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Context and motivations
IA with galaxy 3D morphology and galaxy-halo connection

e The morphology of galaxies 1in 3D
encodes fundamental informations
about processes governing galaxy
formation and evolution within the
cosmic web.

” Fortuna & Chisari (2025)
Oﬁé&!’:: ® This 1is interesting for IA: the IA
signal depends on the morphology of
galaxies and the way their shapes
evolved 1in 3D 1dnside halos among
the large-scale structures of the

Universe
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Objectives
@ Aims:

1) Developing a forward model for the 3D morphology of central
galaxies 1inside dark matter halos using N-body simulations

2) Inferring the galaxy-halo connection and the distribution of the
shapes of galaxies in 3D from their observed projected images

@ Problem:

=> How to go from projected 1images
to 3D shapes ?
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UNIONS (Ultraviolet Near-Infrared
Optical Northern Survey)

Declination

270° 20" _210° 180° . 150° 120°
Right Ascension

% UNIONS

® Photometric galaxy survey in the northern
hemisphere
~340 millions of galaxy shapes (r-band)
Footprint: 5800 deg? (Gwyn et al. 2025)

@ Measurement of intrinsic alignments by cross-matching UNIONS shapes of
galaxies with spectroscopic surveys (Hervas Peters et al. 2025)
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UNIONS x DESI

e Spectroscopic samples of galaxies:
ELG, LRG and (DESI DR1)

Credit: DESI Legacy Imaging Survey

LRG
ELG

BGS Bright

UNIONS r-band

DESI Collaboration 2025

5 \ @ﬁl."*" ',? i e Cross-match with UNIONS shapes
ELG-UNIONS: ~360 000 galaxies

LRG-UNIONS: ~360 000 galaxies
~1 300 000 galaxies
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N-body simulations AbacusSummit B

@ DM-only simulation suite designed to
meet the requirements of DESI

e Simulation box of size 24 'Gpc
at different snapshots

e Planck 2018 cosmology, 330 billion
dark matter particles of mass 2x10° A~'M,

aaaaaaaaaaaaaaaaaaaaaaaaaaaa

@ Catalogues of halos identified with the
CompaSO (Competitive Assignment to
Spherical Overdensities) algorithm
(Hadzhiyska et al. 2021)
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Methodology

I) Getting a halo catalogue per galaxy sample

II) Modelling the 3D shapes of halos

ITII) Modelling the 3D shapes of central
galaxies 1n their host halos

IV) Inferring galaxy-halo connection from
observations using simulation-based inference (SBI)
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I) Getting a halo catalogue per galaxy sample

Step 1: generate a mock galaxy catalogue in a simulation box using a HOD
model for each galaxy sample

Example: HOD model for the LRG (Yuan et al. 2023)

Mean occupation number of central and satellite galaxies:

10 M M _ M'—KMt s
O e e U b

M mass of the host halo

Mcut minimum halo mass to set a central galaxy

fic incompleteness parameter (by definition: 0< fi; <1)

O steepness of the transition from 0 to 1 in the number of central
kMg minimum halo mass to host a satellite galaxy

a power law index on the number of satellite galaxies

M; typical halo mass that hosts one satellite galaxy

Code: AbacusHOD (Yuan et al. 2021), scripts here: C) antonincorinaldi
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https://github.com/antonincorinaldi/AbacusSummit_simulations

o

—— AbacusHOD mock z = 0.5 —— AbacusHOD mock z = 0.8 —— AbacusHOD mock z = 1.1
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10 ¥ ELG08<z<16 - BGS Bright 0.1 < 2 < 0.3
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I) Getting a halo catalogue per galaxy sample

Step 2: clustering measurements with the data and the mock and check the
consistency between both (Landy & Szalay 1993)

DD(ry, T1) — 2 DR(r,, 1) + RR(r,, IT)

Egg(rp, ID) = RR(r,, 1)

Inax
Wee(rp) = j: dII &ge(rp, IT)

max

Best fit HOD
parameters:

LRG Yuan et al. 2023
ELG Rocher et al.
2024

Prada et al. 2025
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II) Modelling the 3D shapes of halos

