imaging require
non-parametric

morphology models.

e  Non-parametric galaxy
models need
machine-learning priors
for stable fitting.

e The source densities at
Rubin depths require
GPU-acceleration .

e  We need the speed to

HSC SSP B 2 CANDELS

model variable sources
across 1000s of
multi-epoch images.



Scarlet2: A new approach to multi-resolution modeling

Fully differentiable.

Non-parametric
galaxy morphology

models.

Data-driven priors on
galaxy morphology
provided by
score-based neural
networks .

Written in jax for
GPU-compatibility .

Transient and variable
source models.

https://scarlet2.readthe

docs.io/en/latest/

SCHILETZE

MongoDB8.0 on Atlas: deploy

worldwide with new regions on

AWS, Azure & Google Cloud. Try
free!

Ad by EthicalAds - @

Model Rendered

scarlet2 Documentation

scarlet2 is an open-source python library for modeling astronomical sources from multi-band, multi-epoch,
and multi-instrument data. It provides non-parametric and parametric models, can handle source overlap
(aka blending), and can integrate neural network priors. It's designed to be modular, flexible, and powerful.

Constraints

scarlet2 is implemented in jax, layered on top of the library. It can be deployed to GPUs and TPUs

and supports optimization and sampling approaches.

Installation

For performance reasons, you should first install [ax_ with the suitable [jax1ib| for your platform. After that
pip install scarlet2
should do. If you want the latest development version, use

pip install git+https://github.com/pmelchior/scarlet2.git

Observation Residual


https://scarlet2.readthedocs.io/en/latest/
https://scarlet2.readthedocs.io/en/latest/

Non-parametric galaxy models with score-based NN priors

box size 322

e A neural network is trained to reverse the z
(=]
diffusion process. &
g
e  We are developing a library of priors on &
: : a
galaxy images from HSC, ZTF, and simulated
HST-resolution imaging.
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How priors are incorporated into deblending
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Prior dependence shown via hallucination scores

initial galaxy hallucinations (AF)
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Wavelet decomposition for multi-resolution source

detection and fitting
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Deblending static and variable sources

Model Rendered Observation
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What can a Scarlet2 multi-survey fit provide?

e  Multi-survey light curves without reference images.

e  MCMC-sampled posteriors on SEDs, positions and galaxy morphologies.

o  Forced photometry for transients with a poorly characterized position. o — o —
(a) ZTF19aapreis (b) ZTF19aarioci
o  Host galaxy optical-IR SEDs and morphology models  with background
source and transient contamination removed, anchored on the highest
resolution image.

e  Astrometry/PSF corrections for input imaging.
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Joint pixel analysis: Euclid Q1 and Rubin DP1

Model Rendered Observation
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Model Rendered Observation
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Supernova host galaxies
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Joint morphology models

Rubin only

source 108 source 140 source 166 source 71

75 100 125 150 17.5 200

Rubin+Euclid

source 108 source 140 source 166 source 71
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Accounting for correlated noise in coadds/warps

e Detect sources then measure power spectrum of background noise — add to
weights during fitting.

Model Rendered Observation Obs - Model
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Scarlet2 on the Rubin Science Platform

Model Rendered _ Observation

250
200
150
100

50

100

50

20



Building custom code with an interactive questionnaire

[1]: from scarlet2.questionnaire import run_questionnaire v & F B
run_questionnaire()

scarlet2
Do you have a single image, or multiple images? — Multiple images jax.numpy as jnp

Do you wish to model transient or variable sources across multiple epochs? — Yes
channels=[("g",0)]

Are your images at the same resolution — No channels=[("g",1)]
Click to continue — Continue obs scarlet2.0bservation(
A ) ) jnp.array(data).astype(float),
Click to continue — Continue weights=jnp.array(weight).astype(float),
psf=scarlet2.ArrayPSF(jnp.array(psf).astype(float)),
Click to continue — Continue WCS=WCS,

- . " < channels=channels,
Do you have a position catalog of the sources in the image you wish to )

model? :
model_frame = scarlet2.Frame.from_observations(
No, | don't have positions observat 1‘olns ,Obf :

coverage="union",

)

Yes, | have positions

norm = scarlet2.plot.AsinhAutomaticNorm(obs)
scarlet2.plot.observation(

obs, norm=norm, sky_coords=ra_dec, show_psf=True, label_kwargs
{"color": "red"}
)

_ The observations and PSF models can be plotted as above.
Save Answers

21



Validation for input observations, initializations, and fits

obs = Observation(
data,
weights,
psf=ArrayPSF(psf),
channels=channels,
)

model_frame = Frame.from_observations(obs)

Observation validation results:

[000] Weights in the observation are non-negative. | Check=0bservationValidator

[001] Weights in the observation are finite. | Check=0ObservationValidator

[002] Data and weights have the same shape. | Check=0ObservationValidator

[003] Number of channels in the observation matches the data. | Check=0ObservationValidato
[004] Data in the observation is finite where weights are greater than zero. | Check=0bse
[005] PSF is 3-dimensional. | Check=0bservationValidator

[006] Number of PSF channels matches the number of data channels. | Check=0ObservationVali

[007] ERROR " PSF centroid is not the same in all channels. | Check=0ObservationValidator | Contex
[ 9.09050751, ©.01180839, -0.03284836, 0.08526038, -0.00099373]1,
dtype=float32)})



Performance: fast resampling with jax

The fastest approach for ~1000 images of different Observation HSC

rotations, pixel scales, and PSFs:

e  Oversample to the WCS of the highest resolution
image (or PSF model).

e  Measure the power spectrum of the resulting
correlated noise in each image and incorporate this

into your weights for the loss function.

e A multi-resolution fit across Euclid and Rubin for
1000 cutouts now takes a few seconds on a laptop!

Observation HSC

Observation HST PSF

200

150

100

50 §
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Central Fraction

‘Wandering’ massive black holes

10°

Simulations suggest that the majority of MBHs in galaxies of mass
<108 M, are spatially offset from their host nuclei.

This arises due to the cumulative effects of mergers on low mass
MBHs in smaller potential wells.
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First optically detected non-nuclear tidal disruption event

° Scarlet2 confirmed the 1” offset
suggested by difference imaging. Model Rendered Observation - R(&xi(lml
60
° HST/Chandra/VLA follow-up of
a ZTF TDE finds a 0.8 kpc 40
offset between a 10° solar mass
MBH and a galaxy hosting a 10

solar mass MBH.
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Multi-survey identification of changing-look AGN
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Changing-look AGN require
long baselines and high cadence
to be identified from time series
alone.

Better light curves allow us to
distinguish between predictions
from GRMHD simulations.
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An SBI framework for CLAGN

Task 1

Input vector D

: o Neural
Line of sight network
Parameters of mapping ¢ = h, (D) 4 A%
Base density Transformed density
- See poster by
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Z - ] -
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Dwarf galaxy AGN in HSC,

DES, and Rubin
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Time delay cosmography with gravitationally lensed supernovae

e  LSST is predicted to find 170 (50)
gravitationally lensed SN (SNIa) per year.

®  The median separation between doubly
imaged gLSNe in LSST will be 0.6™.

-1.0 -05 0.0 0.

log(min®)[]

ZTF

5

(b)

LSST

1
log(max At) [days]

2

HST

2:=0.75,2=0.44

z:=1.45,2=0.46

Goldstein et al. 2019



Deblending gLSNe at multiple resolutions

Pixel-level simulations of the Rubin gL.SNe population Scarlet2 extraction of lens model and light curves

LSST Roman

Model Rendered Residual

Observation

10 20 10

Model Rendered Observation

20
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Krishnaraj & Ward (in prep) Miller et al (2025) 30



A time delay cosmography pipeline
for Rubin, Euclid, and Roman

A Veena
| Krishnaraj

Model Rendered

10 20 30 40
Model Rendered

Krishnaraj & Ward (in prep) 31



A time delay cosmography pipeline
for Rubin, Euclid, and Roman

System 96679, Ar=19.00
r band

—— Scarlet2 Source
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Model Rendered Observation

Summary

° Multi-resolution analysis of Rubin, LS4, Euclid and Roman
data will leverage the strengths of the surveys to
characterize transients and their host galaxies

e  Scarlet2 provides a GPU-accelerated framework for joint 0 5 10 % 5 10
pixel forward modeling , with neural network priors.

Model Rendered Observation

e  We are using Scarlet2 to study tidal disruption events
from wandering black holes, strongly lensed
supernovae, and variable AGN.

AT2024tvd + host

3 0 . 0 :
STWre _ 0 10 20 0 10 20
F625W in green & red

F225W in blue j . Model Rendered Observation

6t=117d

count per pixel

VLA 0.4
10 GHz
6t=105d |

Fy[m]y/beam]

0.05
0.04

<0.03



Preparations for Roman

e  What have we learned from existing alert streams and Rubin alerts?
Ability to access imaging (not just cutouts) is sometimes essential to verify alert info, especially for
rare objects e.g. non-nuclear TDEs.
e  Are we ready for alerts from Roman and beyond?
We can learn from the ZTF— LSST transition, and will need to expect similar challenges for Roman.
e How do we optimize transient discovery with multi-wavelength and multi-messenger alert
streams?
Scalable and automated methods for light curve analysis and accurate host associations, and access
all available complementary survey data e.g. DESI.
e How do we effectively utilize machine learning for time-domain science?
Integrate into broadly used broker infrastructure to ensure wider community tests the code and
provides feedback - especially ML-based anomaly detection.
e  What physics of stellar explosions/eruptions/variability can be revealed with rapid,
multi-wavelength/messenger observations?
Accretion disk physics instabilities in changing-look AGN, partial tidal disruption events, SNla
progenitors.

