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Context and motivations

e Galaxy 3D morphology: it encodes
fundamental information about processes
governing galaxy formation and
evolution within the cosmic web.
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Context and motivations

e Galaxy 3D morphology: it encodes
fundamental information about processes
governing galaxy formation and
evolution within the cosmic web.

@ Intrinsic alignments (IA): galaxies
point towards each other due the
underlying tidal field of dark matter

Fortuna & Chisari (2025)

O&Q: o This work: galaxy-halo connection
for IA. The IA signal depends on
the morphology of galaxies and the
way their shapes evolved 1in 3D
inside halos among the large-scale
structures of the Universe

Joachimi et al. 2026 2/18



Aims:

1)

2)

Objectives

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

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

Solution: simulation-based inference !
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UNIONS (Ultraviolet Near-Infrared UNIONS
Optical Northern Survey) (see Cail and Calum’s talk)

® CFHT, Pan-STARRS, Subaru Telescope (u,g,r,i,z,z,~band)
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UNIONS (Ultraviolet Near-Infrared %&umcns
Optical Northern Survey) (see Cail and Calum’s talk)

Declination

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

@ Photometric galaxy survey in the northern

hemisphere
~340 millions of galaxy shapes (r-band)
Footprint: 5800 deg? (Gwyn et al. 2025)
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UNIONS (Ultraviolet Near-Infrared %&umcns
Optical Northern Survey) (see Cail and Calum’s talk)

Declination

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

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

@ Measurement of IA by cross-matching UNIONS shapes of galaxies with
spectroscopic surveys (Hervas Peters et al. 2025, Paviot et al. 2026)
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UNIONS x DESI

@ Spectroscopic samples of galaxies:
ELG 0.8<z<1.6, LRG 0.4<z<1.1 and
(DESI DR1)

Credit: DESI Legacy Imaging Survey

DESI Collaboration 2025
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UNIONS x DESI

@ Spectroscopic samples of galaxies:
LRG 0.4<z<1.1 and

(DESI DR1)

ELG 0.8<z<1.6,

Credit: DESI Legacy Imaging Survey

LRG
ELG
BGS Bright

UNIONS r-band

DESI Collaboration 2025

g b '\? i @ Cross—-match with UNIONS shapes
: e ‘ 1 . ELG-UNIONS: ~360 000 galaxies
e ' pro . LRG-UNIONS: ~360 000 galaxies
vty o : : ~1 300 000 galaxies

{
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N-body simulations AbacusSummit B

@ N-body simulation suite designed to
meet the requirements of DESI

||||||||||||||||||
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N-body simulations AbacusSummit B

@ N-body 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° "M,
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N-body simulations AbacusSummit B

@ N-body 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° "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 shape connection from
observations using simulation-based inference (SBI)
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I) Getting a halo catalogue per galaxy sample

e Step 1: generate a mock galaxy catalogue in a simulation box using a HOD
model for each galaxy sample
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I) Getting a halo catalogue per galaxy sample

e 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

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)

200
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T §(rID_DD@ﬂD—2DM¢JD+RMQJD
ey 8g\"'p» -
e RR(r,, IT)
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50
X,L I nma:(
~

ol AbacusHOD mock z = 0.5 | — AbacusHOD mock z = 0.8 | — AbacusHOD mock z = 1.1 wgg(rp) — dH §gg (rp, H)
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@ Best-fit HOD parameters:

<
& 751
e . LRG Yuan et al. 2023
—~ 90
£ . ELG Rocher et al. 2024
2 ol . Prada et al. 2025
—— Abacus mock z=1. 3 5 AbacusHOD mock z = 0.2
1073 3 I;]l:(; o.: (<)Ii < 1.: = t e BGS Bright 0.1 < z < 0.3
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II) Modelling the 3D shapes of halos

. . . }:n’nnxnﬁnu
® Simple 1inertia tensor: [;j=
2in M
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II) Modelling the 3D shapes of halos

