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Dark Energy

e What is the nature of dark energy ?
e Cosmological constant model (A)
not very satisfying

Recent DESI DR2 BAO + CMB S
+ SNla results: stronger hints
for varying dark energy

Corentin Ravoux
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Dark Energy

Sl Massive :
e What is the nature of dark energy ? (G o G w W
e Cosmological constant model (A) ot
not very satisfying il i
e Other models: > sl
= Fifth force, additional field ? =
= Modified gravity theories ? Hodfed gravy
e Our current objective: Probing Shankaranarayano S QEEEss
large-scale structure formation to /., / Ner Higher conr
constrain dark energy/modified o Y
gravity. . , -

Simons
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Cosmic web

e Matter perturbations in the primordial
Universe grew to form the cosmic web

e Static description: matter density
contrast (6) follows a linear power

spectrum at large-scales ﬁ%
e Dynamic description: Cosmic web Sl N
9 Xz

. . | Chabanier et al. 201
peculiar velocities (y,) caused by
. . -+ Planck 2018 TT
graV|tat|On T Planck 2018 EE
i
1

102 L

Pu(k) [(Mpe/h)?]

10tk Planck 2018 ¢¢

DES Y1 cosmic shear
SDSS DR7 LRG

eBOSS DR14 Ly-a forest

10 1073 102 10t 10°
Wavenumber k [h/Mpc]
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fo8 parameter

e |inear perturbation theory:

Cosmic web velocities

\Y

Corentin Ravoux
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x —aH(fog)

O(r)

\

LPNHE workshop - Oct. 2025



fo8 parameter

e |inear perturbation theory:

. . Normalized matter
Cosmic web velocities

\ overdensity A\
V - |v(r) o —aH(ﬂﬂ)é(r)
_—

Logarithmic growth rate of
linear perturbations
0.55 Amplitude of the matter perturbations
o Qm in GR in spheres of 8 Mpc/h comoving radius
(matter power spectrum amplitude)
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Measuring fo8

Peculiar velocities (PV) Redshift Space Distortions (RSD)
e |mpact of PV on measurements
e Direct estimation of e Example: galaxy auto-
velocities correlation, void cross-
correlation, ...
L+ Zons = (14 Zeos) (1 + /) Rovous et o 203
He et al. 2018 ampliudeof a0 L il v W
20:— 7\ - - AGDM prediction I - -ll | 10 X
e Need an estimate of redshift R o S W
. ~ r ’ _l.. §
(zons) @and distance . .. E
(decoupling z.s from v,,) T ol / I 38
e Compute statistics from PV b 02 L 2 k-

— =2.0
r.(Mpc h ") 2‘0 4'0
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fo8 constraints

Age of the Universe [billions of years]

13.8 8.6 5.9 4.3 3.3
0.6 ' - -
. . o SDSS eBOSS
e Constrain modified measurements

gravity models
e RSD very effective
for high redshift
e PV for low redshift
e |mprovement with

Growth-rate of structures f(z)og(z)

Forecasts
method 05 ZTF R G
b. . ' f.R '4."_‘“ Models of
combination et | R) > ity
---- D.G.P.
0.1 ) I ) 1 | I ]
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Hubble diagram

Perfect standard
candle in an
expanding Universe

Standard
. from Bastien Carreres
candle = object
. : 30-
with fixed
luminosity 28 . . . .
0.02 0.04 0.06 0.08 0.10
Redshift z
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Hubble diagram

Perfect standard - p—
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po L 4
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Hubble diagram

Standardizable - i
- o5 ‘..'.( .v‘:-‘”"o'i <
candle in an . ‘.‘;‘w.%“‘ -
. . i ”r?’. L4
expanding Universe 36 o
= A
= M
: o 34 v
Noise sources 2 o 5
(mtrmsu; scatter, 542
local environment, 3 from Bastien Carreres
instruments...) 3o-l/ :
: — 28— . ; . .
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Redshift z
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Hubble diagram
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= b & .
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Low redshifts o from Bastien Carreres
{F
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HO constraints

| High redshifts =

dark energy
constraints (w,
or wo,waq)
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Type la supernovae

