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Context and objectives

Galaxy-halo connection for intrinsic alignments

© Galaxy-halo connection: the link
between galaxies and halos is not clear

e Understanding the 3D morphology of
galaxies inside dark matter halos can give
insights about the process of evolution
of galaxies across the cosmic web

Credit: Fortuna & Chisari (2025)
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Context and objectives

@ Aims:

1) Developing a model for the 3D morphology of galaxies inside 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 images
to 3D shapes ?




UNIONS (Ultraviolet Near

Infrared Optical Northern Survey) %UNIONS

1

@ CFHT, Pan-STARRS, Subaru Telescope (u,g,r,i,z-band)
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UNIONS (Ultraviolet Near
Infrared Optical Northern Survey) %‘UNIONS
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o Photometric galaxy survey in the
northern hemisphere
~340 millions of galaxy shapes
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UNIONS (Ultraviolet Near
Infrared Optical Northern Survey) %‘UNIONS

@ CFHT, Pan-STARRS, Subaru Telescope (u,g,r,i,z-band)

o Photometric galaxy survey in the
northern hemisphere
~340 millions of galaxy shapes
3500 deg? (Gwyn et al. 2025)

240° 210° 180 150° 120°
Right Ascension

@ Measure of intrinsic alignments by cross-matching UNIONS 2D shapes
of galaxies with spectroscopic surveys (Hervas Peters et al. 2025, see

Martin’s talk tomorrow)
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UNIONS x DESI
e Spectroscopic samples of galaxies:

- ELG, LRG and , Dark Energy
Spectroscopic Instrument (DESI) DR1

Credit: DESI Legacy Imaging Survey
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UNIONS x DESI
e Spectroscopic samples of galaxies:

- ELG, LRG and , Dark Energy
Spectroscopic Instrument (DESI) DR1

Credit: DESI Legacy Imaging Survey
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@ Cross-match with UNIONS forms

. ELG-UNIONS: ~360 000 galaxies
e ot . LRG-UNIONS: ~360 000 galaxies
? . : ~1 300 000 galaxies
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N-body simulations AbacusSummit

e Simulation suite designed to meet
the requirements of DESI

Maksimova et al. 2021
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N-body simulations AbacusSummit
e Simulation suite designed to meet
the requirements of DESI

e 150 simulation boxes of size 2 h~!Gpc
at different snapshots

@ 97 cosmological models, 330 billion
particle per box with mass 2 x 10° A~ 'M,

/, N Maksimova et al. 2021
/ A
® 3,/ -9 @ Catalogues of halos identified
7 with the CompaSO
///” : (Competitive Assignment to

Spherical Overdensities)
algorithm (Hadzhiyska et al.
2021)
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Methodology

|) Getting a halo catalogue per galaxy sample
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Methodology

|) Getting a halo catalogue per galaxy sample

II) Modelling the 3D shapes of halos
[I1) Modelling the 3D shapes of galaxies inside 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

e Step 1: Generate a mock galaxy catalogue in a simulation box using an HOD
(Halo Occupation Distribution) model for each galaxy sample
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I) Getting a halo catalogue per galaxy sample

Step 1: Generate a mock galaxy catalogue in a simulation box using an HOD
(Halo Occupation Distribution) model for each galaxy sample

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

Mean occupation number of central and satellite galaxies:

FLRG f logio(Mcut/M) | M — kM, )
Reent (M) === erfc [ \/50' n;lt{G(M) = [Tlcut] I{gg(M)

M mass of the host halo
Myt minimum halo mass to set a central galaxy
fic incompleteness parameter (by definition: 0 < fic < 1)
steepness of the transition from 0 to 1 in the number of central
KMcyt minimum halo mass to host a satellite galaxy
«@ power law index on the number of satellite galaxies
M typical halo mass that hosts one satellite galaxy
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I) Getting a halo catalogue per galaxy sample

Step 1: Generate a mock galaxy catalogue in a simulation box using an HOD
(Halo Occupation Distribution) model for each galaxy sample

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

Mean occupation number of central and satellite galaxies:

FLRG f logio(Mcut/M) | M — kM, )
Reent (M) === erfc [ \/50' nsL;}fG(M) = [Tlcut] %&?(M)

M mass of the host halo
Myt minimum halo mass to set a central galaxy
fic incompleteness parameter (by definition: 0 < fic < 1)
steepness of the transition from 0 to 1 in the number of central
KMcyt minimum halo mass to host a satellite galaxy
«@ power law index on the number of satellite galaxies
M typical halo mass that hosts one satellite galaxy