34
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Gravitationally lensed supernovae

e  Time delays from

strongly lensed
SNe enable 18
measurement of H,

R-band, P48

at intermediate
redshifts.

N
o

e  Onein 10* galaxies
are strongly lensed,
and ~10 strongly
lensed SNe have

been found so far, K-band, Keck/NIRC2 AO

Apparent magnitude + offset
N
N

. Lensed SN
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lensed by clusters. 2 10 brightness
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The Roman Space Telescope (2021-2032)

e  Launching mid-2027.

e  Near-infrared imaging and
spectroscopy: 0.48—2.3 pm.

e  High Latitude Wide Area Survey:

2000 deg?, depth J ~ 26.7

e  High Latitude Time-Domain
Survey: 5 day cadence of 5 deg?
over 2 years, depths of ] ~ 27-29.
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Validating input observations

Observation

0 50 100 150 200

Observation
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Validating input observations

obs = Observation(
data,
weights,
psf=ArrayPSF(psf),
channels=channels,
)

model_frame = Frame.from_observations(obs)

Observation validation results:

[000] Weights in the observation are non-negative. | Check=0bservationValidator

[001] Weights in the observation are finite. | Check=0ObservationValidator

[002] Data and weights have the same shape. | Check=0ObservationValidator

[003] Number of channels in the observation matches the data. | Check=0ObservationValidato
[004] Data in the observation is finite where weights are greater than zero. | Check=0bse
[005] PSF is 3-dimensional. | Check=0bservationValidator

[006] Number of PSF channels matches the number of data channels. | Check=0ObservationVali

[007] ERROR " PSF centroid is not the same in all channels. | Check=0ObservationValidator | Contex
[ 9.09050751, ©.01180839, -0.03284836, 0.08526038, -0.00099373]1,
dtype=float32)})



alidating fit initializations

Model Model Rendered Observation

Model Model Rendered Observation Data - Model

10 20 30 40
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Validating fit initializations

Source
[000]
Source
[000]
Source
[000]
Source
[000]
Source
[000]
Source
[000]
Source
[000]

validation results:
Source model
validation results:
Source model
validation results:
Source model
validation results:
Source model
validation results:
Source model
validation results:
Source model
validation results:
Source model

positive
positive
positive
positive

positive

positive

positive

contributions.

contributions.

contributions.

contributions.

contributions.

contributions.

contributions.

Check=SourceValidator

Check=SourceValidator

Check=SourceValidator

Check=SourceValidator

Check=SourceValidator

Check=SourceValidator

Check=SourceValidator
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Validating fit quality

Model

1

Model Source 0

18

Model Rendered Observation

Model Source 0 Rendered Observation Spectrum
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Validating fit quality

Fit validation results:

[000] The model fit is good. | Check=FitValidator

[001] LI The chi-square in the box for source @ is acceptable, but not optimal. | Che
[002] The chi-square in the border for source @ is good. | Check=FitValidator | Co
[003] JCILUMM The chi-square in the box for source 1 is acceptable, but not optimal. | Che
[004] The chi-square in the border for source 1 is good. | Check=FitValidator | Co
[005] The chi-square in the box for source 2 is good. | Check=FitValidator | Conte
[006] The chi-square in the border for source 2 is good. | Check=FitValidator | Co
[007] The chi-square in the box for source 3 is good. | Check=FitValidator | Conte

[008] The chi-square in the border for source 3 is good. | Check=FitValidator | Co
[009] The chi-square in the box for source 4 is good. | Check=FitValidator | Conte
[010] The chi-square in the border for source 4 is good. | Check=FitValidator | Co
[011] The chi-square in the box for source 5 is good. | Check=FitValidator | Conte
[012] The chi-square in the border for source 5 is good. | Check=FitValidator | Co
[013] The chi-square in the box for source 6 is good. | Check=FitValidator | Conte
[014] The chi-square in the border for source 6 is good. | Check=FitValidator | Co
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Detecting spatially offset AGN: astrometric jitter

e  PanSTARRS time domain imaging used to search

s
S
3
@
W
&

for offset AGN via ‘astrometric jitter’

e  5new offset AGN found, with Keck spectroscopy
confirming a new dual AGN at 6.7 kpc separations.
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The time-domain survey landscape
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Transmission T(A)

Fuclid (2025-2030)

Wide survey covering 15,000
deg® and deep survey of 50 deg”

VIS instrument with 0.18”
resolution.

NISP covers ~950 and 2020nm
in 3 bands at 0.3” resolution.

