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Motivation:
Cosmological

principle

Homogeneity Isotropy
(large-scale) (large-scale)

ds2=c2dt2—a(t)2(dx2+dy2+dz?)
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Motivation:

@ianchi | (spatially flat and homogenous A

universe) :
Hertzberg et al 2024

Anisotropic
Universe

ds2=dt2—a(t)2dx2-b(t)2dy2—c(t)2dz>

4 Bianchi | with residual planar

symmetry (spatially flat and

homogenous universe):
Verma et al 2024

K /
\
Szekeres model :
Célérier et al 2024
iInhomogeneous model which
imply anisotropie )

ds2=dt2—a(t)2(dx2+dy?)—b(t)2dz>

~

N

(
Axisymmetric model :

homogenous universe with
sub group of symmetry.

\_

~N
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Motivation: © G

The Zwicky Transient Facility Survey -
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Zwicky Transient Facility (ZTF):

8

Survey of the

Northern sky

begun in 2018 in :
\ California

* Unique survey of
low redshift Sne la

https.//www.aanda.org/
component/toc/? o i 5
task=topic&id=2090 Observe in three 0:0%0

* A&A special issue J
bands: g, r, i

(DRZ : second data\
release contains
3628
spectroscopically
Sne la, between

\2018-2020 )

o ZTF SNe la

—— Galactic
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Realistic ZTF Simulation: B et

300 4

2tfi
model

200
100

(+ Contains all observation - N
information : maglim, field of _ s o g i e I
observation’ pOSSib'G ~ R ZTF ObSEI‘VIng M.Amenouche et al., 2025

| technical problem ) logs

* Simulates astronomical
targets as they would be
observed by a survey

* Cosmology : Flat ACDM Skvsurve
Ho=67.66 km.s.Mpc?t | « y y

/,
Q..=0.30966 \

ZTF DR2 simulation

o
Z 0.100

° SnCOSI’nO SALT2 < SN Ia mOdeI 0.125
42 0.075

0.000

—— Galactic
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SNe la - Standardization:

Flux
(@]
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\A 404 Mg=-10.3
a=0.134
3 B=3.084

n . L5 on=0.149

.04 2

1.0 R 36 -

,.‘. o
g o xR =
2 " S 1 3 34 0=0.114
g = B =0.0008
3 o0 . H =0
1
e g 321
D 05 1 0 I |
1 -1.0 -0.5 0.0 0.5 1.0
30 HMexp — Hcosmo
—1.0 1
71 -
“15 : : : . . . . : . 28 1 . . . i . . . .
I ! 2 3 ! ’ 02 00 02 04 06 0.8 0000 0025 0050 0075 0100 0125 0150  0.175
Stretch x1 Colorc z

Chloé Barjou-Delayre ADE 07/11/25 7



Dipole introduced in redshift z :

AB = eiSNIa' edipole

Ho= 67.66 km.s*Mpc?

5

cz'=H,'d=(H,+AH,cos(AB))d
AH
. OCOS(AQ))Z
HO

z'=(1

v
[AHO: 3 km.s*Mpc?

Initial Dipole

% Dipole AHy = 3km.s™1. Mpc~1

|

-2.99963 6Ho 2.99963

Hubble diagram after standardization with a dipole effect

4 Mp=-19.313

a=0.132
B=3.089
0in=0.167

0=0.126
A1 =0.0007

I 1
-1.0 -0.5 0.0 0.5 1.0
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0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175
z
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Initial Dipole

Dipole introduced in luminous Dok i35 e
distances dl :

Ho= 67.66 km.s*Mpc™

7 _Zlggm_l_lo’:zll99963

dl — C ( 1 + z dZ | Hubble diagram after sta:dardization with a dipole effect
Hy" 9 J((1+z2')3-1)Q, +1 B
H,'=H,+AH,cos(0)

R N

AHo= 3 km.S'lMpC'l] £ = s - Bupok o]

0=0.126
Aui=0.0007

I 1
-1.0 -0.5 0.0 0.5 1.0
Hexp — Mcosmo

0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175
z
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Initial Dipole

Dipole introduced in magnitude m: oo v1g=m. 5~
Ho= 67.66 km.s*Mpc™

\

H,
H ':510g(dl'>+25:#+510g(F):mB'_MB
0

|

H -2.99963 6Ho 2.99963
I — 1 0 Hubble diagram after standardization with a dipole effect
mB —mB+5 Og( ' ) 40 Mp=-19.313
a=0.132
B=3.089 ™ °
0 38 1 Oint=0.167

m,'=m,—5log(1+ T Ocos{@)) 1
0

[AHO: 3 km.s-lMpC_l] AG - eiSNIa' edipOIe o

0=0.126
A1 =0.0007

.5 .0
Hexp — Mcosmo

0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175
z
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Dipole fit for one simulation for M E
, o P, Gin ; > ree
z method : (M0, 8,0 A