46 T T LI B S B | T T T T T T T 1]

® SNe la: Thermonuclear explosion a white

Itlll

o
dwarf reaching Chandrasekhar mass ?42_ Betoule et al. 2014
A :
. ;40: _
e Distance modulus: S . ]
38 _
| B

Mobs,i — MB; — MB,z’

e SNe la standardization = Tripp

relation st

MB,i = MO — 04T 4 + qci —+ (Opt)

Y

Parameters /
common for all /
Light-curve stretch SN color 0D D ~ 7%
SN la "Redder is fainter"

"Luminous fade slowly"
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Type la supernovae

e Hubble residuals:

A,U/z — Mobs,i — /meodel(zobs,i)

dL(zobsi)
— Mobs,i; — 51 :
Hobs, Og( 10pc

Carreres et al. 2023

e Velocity estimator:

(/5c'<)s s Heos

B = —

In(10)c ( (1+2zi)c - |
5 (H<zz->r<zz-> 1) B
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Likelihood-based field-level estimator

e Purpose: Maximizing or sampling a likelihood computed from all

coordinates of the data

e p = fitted parameters: simultaneously cosmology (fo8) and field
parameters (e.g., Hubble diagram parameters q, 3, MO for SN)

Velocity example:

L(p) xexp [— -

" (p)

Velocity from SNe la

Corentin Ravoux

|

Cue) 010

Field covariance matrix computed
from theory and coordinates
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Computing the field covariance

T —1_ _
Cis Ci13 Cuy

1 1
2| |5 CHEE| |2
3 C3 - Csy 3
4l |co Bl 4]

Field covariance

£(p) xexp H

Com (Tn, I'm)|= (27)3 /kpnm(kaﬂna“mﬂeik'rd?’k .V

Theoretical power spectrum
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Combining densities (RSD) and peculiar velocities
1 T —1

L(p) xexp [2
//5 (ng) (Cgv) 0
Density field

from galaxy
surveys

—TY (Cvg) (C'vv) v

Velocities

Full field covariance matrix
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General covariance calculation

e Objective: Improve/Extend the likelihood-based modeling

1 |
Cop(Ta, Tp) = / P (k, s, uy ) e *d’k
_Can(ra, ) (25 J. b (K, Has i)

&8 8Vi W

Pab (k, Ha Ub) — Zn wab,nFab,n(ka Ha s ,Uib)’Pab,n(k)

\ N
Parameters Power spectra
to fit terms to integrate

. numericall
e General form of field power spectrum d

e Algorithmically-oriented calculations (Hankel transforms)
e Wide-angle effect accounted in the integration
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~ flip Field Level Inference Package

e python package for likelihood-based field-level inference:

https.//github.com/corentinravoux/flip

Flip article: arxiv:2501.16852

e Fast generation of field covariance

e Symbolic code generation for covariance model Contributors:

e MCMC and Minuit to fit fo8 Bastien Carreres,

e General expression for vectors (SNla, density, Damiano Rosselli
log distance, TF, FP...) and Alex G. Kim

e Survey geometry-dependent Fisher forecast
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Field covariance models

ry [Mpe.h~']

e Model comparison on a
regular coordinate grid (Adams
& Blake 2017, Adams & Blake 2020,
Lai et al. 2022)

ry [Mpc.h~!]

ry [Mpe.h~']

e New wide-angle model
developed (RC25): improved
stability in integration and for
wider fitting parameter ranges

r; [Mpe.h~1]

-100 0 100 200 -200 -100 0 100
r, [Mpec.h'] r, [Mpec.h~']
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Zwicky Transient Facility (ZTF)

® /TF = high-cadence photometric
telescop in the Palomar observatory

® Very large field of view (47 deg?)