. . . annxnixnj
® Simple inertia tensor: [;j=
2in My

@ Axis lengths: square root of the eigenvalues of I,-j :
Ax'S By G

® 3D orientation: eigenvectors of L

Ch/Ay = 0.720%

prolate A, > B, = Cy,

Bu/Ay, = 0.85+007

oblate Ay, = By, > Cy

sl :

Gl :
Bh/Ah Q'

D 1

bSO s N &
PP OL S W
NN N N R

Ch/An By/An
Example: Abacus halos at z = (0.5

spheroidal Ap = By = Cp,

N ] )
Qp \\"\ \\9

Pandya et al. 2024
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IIT) Modelling the 3D shapes of central
galaxies in their host halos

Host halo
Galaxy

e Populating each halo with a 3D central galaxy with
axis lengths A, B,,C, such that:

B B C C )
g = AZ A—z = TCA—: with 7Tp,Tc € [O;Tmax]

@ Major axis of the central galaxy aligned with the host halo one

@ 3D population of galaxies = gaussian draw of Tp,T¢ around mean values
Ueg » B and with a covariance matrix X:

5 E
[ Bh/Ah

Bg/A
4] 9/Ag

3 )
R I
(5 2) N Jj |

00 02 04 06 08 1.0
Axis ratios ll/ 19




IIT) Modelling the 3D shapes of central
galaxies in their host halos

Host halo
Galaxy

e Populating each halo with a 3D central galaxy with
axis lengths A, B,,C, such that:

B B C C
£ = AZ Xj — TCA—: with 7, Tc € [0;Tmax]

@ Major axis of the central galaxy aligned with the host halo one

@ 3D population of galaxies = gaussian draw of Tp,T¢ around mean values
Ueg » B and with a covariance matrix X:

oz, 0
= )

Tc

o 4 free parameters: 0= {Ur,, hrer Orgr Oz )

® Projection in 2D (Lamman et al. 2023) for different
Hrg »Hre drawn with a uniform prior over [0O; 1]
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IV) Inferring galaxy-halo connection with SBI

p(6) Priors x=S8(0)
0= {#TBs#Tcaa-TBao-‘rc} N |
v . simulations
~ Simulator : 2
Galaxy-halo connection input 6 p(@) .| Forward model of ’fD shapes . simulated data set
parAmeters: @ of central galaxies inside (0, x)
A halos
\
\
/ \\\ constraints on @
o \
Valldatlon_of Inference Training of a neural network
the posterior
p@| x,) . q4( | x)
[ Posterior estimation —
p@| x) —
minimization of the loss function

L(P) = Eg.x)~p@.%) [— log g4(6 | X)]

Real data
x, = P(e) —
‘ .\'//LQ‘\VXI x.
.‘v A'A AQ “AAV

v‘ SSOXST
A‘k 2‘&\\”[’&
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ELG-LRG-BGS: distributions of
ellipticities

Host halos LRG z = 1.1
Host halos ELG z = 1.1
Host halos BGS Bright z = 0.2

Results (1)

v

{ LRG-UNIONS 0.8<z< 1.1
61 ¥ ELG-UNIONS 08<2<1.6
BGS Bright-UNIONS 0.1 < z < 0.3

P(lel) |

(%)

Data

—201

Data—Model

0.0 0.1 0.2 03 0.4 05 06 0.7 08
le]

ELG 2D shapes more scattered than LRG; BGS 2D shapes rounder than ELG and LRG
13/19



Results (1), ELG-LRG-BGS: galaxy-halo

connection

l’tTB’IJTC .

Host halo
Galaxy

B, B,
—_=TRp—
A, Pa,

means of TB,TC
for a given halo sample

Hrg = ().SSt:::?:—’

_ 0 7o+0.21
pry = 0.7275 15

LRG-UNIONS 08 < 2z < 1.1
ELG-UNIONS 0.8 < 2 < 1.6

+0.31

Hre = 0.517573
,,—Flngﬁ pire = 073557
i-c"

Q
Ay
. :
Hore:
a4
\\./
3N O @ O 3N O @ O
QY Q7 QY Q7 N QY QT QY QT N
N’TI} NT('

