SOUMAP Clustering*
for Large-Scale YSO Classification
in SESNA

*and a lot of imputation preprocessing
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SESNA — The Spitzer Extended Solar Neighborhood Archive

= Uniformly reprocessed Spitzer mosaics
across nearby star-forming regions

= Combines: AP L.
2MASS (J, H, Ks) B g M
+ IRAC (3.6—8.0 um) ‘ | TR, ordie
+ MIPS (2 4 le) & -.',, /
+ 8 photometric bands per source AR R LT e

= This work:
30 regions, ¥8.4M sources

: 2
3 :’ ,,.

Cygnus X NASA/JPL-Caltech/Harvard-Smithsonian CfA
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SESNA Color Cut Labeling

Phase 1 — remove contaminants

La beling Via Seq uential hard CUtS PAH galaxy AGN Shock emission PAH aperture
each source classified exactly once, T ——
where it first triggers a color-cut boundary: l
Phase 1 — identify YSO candidates (IRAC four-band)

= Phase 1 remove galaxy "contaminants", { Class | (bhase J ) { Clacs Il (ohase J

then look for YSOs downstream :

remaining sources {

= Phase 1 requires all IRAC detections l

/O cates can d/date YSOS Phase 2 — YSO separation (JHKs dereddened)

{ Class | (phase 2) } { Class Il (phase 2) }

= Phase 2 requires all 2MASS

Class | / Il discriminator remainingfourcew
"= Phase 3 requires MIPS 24mu Phase 3 —rare types (MIPS 24um)
transitional / deeply embedded protostars { Transition disk } { Deeply embedded }
= Phase 4 all remaining = mature stars emanno pourees ¥

{ Diskless star J
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SESNA Color Cut Labeling

SESNA Class Label Distribution

La bellr | N = 3,667,427 labeled sources (8,411,406 total) n=3.613,491 aperture
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SESNA (In)Completeness

Band Detection Completeness
29.5%

Color-cut classification 27.7%
requires specific band
combinations

= “5M sources can't be
classified at all

= Complicates downstream
ML / analysis

4 5
Detected Bands
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Plan: Complete SESNA, then Cluster

Gaia

0. SESNA Detectability

Incomplete
SEDs

Bayesian Mode Source
Selection Imputed uster Imputed SE Cluster

fitted y2 + SEDs SOUMAP Assignment /
1er info stream Interpretation

a) SED Fitting
3 model libraries:
O, Galaxy, Star

Spatial
Extinction
Prior

Soft
Color Cuts
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Part 1:
Model SED Imputation for SESNA




SED Fitting

SED fitting with 3 model libraries built from parameter grids:

= YSO (2M+ » 200k models)
Richardson et al 2024 ApJ 961 188

= Galaxy (17k models, z- + luminosity)
Berta et al. 2013 A&A 5571 A100

= Star (3k models)
Castelli & Kurucz 2003 IAU Symp. 210 A20

Top K = 5 fitted models +)(2 stored from each model library
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Bayesian Model Selection

Posterior class
probability
YSO / GAL / Star

\

K=5
P(C|F,,s) x P(C|s) X Z Lsit(mMy, $)* X L aia(Mis $) X Z colorMis 5)
k=1
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Bayesian Model Selection

Posterior class
probability
YSO / GAL / Star

\ :

K
P(C|F,,s) < P(C|s) X
[ *

Prior class probability,
boosts YSO and suppresses
galaxy prob.
in high-extinction sightlines

5
Zit(my, $)° X L Gaig(Mi ) X <L color(M 5)
|
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Bayesian Model Selection

Converts model )(2
into a likelihood,
tempered by band
completeness level

\ . 7

K=5
P(C|F,,s) x P(C|s) X Lsit(mMy, $)* X L aia(Mis $) X Z colorMis 5)
/ k=1

Prior class probability,
boosts YSO and suppresses
galaxy prob.
in high-extinction sightlines