® Observing 3/4 of the sky every
nights with 3 filters (g, r, i)

® Transient sky: Supernovae, gamma
ray burst, tidal distruptive events,
comets, asteroids

® Dedicated spectroscopic telescope
Mmeasuring transient spectra
(SEDmachine)

PTF/PTF, 7.3 deg® LSST, 9.6 deg? ZTF, 47 deg?®
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SN la simulation and analysis

a?au r:;/ eetyers > T | Realistic SN la
P / N light curves
SN la model SN la simulator \L (Detection,
seleiggﬁ,zlight
N-body host Quality cuts e
simulation Simulation
Light curve fit
(SALT?2)

Velocity estimation and simultaneous .
fit of fo8 and velocity parameters Analysis
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snsim

e Survey parameters: Cadence (ZTF, LSST), CCD

gain, zero point, sky noise

e SN la model: Rate, SED, color, stretch, intrinsic

scattering distributions, light-curve

parameters

® Host catalog: Use velocities and associated

clustering from N-body simulation

Flux

—

https://github.com/bastiencarreres/snsim

Main contributors:
Bastien Carreres,
Damiano Rosselli

‘ g /N
¢ Carreres et al. 2023
Input model Tr+ ¢
j ‘}&
> > >
Phase Phase Phase

Corentin Ravoux
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DESI

Calibration Lamp

5000 Fiber Positioners System

° 4m mU|ti'ObjeCt Spectrograph Focal Plane Assembly with — ':' ‘
at Kitt Peak Observatory

Top Ring, Vanes,
and Cage

Six-lens, 8 sq. deg,
Wide-Field Corrector
on a Hexapod

Ten Thermally-Controlled,
3-Channel Spectrographs
360-980 nm

Ten, 50-m long
Fiber Cables

Fiber View
Camera

DESI collaboration 2022 .
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DESI

. [ !, S0 e o0 % “ qu'; - ! 1 N
| st ;.' g ; L4 :-" 1
[ “ [

....................

’
;W“T’\"'Wﬂﬂi ;‘fﬁ;} o & i"?

, %  .;_? g | | e 5pm positioning in few sec. for 5000 targets
’ v, e @ Allfibers connected to 10 spectrographs
Silber et al. 2022 :
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DESI

e BGS: Bright Galaxy Survey 5 million QSOs s, ! fn
) Lyman-alpha z>2.1 .“: “ 4 AN v:’. ,-»i-"
e LRG: Luminous Red Galaxy Tracers 1.0<z<2.1 g WU SR A
. . AR e ¢
e ELG: Emission Line Galaxy 4
24 million ELGs i
e QS0: Quasar 0.6<2<1.6 g
m z>2.1:with a Lyman-a forest
m 7<2.1:astracers 12 million LRGs
0.4<z<1.0
63 million redshifts in 8 years| . ... ;.. %
over 17,000 deg? P0<E<04 o

Primary science: BAO and RSD measurements
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DESI x ZTF simulation

—7 1500
300- _
e 27 simulations from S AL e T _
: , 2001 o Wi TP o g 1000
AbacusSummit (Maksimova et RErY Ry o !
G/. 2079) 1001 S~ 3 { ’" '“‘g ~ a2 fe -500
e Density: DESI Bright Galaxy o S I A | -'r:’ g
Survey (BGS) clustering 7 O =igh v ietie e o 20 0
. . E : e 3 o 4 .':' IR Vol
matching for DR3 (J. Bautista, A. = L0 % WIS By Dy o
: —LO0 oo e i &N - —500
e Velocity: ZTF SNla Y6 200 R L K .
simulation performed | ?L
(following Carreres et al. 2023) —3000 " sfromjulian Bautista] || .
-300 =200 =100 O 100 200 300
x [h~1 Mpc]
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Galaxy field | Supernovae velocities