Code: AbacusHOD (Yuan et al. 2021) 8/22



I) Getting a halo catalogue per galaxy sample

o Step 2: Make clustering measurements with the data and the mock and
check that both match well
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I) Getting a halo catalogue per galaxy sample

o Step 2: Make clustering measurements with the data and the mock and
check that both match well
LRG clustering

Ip X Wgq(rp) [h™2Mpc?]
o
o
8

—— AbacusHOD mock z = 0.5 —— AbacusHOD mock z = 0.8 —— AbacusHOD mock z = 1.1
¥ 04<z<06 § 06<z<08 § 08<z<11
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10? 100 10t 10?
rp [h™*Mpc] rp [h~*Mpc]

rp [h~*Mpc]
ELG clustering

~
=)

DD(rp,11) — 2 DR(ry, IT) + RR(rp, I1)

NE. 60 fgg(rp, I = RR(rp, )
742 50 I
= Weg(Tp) = f dIl &,,(ry, IT) Landy & Szalay 1993
= 30 )
e tH
Tt G e mede =i e Best fit HOD parameters from Yuan et al.
100 ot 02 2023 and Rocher et al. 2024
rp [h~*Mpc]
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I) Getting a halo catalogue per galaxy sample

o Step 2: Make clustering measurements with the data and the mock and
check that both match well
LRG clustering

Ip X Wgq(rp) [h™2Mpc?]
o
o
8

—— AbacusHOD mock z = 0.5 —— AbacusHOD mock z = 0.8 —— AbacusHOD mock z = 1.1
¥ 04<z<06 ¥ 06<z<08 § 08<z<11

100 10! 10? 10° 10t 10? 10° 10t 10?
rp [h™*Mpc] rp [h~*Mpc] rp [h~*Mpc]
ELG clustering
7 o DD(r,, 1) — 2 DR(r,, 1) + RR(r,, T0)
gw BB = RR(ro, 1T
' ) (o ID
. Weg(rp) = dII &,4(r,, TT) Landy & Szalay 1993
)gj 20 s I E -
“10 T becusHopmockz =13 ® Best fit HOD parameters from Yuan et al.
100 1ot 102 2023 and Rocher et al. 2024
rp [h~*Mpc]

@ Step 3: Extract the host halos of the corresponding galaxies of the mock /22



Il) Modelling the 3D shapes of halos

Zn My XpiXnj

2in My

o Simple inertia tensor: [;; =
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Il) Modelling the 3D shapes of halos

Zn My XpiXnj
2in My

o Axis lengths: square root of the eigenvalues of I,-j i Ap > By > Cy

o Simple inertia tensor: [;; =

e 3D orientation: eigenvectors of I,~j

Ch/Ap = 0.72 £ 0.09

By/Ap = 0.85 = 0.08

prolate A, > B, = Cp,

(/j
Bn/An e'-\‘)

N
°
)
b.
o

oblate A, ~ B, > Cj

S © O L P O O O
PPEN S KPS

o7 o o° o spheroidal Ah Bh Ch

Colfn OolAn Pand I. 2024
Example: Abacus halos at z = 0.5 andya et al. 10/22




Ill) Modelling the 3D shapes of galaxies inside halos

o Populating each halo with a 3D central galaxy of axis .,
lengths A,, B,,C, such that: Galaxy

B, B, C __C

=TcA—: with Tz, 7¢ € [0;1]

A, Pa, A

8
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o Populating each halo with a 3D central galaxy of axis .,
lengths A,, B,,C, such that: Galaxy

B, B, C __C

_ 8 __ *h . :
Ag . TBAh Ag TCAh with Tz, 7¢ € [0;1]

e Same orientation for galaxies and halos
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Ill) Modelling the 3D shapes of galaxies inside halos

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

with Tz, 7¢ € [0;1]

=TRB TC—5—
A, Ay, Ag Ay
Same orientation for galaxies and halos

3D population of galaxies = gaussian draw of Tg, T around mean
values Urp » Ur and with a covariance matrix }; :

o2 0
(% o)

Tc
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Ill) Modelling the 3D shapes of galaxies inside halos

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

B, B, C __C

_ et ST .
A, —TBAh A, TcAh with Tz, 7¢ € [0;1]

Same orientation for galaxies and halos

3D population of galaxies = gaussian draw of Tg, T around mean
values Urp » Ur and with a covariance matrix }; :