Posterior class
probability
YSO / GAL / Star
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Bayesian Model Selection

Converts model )(2
into a likelihood,
tempered by band
completeness level

\ ]

K=5
P(C|F,,s) x P(C|s) X Z Lsit(mMy, $)* X L aia(Mis $) X Z colorMis 5)

/ k=1 \

Prior class probability,
boosts YSO and suppresses
galaxy prob.
in high-extinction sightlines

Posterior class
probability
YSO / GAL / Star

Rewards models whose optical
(G-band) brightness matches
source's Gaia detection status
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Bayesian Model Selection

Converts model )(2

e into a likelihood, :
probability tempered by band SESNA's

YSO / GAL / Star color-cut boundaries
completeness level

. ] /

K=5
P(C|F,,s) x P(C|s) X Z Lsit(mMy, $)* X L aia(Mis $) X Z colorMis 5)

/ k=1 \

Prior class probability,
boosts YSO and suppresses
galaxy prob.
in high-extinction sightlines

Posterior class Soft distance to

Rewards models whose optical
(G-band) brightness matches
source's Gaia detection status
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Model Imputed Flux

K=5
P(C|F,.s) « P(C|$) X Y L5t )* X L Gaia e $) X ZL colorMie5)
k=1

Impute missing flux + uncertainties
from posterior-weighted model average

Observed flux is preserved
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Imputation Diagnostics

SED Inspection — Orion A

Most confident Galaxv
P(YS0)=1.000 P(Galaxy)=0.000 P(Star)=0.000 Class: YSO Bands: 5/8 Gaia: 0.00| |P(YS0)=0.000 P(Galaxy)=1.000 P(Star)=0.000 Class: Galaxy Bands: 5/8 Gaia: 0.00

107 - 4 10" 5

Observed flux preserved,
missing flux filled from _
posterior-weighted o =

Star

100 -

Flux [m)y]
Flux [m)y]

Observed

model averages

] Upper limit
11 12 13 14 M1 11 12 13 14
Wavelength (pm)

Wavelength (pm)

P(YS0)=0.000 P(Galaxy)=0.000 P(Star)=1.000 Class: Star Bands: 4/8 Gaia: 0.98 P(YS0)=0.367 P(Galaxy)=0.311] P(Star)=0.322 Class: YSO Bands: 2/8 Gaia: 0.98

104 E

bottom right:
2 bands observed —
ambiguous posterior

Flux [m)y]
Flux [m)y]

T 1 1 1 17 T T T T T 1 T r r 1 r 1 T T
1T 12 13 14 1 12 13 14
Wavelength (pum) Wavelength (pum)
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Imputation Diagnostics
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Classification vs. SESNA Labels

93.5% 3.6% 2.8%
(33,394) (1,298) (1,007)

46.3% 32.8% 20.9%
(10,454) (7,418) (4,717)

5.5% 0.2% 94.3%
(205,220) (6,016) (3,497,801)

YSO Galaxy Star

Pipeline class
3,767,325 sources with SESNA labels

Ternary plots
show class
posteriors —>

track physical

expectations

Posterior
REWSTEROE
agreement with

SESNA labels
for YSOs and

<= Stars
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Detected Bands

Aore complet

Gaia Detection Score




Part 2:
Self-Organizing UMAP Clustering

Taylor, J. & Offner, S. 2024, WSOM+LVQ, Springer Nature

SOUMAP Clustering

= | earn prototype representations of the
data in multiple views
(high-D + latent),

= fuse the view,

= cluster the fused view




Preliminary Clustering - Gating Stars (stargating?)