. . . Zn My XniXn j
® Simple inertia tensor: Ij;=
2in My

@ Axis lengths: square root of the eigenvalues of Lj
Ay, > B, > Cy
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II) Modelling the 3D shapes of halos

. . . Zn My XniXn j
® Simple inertia tensor: I;;=
2in My

@ Axis lengths: square root of the eigenvalues of Lj
Ax'S By G

® 3D orientation: eigenvectors of L
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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,

By, /A, = 0.85+097

oblate Ay, = By, > Cy

sl :

Gl :
Bh/Ah Q'

D 1

< Q& N &
PP LS 5
DN RN

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

spheroidal Ap = By = Cp,

N ] )
Qp \\"\ \\9

Pandya et al. 2024 14/18



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 Bh C Ch .
= =1p— £ =1 with  7p,7c € [0;1]

A, PA, A, Ca,
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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 Ch ,
- — =Tc  with 15,70 €[0;1]

Ay A, a4,

@ Major axis of the central galaxy aligned with the host halo one
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IIT) Modelling the 3D shapes of central
galaxies in their host halos

Host halo
Galaxy

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

B, By, C, Ch ,
a, =2, A_ngCA_h with 71p,7c € [051]
Major axis of the central galaxy aligned with the host halo one

gaussian draw of Tpgp,T¢ around mean values

@ 3D population of galaxies
Urg » Ut and with a covariance matrix Y, .

oz 0
2—(0 o-%c)
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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:

= O O R 0; 1
- Ah Ag_ CAh TB9TC€[a ]

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

@ 3D population of galaxies = gaussian draw of Tp,T¢ around mean values
Urg » Ut and with a covariance matrix Y, .

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/ 18




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:

A ~T8a 4 ~ca with  7p,7c € [0;1]
g

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

o
gaussian draw of Tpgp,T¢ around mean values

@ 3D population of galaxies
Urg » Ut and with a covariance matrix Y, .

o2 0
’:=( 0 azc)

® 4 free parameters: 0= {lry, hrpsT1yO1c}
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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:

Be B G O i 0: 1
- Ah Ag _TCAh TB9TC€[ - ]

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

@ 3D population of galaxies = gaussian draw of Tp,T¢ around mean values
Urg » Ut and with a covariance matrix Y,

o2 0
Z'( 0 a%c)

® 4 free parameters: 0= {Ury, Urer Trp, 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(0) Priors

| 6~ p@O)

Galaxy-halo connection input
parameters

0= {#‘fﬂ,#?’c’o-rﬂ’ o'rc}

‘/\constraints on @

x=5(06)

Simulator S :
Forward model of 3D shapes
of central galaxies inside
halos

x = P(le])

N simulations
simulated data set

Validation of
: Inference
the posterior
P(9 | xobs)
'\ Posterior estimation
‘ 450 1% ~ p@|x)
Real data

Xobs = Pobs(lel)

@, x)

Training of a neural network
(masked autoregressive flow)

q4(0 | x)
SOSONT0

<
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Results, ELG-LRG-BGS: distributions of

ellipticities

—— Host halos LRG 2z =1.1
]
i —— Host halos ELG 2z = 1.1
Host halos BGS Bright z = 0.2
1 LRG-UNIONS 08< 2 < 1.1
61 ¥ ELG-UNIONS08 <:<1.6
BGS Bright-UNIONS 0.1 < z < 0.3
P(lel) 4|
o)
04
® 25
- + L L I % i
% = 01==gE-- f---i’---"l“---f---jl -------------------- S e <mat. auar  ame
=2 F
a —25
0.0 0.1 0.2 03 0.4 0.5 06 0.7 0.8
|e

ELG 2D shapes are more scattered than LRG.
BGS 2D shapes are rounder than ELG and LRG.
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Results, ELG-LRG-BGS:

HMrgsMre : means of Tg,TC
for a given halo sample

Host halo
Galaxy

B B C__ G
A, A, A, A,

with 7T, 7c € [0;1]

We probe different 3D galaxy-halo

galaxy-halo connection

e

Q
AN

o 0. ¢
7, % 4

4.