5

1 Bh/Ah i
i Bg/Ag 0-33 Lﬁ
2
Y = (O-TB (?2 ) - 3 ﬁ
0 o: ’ ,
1
gt ‘

0.0 0.2 0.4 0.6 0.8 1.0

Axis ratios /22



Ill) Modelling the 3D shapes of galaxies inside halos

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

A, = TBAh A, = TcAh with Tz, 7¢ € [0;1]

Same orientation for galaxies and halos

3D population of galaxies = gaussian draw of Tg, T around mean
values Urp » Ur and with a covariance matrix }; :

o2 0
(% o)

Tc

4 free parameters: 0 = {lry, hrpr O gy Orc}
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Ill) Modelling the 3D shapes of galaxies inside halos

Populating each halo with a 3D central galaxy of axis

Host halo
lengths A,, B,,C, such that: Galaxy
A—g—TBA—h A—g—TcA—h with Tz, 7¢ € [0;1]

Same orientation for galaxies and halos

3D population of galaxies = gaussian draw of Tg, T around mean
values Urp » Ut and with a covariance matrix ¥, :

2
X = (O-TB g )
0 o
4 free parameters: 0 = {lry, hrpr O gy Orc}

Projection in 2D (Lamman et al. 2023) for
different Urp , g drawn uniformlyin [Q; 1]

11/22



IV) Inferring 3D galaxy-halo connection with SBI

PRIORS

FORWARD

SIMULATIONS
. HOD

. Model of

OUTPUT (2D)

Distribution of galaxy
ellipticities = summary

INPUT PARAMETERS (3D)

—>

Parameters of 3D galaxy 3D shapes statistics
galaxy-halo connection 6 . Projection x= Ple)
3D — 2D
s N
TRAINING / INFERENCE
/ Neural Posterior Estimation \
NPE (
VALIDATION . (NPE) DATA
- Posterior Predictive o LIS B R S S Observed
Check on simulated pairs (6, x) distribution of
- Ensemble test . estimation of P(6|x) ellipticities
- Coverage test . inference: constraints on Py (€)
L 3D galaxy-halo connection) - 12/22 g




Analyses

@ (1) LRG in 3 redshift bins
04<z2<0.6 0.6<z7z<0.8 08<z<1.1

=> testing for redshift evolution
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Analyses

(1) LRG in 3 redshift bins
04<z2<0.6 0.6<z7z<0.8 08<z<1.1

=> testing for redshift evolution

(2)ELG 0.8<z<1.6 and LRG (04<z<0.6

=> testing for different types of galaxies

For each case:
- distribution of ellipticities
- galaxy-halo connection
- constraint on 3D shapes
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(1) Redshift evolution: distribution of ellipticities

7 —— Host halos LRG z = 0.5
— Host halos LRG z = 0.8
6 —— Host halos LRGz=1.1
1 LRG-UNIONS 0.4<z<0.6
5 T LRG-UNIONS 0.6<z<0.8
1 LRG-UNIONS 0.8<z<1.1
P(e)
3
2
1
0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
e
3 100
= = E ¥
% 0 I - = E3 ¥ i % E 3 T
=z b 4 o A - -
'3
31
al -100
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
e
Preliminary
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7 —— Host halos LRG z = 0.5
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6 —— Host halos LRGz=1.1
1 LRG-UNIONS 0.4<z<0.6
5 T LRG-UNIONS 0.6<z<0.8
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P(e)
3
2
1
0
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e
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'3
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e
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LRG 2D shapes more elongated at higher redshift 14/22



(1) Redshift evolution: galaxy-halo connection

Heps Mo : means of T, Tc

Host halo

Galaxy

Bg
3, "™,

By,
Ay

Cg
A

Ch
Ay

with 73, 7¢ € [0;1]

for the whole halo population

9, 2, % 2 <,

LRG-UNIONS 0.4<z<0.6
LRG-UNIONS 0.6<z<0.8
LRG-UNIONS 0.8<z<1.1

[

Qq' o™ o QQ’ N

iz,

o”” Ne eb e‘b D

Hr,

Preliminary
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(1) Redshift evolution: galaxy-halo connection

HrpsMre » means of Tg,Tc ﬁ;E:°%§§8%§
Uz, = 0.85 x 0.22

for the whole halo population

LRG-UNIONS 0.4<z<0.6
LRG-UNIONS 0.6<z<0.8
LRG-UNIONS 0.8<z<1.1

Host halo
Galaxy

Oe 07 06 00 \)0

IJTC
% T Bh % Ch Qﬁ" ™ ° QQ’ N o”” N eb e‘b ~°
=T =TcH—
Ag Ah Ag Ah Mg M
with 75, 7¢ € [0;1] Preliminary