Prototype Subsampling
2,679 / 9000 prototypes selected (29.8%)

Stars overwhelm

SESNA Class Label Distribution

Initial SOUMAP embedding identifies
data subset most likely to contain

YSOs

Selection criterion
Represents Known YSO/GAL

Extract subset for formal clustering

B Both

N=84M = N =2.5M -
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SOUMAP Embedding

Spectral Index a_obs P(YSO)
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SOUMAP Embed + Clustering

Spectral Index a_obs P(YSO)

Clusters (False Colors)

T
N

Spectral Index a (observed)

.
)

(H-Ks) [mag]

o
N
Gaia Detection Score

o
N

J. Taylor | Cosmic Horizons | July 2026




SOUMAP Cluster-Driven Classification

Labeling

Classification Logic SESNA Clace | SOUMAP Cluster
Derived Class
: Class Count % Count %
S Cluster k Product cee o
pog’tlerfi%rls classufsraectcions roete Classification
Deep Embed. 672 0.01% VASY 0.21%
DE 0.5% DE 0.004
CI 0.6% CI 0.005 @ D Class | 3,874 0.05% 56,884 0.68%
[ PYS0) j - N p anrgiq'zf Class II
085 L WL s0% Class Il 28,216 0.34% | 107544 | 128%
™ 0.7% D 0.006 5 runner-up: Star 43% B
Transition Disk 1,976 0.02% 4904 0.06%
H2S 0.0%
H2 Shock Blob 94 0.009% 355 0.00%
[ _— j  PAH-E 0.2%
0.05 AGN 1.8% PAH Emitter 4 457 0.05% 6,233 0.07%
PAH-C 1.4%
AGN 9,595 0.11% 26,787 0.32%
PAH Contam. 5,076 0.06% 5158 0.06%
[ P(SPS) j [ Star 80.1% ] [ Star 0.080 J
010 Diskless Star 3,614,305 42 .97% 8,186,813 97.32%

P(YSO) = 0.85 boosts all YSO subclass fractions
P(GAL) = 0.05 suppresses all galaxy fractions

The SED decides — same cluster, different source =» different classification
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Enrichment-Based Cluster Labels
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H2 Shock Blob

Transition Disk

GALAXY
AGN

PAH Emitter

PAH-Contaminated

Diskless Star




uster Passport Inspection

Cluster 56

—@= Reddened (obs) Cluster 56

Dereddened (YSO)

— Sources —
N total : 25,015

N labeled : 19,688 (78.7%)

— Characterization (top 5) —
Class I » 0.37 -
H2 Shock : 0.24

—— Deep. Emb. : 0.16

' ' Class II . 0.09
NN > PAH Emit. . 0.07

Imputed Flux [m)y]

Wavelength [um]

— Labeled source counts —
Diskless 16,206

Q0

Class II
Class I

PAH Emit.
PAH Cont.
Deep. Emb.
Trans. Disk
H2 Shock
AGN

1,862
1,075
220
207
80

20

16

OO0 O=KE=EUITON
OFRRFRFAEARFREEFLUTUTW
0° 0° 0P 0° 0P o° P o° o°

— — — p— p— p— p— p— p—

2

— SED / Spectral Index —

a dered : 2.63 (IQR: 0.66)
o obs : 3.30 (IQR: 0.72)
Ao : +0.67 (obs - dered)
Inferred : Class I

« primary

— Extinction —

AV eff (mean) : 11.6

A V Planck : 29.4
Posterior Com

(reliable: 90%)

Y§O i B Galaxy

(e Y o

Spectral Index (label: Class |)

o_obs (reddened)
o_dered Dominant class _

fraction

Mean P(class)

|
|
|
|
|
|
|
|
|
|
|
|
|

1 2 0.0 . 0.4 0.6
Spectral Index a Fraction
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Conclusions

"% Bayesian model imputation completes 8M+ SEDs
SED fitting + Gaia detectability + color-cut diagnostics fills “95% missing photometry

= SOUMAP embedding reveals physical organization
spectral / stellar properties emerge naturally in the learned manifold

"» Two-stage clustering overcomes extreme class imbalance
prototype-level extraction gates the 98% stellar population,
enables YSO subclass resolution

"> Every SESNA source now has a probabilistic classification
“180k new YSO candidates identified beyond Gutermuth’s original catalog
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