Depths of ~24.3 in wide survey

Euclid bands

&
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The La Silla Schmidt Southern Survey (LS4)

baseline_v5.0.0_10yrs : NVisPerSeason_season_1

Single exposure depths of ~21 magin g,i and z.

[ ]
e 107 pixel scale.
° Shadows Rubin to observe transients evolve
across 10 orders of magnitude in flux, filling in
the gap where Rubin saturates.
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Joint analysis for cosmology

e Large scale structure analysis with Rubin requires accurate photometric
redshifts .

Rubin Observatory/NSF/AURA/J. Pinto*®




The Euclid-Rubin Derived Data Products (DDPs)

Cross-Cutting (CC)

DDP-1-CC B P1+U1+YR T1 Multi-band Rubin+Euclid photometry list-driven catalogs

DDP-2-CC B P1+U2+DR T2 Multi-band Rubin+Euclid forced photometry catalog from joint-pixel processing
DDP-3-CC B P2+U2+DR T3 Multi-band Rubin+Euclid deblended photometry catalog from joint-pixel processing

@ General Proposed Trends as DDP-1 -> DDP-2 ->: DDP-3
O Increase in accuracy and decrease in impact of contamination/confusion
O Increase in complexity and need for resources (FTEs, computing)
O Increase in delivery time to community

O Potential decrease in proprietary restrictions

50
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Rubin photometry with the Euclid catalog

Using Euclid positions and shapes

Simulated mag - Measured mag

~1.36 18 20 22 24
Simulated mag

Position detected by Euclid

Position detected by Rubin and Euclid —I—
Rubin PSF aperture shape (left) O

Euclid - derived aperture shape (right) O



DDP2: deblending with combined source

e Rubin is deeper than Euclid, but Euclid is higher
resolution , so some sources will only be detected by
Rubin and some will only be detected by Euclid.

e  We can merge the detection catalogs and rerun the
LSST deblender.

Euclid-like VIS-band LSST r-band

catalo

gs

Euclid detection
Rubin detection




Joint pixel processing: Why is this not trivial?




Joint pixel processing: Why is this not trivial?




Joint pixel processing: Why is this not trivial?
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Joint pixel processing: Why is this not trivial?
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Joint pixel processing: Why is this not trivial?




Joint pixel processing: Why is this not trivial?




Joint pixel processing: Why is this not trivial?




The Tractor: The first multi-resolution deblender run at scale

astronomical source detection, separation, and photometry
now with an inferential basis!

“It took one hell of a long time, but I felt so probabilistically righteous.”
— J.J. User
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The DESI imaging surveys

SDSS r image WISE W1 image WISE W1 model

e Tractor modeled the -

DECaLS, BASS, MzLS
and WISE surveys to
create galaxy photometry
catalogs for DESI target
selection.

Lang, Hogg and Schlegel (2016)

MzLS+BASS

b4
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Plans for Euclid/Rubin joint analysis

Near term:

e  Example jupyter notebooks for the Rubin z-band

Rubin Science Platform.

e  Science papers demonstrating
applications to supernovae and
variable AGN host galaxies.

Longer-term:
e (Coadd-based joint galaxy catalogs.

e  Single-exposure based

transient/variable catalogs.
Euclid VIS




Plans for the LS4 time-domain survey

Joint LS4/Rubin/Euclid transient light curves, host galaxy models, and spatial
offsets when requested on SkyPortal .

SkyPortaI Sources v~ Search

Ll ~ZTF21aagjmps © ° Auto-annotations ~
— la
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Q Redshift: 0.0246 # © DM: 35.227 mag Dy: 111.04 Mpc
TNS Name: MPC Name: GCN Crossmatches:  Aliases: SN 2021gvm Origin Key Value Author Created
* FINDING CHART SHOW STARLIST OBSERVABILITY SUBMIT TO TNS PUBLIC ACCESS
e e Sty ot ;o Program A class SNelll provisioned-admin 16 hours ago i
w Sitewide Group  Program A ProgramB /O Program A some_boolean  true provisioned-admin 16 hours ago [
- NEW
@ Program A numeric_field 0.1124 provisioned-admin 16 hours ago i
& Rows per page: 10 + 1-30f3
GAIA WISE COLORS MILLION QUASAR GALEX PHOTOZ PS1
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[ Include Bots?
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Declinat:

andering AGN candidates from PanSTARRS
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Wandering AGN in Rubin/Euclid

52,8461 -28.5128 Euclid VIS image

© 2 s 5 w0 o125 10 WS 200

52,9687 -28.5448 Euclid VIS image

]

ZTF Rubin (DR1) Euclid , .

e  We predict 200-1000
non-nuclear AGN
detectable as variable to
Rubin and with
resolvable host-galaxy
offsets in Euclid .

Figure 1: Comparison of ZTF, Rubin, and Euclid images of the variable-AGN-hosting galaxy ZTF20acmafsg
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