LRG 3D shapes more stretched inside their halos at higher redshift
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(1) Redshift evolution: constraints on 3D shapes

Halos Galaxies
Ch/Anh = 0.69 = 0.07
) G zaias
h/An = & Co/A) = 0.59 + 0.21
9/
Host halos LRG z=0.5 LRG-UNIONS 0.4<2<0.6
Host halos LRG 2=0.8 | LRG-UNIONS 0.6<2<0.8
Host halos LRG z=1.1 | LRG-UNIONS 0.8<z<1.1
Bh/An = 0.82 + 0.08 By/Ag = 0.59 + 0.19
Bh/An = 0.82 * 0.08 By/Ag = 0.61 + 0.18
Bn/Ar = 0.85 * 0.08 Lo Bg/Ag = 0.70 % 0.22
'l 7 |
BnlAn & BylAg < f
& o
Q 07’ -l
o
P PO PO O P NN N RS RN RN RS RN
Q7 O QO O O Q" QO QO O Cg/Ag BglAg

ChlAn BhrlAn

Preliminary
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(1) Redshift evolution: constraints on 3D shapes

Halos Galaxies
Cn/An = 0.69 = 0.07
n/Ap = 0.70 £ 0.07
n/Ap = 0.72 £+ 0.09
Host halos LRG z=0.5 LRG-UNIONS 0.4<2<0.6
. Host halos LRG z=0.8 LRG-UNIONS 0.6<2<0.8
f Host halos LRG z=1.1 LRG-UNIONS 0.8<z<1.1
| | BnAn=0.82 + 0.08 Bg/Ag = 0.59  0.19
Bn/An = 0.82 + 0.08 By/A; = 0.61 x 0.18
2 h/Ap = 0.85 + 0.08 Ag = 0.70 = 0.22
e n
& o |
Bh/Ah Qf-\‘q -|> BQ/AQ °© J
& o
Q Qf} H
K
PN I S A Y
0,.,}0 0?‘;7 °©0 QA‘) 090 vaf’) 090 0,.\“'7 090 Q" Q" O © Q7 Q" O ©
CylAg BylAg

ChlAn BhrlAn
Preliminary

LRG 3D shapes more elongated at higher redshift

Host halos rounder than the galaxies y
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(2) ELG / LRG: distribution of ellipticities

7 —— Host halos LRG z = 0.5
—— Host halos ELGz=1.1
6 T LRG-UNIONS 0.4<2z<0.6
1 ELG-UNIONS 0.8<z<1.6
5
P(e)
3
2
1
0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.
e
'c\? 100
= F E 2 E
% 0 * F x = = £ ; A 1 E
ZE J_ o g 2 ¥ ¥
éo
a8l -100
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

e
Preliminary
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Data — Model

(2) ELG / LRG: distribution of ellipticities

[%]

7 —— Host halos LRG z = 0.5
—— Host halos ELGz=1.1
6 T LRG-UNIONS 0.4<z<0.6
1 ELG-UNIONS 0.8<z<1.6
5
P(e)
3
2
1
0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
100 €
F E 2 E
0 * F E = F ; A 1 i
s J_ F-o-F-—-Focapocigp--cge=--F +
]
-100
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
e
Preliminary

ELG 2D shapes more elongated than LRG
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(2) ELG / LRG: galaxy-halo connection

HrgsMr. :means of T, Tc

for the whole population LL/ LRG-UNIONS 0.4<2<0.6

ELG-UNIONS 0.8<z<1.6

Host halo U, =0
Galaxy \’9
Oib 1
Hre o] g
QP‘ 1
0"1' 1
B C O ¥ o o? A0 oF oF © o A
g By, g Ch U U
e = — =Tc— T Tc
A Ay, A Ay o
g g
Preliminary

with 73, 7¢ € [0;1]
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(2) ELG / LRG: galaxy-halo connection

HryrMee @ meansof T, Tc
for the whole population

LL/ LRG-UNIONS 0.4<2<0.6
ELG-UNIONS 0.8<z<1.6

Host halo
Galaxy \’9
Qib 1
Mo ©° |
QP‘ 1
Q’y 1
B C O ¥ o o? A0 oF oF © o A
g By, g Ch U U
— =Tp— — =TCc—/— Tg Tc
A Ay A Ap o
g g
Preliminary

with 73, 7¢ € [0;1]