¥ 2= ZNSN”“ ( ut = p " (2,0, 0.4, A H,) )2

=1 o
H;
Fit Dipole for Continous function
Y Dipole AHo =3km.s™t. Mpc~!
A Fitted dipole AHy = 3.234km.s~1. Mpc~!

p"=5log(d,(Mpc))+25

l

c(1+z)fzi dz'
Hy' 70 4y((1+2)3-1)Q, +1

d,=

I ]

599963 6Ho 2.99963 HO '= HO + A HO COS (91 B 9d1p>
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Dipole fit for 20 independent simulations for the z method :

Fitted AHq
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Z method
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--- dec input
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Dipole fit for 20 independent simulations for the dl method :

3.2

w

=
L —
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Fitted AHg
w
o

Fitted RA (°)
O
=)
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N
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dl method

-- rainput
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10 15
nb Simu

O
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20
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-- dec input
—— mean=18.68°
} _______ 1‘ -
0 5 10 15 20
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% Dipole AHp = 3km. 571 Mpc™?!
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* Unbiased
direction and
amplitude
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Dipole fit for 20 independent simulations for the m method :

Fitted AHg
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Comparison between the three methods:

50

0.3 0.06
—— DI,u=-0.0 —— DI,pt=-0.000604
—e— mg, £=0.006 —e— z,u=-0.0019
0.2 —— z,u=0.137 0.04 —— mg, u=-0.0018
H g 0.02]
T 0.1 3
R Bl I AVAVINAY
LRASET
—0.11 —0.041
—0275 10 20 30 40 50 006 10 20 30 40
n® dipole n® dipole
4 _ )
* DI method unbiased
* M method unbiased and
less costly
\_ _J
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A third method to introduce the dipole:

—+— DI, =-0.000604

—e— z,u=-0.0019
—— mg, 4=-0.0018

Al
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T o <
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\_ ,
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Al"’(‘lout;:vm.L - AHOinput

Sky coverage:

—— Allsky 0.1001 0.031
0.101
0.0751
0.02
0.051 R 0.0501 ~
§ g 0.011
/\ /\4 & 0025 S
[ad Q
5 ' 5
WA | Y VNV E AT A
e o —0.01
-0.051 — a
—0.0501
—0.021
—0.075-
—0.101
‘ ‘ ‘ ‘ . | —0.1001_ ‘ ‘ ‘ . . —-0.031_ ‘ ‘ ‘ . .
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
nb of dipole nb of dipole nb of dipole
Simu All sky

| ) G LA DT

* Unbiased N e P

* Centered around zero for
the amplitude and Ra

 Small shift in Dec (~O'0027)j
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AHOOutput - At‘LIIOin,m.nr

Sky coverage:

010! : ZTFSw)i/thout log 0.0751 0.041
0.050
0.05 - / 3 002
2 0025 ¢
O_OO\AMM\[K\/NM$ LN A M e NI S AN A AN
ravaaveRsi e dea R i i
~0.05- < S -0.02
~0.050
~0.101 ~0.0751 —0.04
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
nb of dipole nb of dipole nb of dipole
Simu ZTF without logs
) \ 77 E e W "jwz 1
* Unbiased LT
* Centered around zero for Coste, SN
. *ﬂ“',‘f.ﬂ%-"t{""‘"r;"
the amplitude and Ra Gt S
« Small shift in Dec (~0.0018) Gofh i/
\- / ::'..?i"‘-.""..ui‘:. R
| }rf?v‘::’:ot:h.
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At‘LIIOow.‘pt.n.‘ - AH Oinput

Sky coverage:

0.151 —s— All sky
—— ZTF without log
—— ZTF with logs 0.101
0.104
—- 0.051
- m M Q /
S
o
[ A el A
3
=]
— 4 (0]
0.05 € -0.05]
—0.10
—0.10
—0.151
0 10 20 30 40 50 0 10 20 30 40 50
nb of dipole nb of dipole

Unbiased )
Centered around zero for Ra

A slope in the amplitude

Shift in Dec (~0.023)

RPN

(Decoutput - Decinput)

0.04

0.02

0.00

Slope introduced with the observing
\_ log but due to a statistical effect )
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Differente values of amplitude:

(Same behavi(D

for the

0.12
0.10 0.10 amplitude
~ 0.08
§ 0.05 fi 0.06
ET 0.00 A /\ A /\ A ‘j é: 0.04 ¢ LarQESt
» v v VAR vv oo In| oscillations and
S o g 0.00+- !
: © oo [ errors for
-0.10 —-0.04 AHO:lkm.S_
1 -1
© Y Podivoe N S R CY Bdoe .Mpc
0.20
0.18 . .
0.18 016 * Bigger shift for
0.167 o

o Dec

50.12 E’?o.lo )

2 010 S 0.08 « We still recover
008 006 M the initial dipole
0.06 0.04

, 00 for the three
e 0 10 20 cd I30 40 50 10 20 cd I30 40 50 ' 0 10 Zk()) cd ?O 40 50 amplltUdeS
n° of dipole n° of dipole nb of dipole \ /
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AHOOutput - AHOinpur
|

Dipole fit for 48 different directions for 27 simulations with large

0.4

scale structure :

Large scale structure

1
1
Decoutput — DeCinput
& 5 4 s e o
& 5 a ] 5 ]

20 30
n° dipole

« Simulation produced by
R.Kebadian & M.Ginolin

§
L
]
?10° dipolé0 o r210° dipolé0
* Unbiased in Ra )
* Offset of ~0.13 in Dec but we remain included in
the uncertainty band
 Slope for the amplitude but included at 10
\_ uncertaintes )
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Conclusion :

Summary :

unbiased and the less coastly

values.

we recover the initial dipole

scale structure simulation

* mg method to introduce the dipoleb

* No change in the fit if we change the
amplitude of the dipole or the HO

* The slop appear using the observing

log but containing in the uncertaintes
* Even for an amplitude of 1km.s*.Mpc*

\'Zero comprise at 1lsigma for Iargy

-

\_

Futur :

Introduce
and multipole

* Apply the method on the

data

~

guadrupole

J
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Thank You
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AHOOUtput - AHOinput

Backup Volume limited:

1.0+

—-1.0

T T T T T T
4] 10 20 30 40 50

n° dipole

Raoutput - Rainput

Volume limited

0.6

0.4 1

0.2 1

T T T T T T
0 10 20 30 40 50

n° dipole

Decoutput — DeCinput

0.4+

0.2

T T T T T
10 20 30 40 50

n° dipole
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Backup- Differente values of HO:

\ —e— Hy=70
0.10 A N

4 —+— Hp=67
2 005 / Al , 3
T ' &
< r\ o
' 0.00 \ Pr L
2 g
: U
35 -0.05 <

-0.10 \“ )
0 10 20 30 40 50

nb of dipole

(Deccutput - Decinput)

.
A 2 A Al
\/V\/V\/V

U(Decoutput)

10

20 30 40 50
nb of dipole

( Same results\

for the three

differents

values of Hg
* Independant

value of Ho

of the initial

J

0 10 20 30 40 50 0.000 0 10 20 30 40 50 10 20 30 40 50
nb of dipole nb of dipole nb of dipole

Chloé Barjou-Delayre



A third method to introduce the dipole:

1.0 1
0.5 1
Z g’
45
Q— -ulJ
£
g 0.0 -— —_———
| w
5 -0.5 obds ¥
3 :
bt
g 5 ® @
o L
% —1.0 1 —&— Simun®l
& Simun®2
—&— Simun®3
—1.5 - —&— Simun®4
@ 5imu n®5
T T T T T T
0 10 20 30 40 50

n° dipole
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Backup- Dipole fit for 48 different directions :

Skymap of 48 different introduced dipole in mg

»  Input dipole
Errar area of Ra & Dec

I

-0.126195 (AHgoutput — AHoinput) 0.109147

-/AHO: 3km.s*.Mpc? for\

the 48 different
directions

* Unbiased direction

* High AHO values at

top left of map
\ /
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Backup- Correlation:

Simulation

Input dipole

1 Corr Mg and AHg 1
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Backup SALT2

], SNCOSMO

A Python Library for Supernova Cosmology

KSncosmo : A Python Library fom

LSJupernova.CosmoIogy analysis. Saltz (T21) Spectral Adaptwe \
sefull for : Lightcurve Template version 2 : one

- Supernovae modelisation supernovae model to modelize ligth

-~ Light curve representation curve parameters

~ Simulation
Q / F(p,A) =Xy X [My(p, ) +X M, (p,A)] x exp[C CL(1)]

\_ J
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