We probe different 3D galaxy-halo connections between LRG, ELG and BGS Bright
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Results (1), ELG-LRG-BGS: constraints on 3D

Halos

Ch/An = 0.T1X5 58
- 0.691007

0.07

Wy
Ch/An

Host halos ELG z
Host halos LRG 2z

By/A, = 0.84+008

0.09
25 +0.0!
B),/u’xl)‘ 0.82 ““:

®
Q"
/(:\
N
Bh/ Ah N
D
Q°
Na)
S
NN
Ch/ Ah

Bh/Ah

shapes

1
1.1

B!]/Ag

Galaxies

CqfAg = 0.361513
C,/A, = 0.50+)18

T ELG-UNIONS 0.8 < z < 1.6
E; 1} LRG-UNIONS 0.8 < z < 1.1
H |
| ’_H H ByfAy = (J-'JS.:}:{g
p 1 B,/A, = 0.59+018
/Z? \\
| il s
A L
\\:7’ \\lv\ \\° N N \\\’ \\“ \\l‘“
C'!]/Ag B.‘I/Ag

We estimate different 3D morphologies of galaxies depending on
their types, from their observed projected images
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Results (2), redshift evolution: distribution
of ellipticities

Host halos LRG z = 0.5
Host halos LRG z = 0.8
Host halos LRG z = 1.1
61 LRG-UNIONS 0.4 < z < 0.6
LRG-UNIONS 0.6 < 2z < 0.8
LRG-UNIONS 0.8 < z < 1.1

P(lel)

(%]

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
le]

The LRG 2D shapes are more elongated at high redshift 16/1



Results (2), redshift evolution:
galaxy-halo connection

MrpsMre @ means of TB,TC
for a given halo sample

Host halo
Galaxy

with 75,7c € [0;Tmax]

The LRG 3D shapes are less stretched

—  79+0.21
ey = 0.7275 75

o 4016
prs = 0.757¢19

LRG-UNIONS 0.6 < 2 < 0.8
LRG-UNIONS 08 < 2z < 1.1
pre = 0.73:0%0

pire = 0841550

=

. :
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NEAEN N G N \ GO\ G N UG

[y fire

inside their halos at low redshift
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Results (2), redshift

on 3D

Halos

Ch/Ap = 0.6970:97

—0.07
Ch/ Ay = 0.70157

Host halos LRG 2 = 1.1
Host halos LRG 2z = 0.8

Bi/Ap, = 0.82505%
By/An = 0.8275%8
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N
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Galaxies and their host halo 3D

evolution:
shapes

constraints

Galaxies

CylAg = 0-50tt::}g
C;/A, = 0.58732%

LRG-UNIONS 0.8 < 2 < 1.1
§ LRG-UNIONS 0.6 < 2z < 0.8
|
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shapes get rounder with cosmic time
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Towards IA prediction with galaxy 3D
morphology model

Ilmu.\
£,y TT) = S +D(rp, I1) — S Rp(rp, IT) Wes(rp) = f dIl &, (rp, IT)
RS RD(rp, H) _nmax
¢/ ¢ ELG-UNIONSO0.8<z< 16
gt il | g
s Ee uﬁfﬂ ............. £
: f ﬁﬂ[ gﬂ
¢ LRG-UNIONS 0.6 < 2 < 0.8 iy }
107 10! 102 100 10! 102

T [~ Mpc] p [h~'Mpc]

Future aim: make a prediction of intrinsic alignment of galaxy using our
model of 3D morphology

=> motivation: to reveal extra informations to -1dntrinsic alignments
about the 3D morphology of galaxies 19719
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Redshift evolution: other parameter
constraints

Hep = 0.7203

_ () 7r+0.16
Hry = 0.752010
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ELG-LRG-BGS: other parameter constraints

fry = 0587537
firg = 0.72702L

0.15

— 0.51+031
Hre = 0.51707

- +0.20
e = 0.732005

ILL
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Expected Coverage
© = ot =
|3 (=] oo o

o
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Validation: coverage tests
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Validation: stability test (LRG)

Training 1
Training 2
Training 3
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Toy-model for

(%]

Data—Model
Data
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Toy—-model for the 3D shapes of galaxies (2)
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