We probe different 3D shapes between LRG and ELG 1822



(2) ELG / LRG: constraints on 3D shapes

Halos
Ch/Apn = 0.71 £ 0.08
Cn/An = 0.72 £ 0.09
Host halos LRG z = 0.5
Host halos ELG z = 1.1
Bn/An = 0.84 + 0.08
Bn/An = 0.85 + 0.08
°9° ' NS
BrlAn & Balhy <
& ©
o &
K
Q"‘P Q‘b(p Q‘be 0/'\(0 090 0'&9 0?’0 Q"\o) 090
ChlAn BhlAn
Preliminary

Galaxies
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ELG-UNIONS 0.8 <z <
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i By/Ag = 0.48 + 0.15
! By/Ag = 0.70 * 0.22
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&
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(2) ELG / LRG: constraints on 3D shapes

Halos

Ch/Ap = 0.71 £
Ch/Aph = 0.72 £

0.08
0.09

Host halos LRG z
Host halos ELG z

BnlAn ¥

O @ O A9 O
Q’> Q‘bl Q'b Q/'\ 09
ChlAn

SN
QP‘ 0?’

BhlAn

O D
Q"\ 09

0.
8

5
1

BylAg

Preliminary

Galaxies

e I
]
0’” 0‘)‘ 06 0Q> Q’L Qb‘ Db Q%
CylAg BylAg

ELG: more elongated objects in 3D than LRG
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Towards galaxy intrinsic alignment in 3D...

11
S . D(ry, 1) = S ,Rp(ry, I f
) = Wey(rp) = dIT ry, I1
§g+(rp ) RsRD(rp,H) g+( p) ™5 §g+( p )
= 6
— ¥ LRG-UNIONS o~ 5|l & ELG-UNIONS
N& 2 38 4
s =
° ! 3
< 1 5
= L3 I { 3 2
CRE I Sl 1 2 IH £
l NSRS R
-2 -2
10° 10! 102 10° 10! 102
rp [h~*Mpc] rp [h~*Mpc]
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Towards galaxy intrinsic alignment in 3D...

I1
S .D(rp, IT) = S . Rp(rp, T f
) = Woyi(rp) = dIT &, (rp, 11
&+ (rp, 1) RsRo(ry, I g+Up e &g+ (rp, ID)
= 6
— ¥ LRG-UNIONS o~ 5|l & ELG-UNIONS
® 2 2,
s =
° ! 3
< 1 5
= 3 I { = 2
€ o Eptlrrzll I” £
- X
):C" ! l G} { } I { f I
-2 -2
10° 10! 102 10° 10! 102
rp [h=*Mpc] rp [h™1Mpc]

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

I1
S .D(ry,TI) = S ,Rp(rp, 1) f
) = Wei(rp) = dIl &, (ry, I1
§g+(rP ) RSRD(rp,H) g+\’p . §g+ p )
3 6
— ¥ LRG-UNIONS o~ 5|l & ELG-UNIONS
Na 2 8 4
= z
° ! 3
< 1 5
= 3 I { = 2
L P Nt 2 1 EH £
g Y SR A S S } ________
= X
):D‘ ! l G} { } I { f I
-2 -2
10° 10! 102 10° 10! 102
rp [h=*Mpc] rp [h™1Mpc]

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

=> motivation: to reveal extra informations to intrinsic alighments about
the 3D morphology of galaxies
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Conclusion and next steps

o Development of a model of 3D morphology for central galaxies inside
dark matter halos using AbacusSummit N-body simulations
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Conclusion and next steps

Development of a model of 3D morphology for central galaxies inside
dark matter halos using AbacusSummit N-body simulations

Development of a simulation-based inference method to measure the
distribution of the 3D shapes of galaxies from the distribution of their
projected images

Ongoing works / next steps:

applying our pipeline to the DESI BGS sample

adding a misalignment parameter for the central galaxies
develop a model of 3D morphology for satellite galaxies
work with hydrodynamic simulations
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Thank you for your attention !
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Redshift evolution: other parameter constraints

pr, = 0.72 + 0.18
dr, = 0.75 + 0.13
Lr, = 0.85 + 0.22
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ELG / LRG: other parameter constraints
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Toy-model for the LRG

Mg = 0.84 £ 0.02
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Expected Coverage

Validation: coverage test for the LRG

LRG 0.4<z<0.6

---- |deal case

—— TARP
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