BGS Bright-UNIONS
0.1<2<0.3
ELG-UNIONS
0.8< 2<1.6

Hrg = (l—l—li:::::i;

s =0,63510%7 —_—

LRG-UNIONS
08<z2z<1.1

fire = 0.662+0.004

‘ =q+0.002
! [—‘I 1 Hre = 0.798 5095

&>

Y > O B : o
QY Q7 QY QT N N NN CEENCEN

:LLTB :LLT('

shape connections between LRG, ELG

and BGS.
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Results, ELG-LRG-BGS: constraints on
3D shapes

Halos Galaxies
‘ e Host 11.;1105 BGS Bright BGS Bright-UNIONS
ChfA = 071408 2=0.2 Cy/A, =0.247018 0.1<2<0.3
CfAn = 0.60°047 — Host halos ELG i S ___ ELG-UNIONS
1 z=1.1 sl : ke 08<z<16
‘ ___ Host halos LRG A __ LRG-UNIONS
L 2= 11 B | 08<z<1.1
y» By/A, = 0.83+008 J By/A, =0.3850%
By/A, =0 L\ By/A, =0.5114

r 0.08 18
4 @ 1 . \

rii -

| 1 7 gk

By /Ay \\\ l> ( By/Ay © v JJJJ{ TTT*
El 1__

h

“6

NARNEEN N N SRR NN NERGERN NN N NGRS SR IR
Clz/Ah Blz/Ah CQ/A!/ BQ/AQ

We estimate different 3D morphologies of galaxies depending on

their types, from their observed projected images. 15/18



Towards IA prediction with galaxy 3D
morphology model

Ilma.\
§g+(rp’ II) = S+D(rpR;HR? _ S+RD(rp’ 1 Wg+(rp) — j:II dIl §g+(rp, IT)
S D(rpa H) max

107 10! 10°
rp [R"'Mpc]
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Towards IA prediction with galaxy 3D
morphology model

[lmu.\
Ty = 52D D =S Ro(ry I Wes () = f AT £y, (1, TT)
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Future aim: predict galaxy IA by using our halo-based model

=> motivation: to reveal extra 1informations +to IA about the 3D
morphology of galaxies
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Conclusion and perspectives

e We developed a forward model for the 3D shape of central galaxies 1inside
their host dark matter halos that looks promising to be used for IA
analysis.
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Conclusion and perspectives

We developed a forward model for the 3D shape of central galaxies 1inside

their host dark matter halos that looks promising to be used for IA
analysis.

We found that simulation-based -inference 1is a powerful approach to
constrain galaxy-halo shape connection in 3D.
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- how to model galaxy-halo misalignment in 3D ?

- how to model the 3D shape of satellite galaxies inside halos ?

- 1s it possible to predict an IA signal only with a halo-based model ?
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Conclusion and perspectives

We developed a forward model for the 3D shape of central galaxies 1inside
their host dark matter halos that looks promising to be used for IA
analysis.

We found that simulation-based -inference 1is a powerful approach to
constrain galaxy-halo shape connection in 3D.

Open questions:
- how to model galaxy-halo misalignment in 3D ?
- how to model the 3D shape of satellite galaxies inside halos ?
- 1s it possible to predict an IA signal only with a halo-based model ?

This work will be published soon with associated codes. Stay tuned ! Cj
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Halo normalised count

Halo mass distributions

106 E |
5 o —— ELG z=1.1
. —— LRG z=1.1
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. - \\\ —+— BGSBRIGHT z=0.2
10° 4
] [
102 4
101 -
1011 1012 ' 1013 ' 1014 1010
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ELG-LRG-BGS: other parameter constraints

\ —omgems  —— LRG-UNIONS 0.8 <z < 1.1
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Expected Coverage
© = ot =
|3 (=] oo o

o
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Validation: coverage tests
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Toy-model for
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Toy—-model for the 3D shapes of galaxies (2)
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o+0.
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ELG-UNIONS 0.8 < 2 < 1.6
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