® AbacusSummit mocks matching DESI ® Runs of SNsim to mimic ZTF SNla Y6 data

DR3 (5 years) BGS clustering and set (following Carreres et al. 2023)
footprint =~ ~ .2
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Model for density & velocity fit

® Use of the RC25 wide-angle model implemented in flip:

ng — [b2pmm(k) + bf(#% -+ N%)P ( ) + leilluz

K 2o

P

P., = (aH f)*4 Pyy (k) D2 (k, 0,)

— Cab(r17 1‘2) — ﬁ fk Pab(ka M, ,U'2)6ik'rd3k

Corentin Ravoux

v = iaH % (bf Pog(k) + £ Ppo(k)) exp { i ] Dy(k, o)
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ZTF velocity fit

e Velocity fit including Hubble
diagram parameters to
reproduce Carreres et al. 2023

e Variation of analysis
parameters (max redshift, SNIa
density...)

= 2
S ¢ ¢ ’
RS S USSR SRR WS + .........................................................
& R S
gb\ O- 1 1 1 1 1 1 1
0.04 0.05 0.06 0.07 0.08 0.09 0.1

Maximal redshit z,,.,

Ravoux et al. in prep.

fos = 048700

j
:
o, = 192.2'744

0 ®® ||
®0
0 ./.>, O

Il Emcee contours
= Minuit fit
--- Truth

B=299"00

A My = 1916 001

P Q@ %Q <o Q Q %Q\,bfb’\,b@ ? & ,,;1,@
q Q [NRENRENE
(Y

q
9?
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DESI density fit

i | I :g 2 ] No footprint

® Density grid with pypower 2 $ Tofootp
P TESt Varying aII density ;—0:/\1 ............................................................ + ..................................... + .................

gridding parameters: grid £o- ? . .

. . 10 20 30
size, mesh cell size, Mesh voxel size [Mpc-h 1]
interpolation scheme (NGC, :
Ravoux et al. in prep.

CIC, TSC, PCS), footprint (DESI E2-

DR3 or no cut) £ + ........................ + ........................ T — ¥
e Mean minuit fit on 27 mocks @0

with average error bar 150 200 250 300

Total mesh size [Mpc-h 1]
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. . . ) ZTF velocity fi
DESI x ZTF joint fit fos = 04T o psiezne joint

=== Truth

® SNla velocity fit with Hubble diagram
parameters and density field

I
I
1
|
1.50 :
1
2125+ + + + ¢ l ! Ravoux et al. in prep.
o0 I
\% 1.00 —eresereereern | S S S R + .............. S + !
= Velocity fit ? !
© 0.75- Velocity error i i |
- ® Full fit |
0.50- | ;
10 »> )
S Q - @
&= =
® 0.8 1 @ I T T 5 O’Q .
= 7 1
206- v '
e N S I A N S R N Q - 1
£ A l
\g 0.4 - : i i i i : i i 1 Ly [ i [ i 1
3 = 3 S 2 S 3 = e % 9 © QD O N0 O
4 8§ 94 08 =9 9§ 9 3 Q7 Q7 Q7 N YT N
m| m| m| m| m| m| m| m|
o o o o o o o o fO'g Oy
N N N ~ 15 ™ ) 35
— — — — — — — —

Different density configurations Adding denSity improves fS8 ConStraintS up to 60%
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Summary of PV estimations on realistic simulations

Time since Big Bang [Gyr]
13.6 12.4 5.8

0.60 — -
ZTF (Carreres et al. 2023)
0.55 - x
050 -
-’
£ 045 - —
2
g
0. 7
<
=
£ 0.35 -
ZTF + DESI & .
030 - LSST (Rosselli et al. 2025)
(thls talk) Theories Forecasts 8 ZTF v + DESI § (Ravoux et al. in prep.)
0.25 - — GR O DESIS O  DESI v (Saulder et al. 2023)
—— Alternatives ¥ ZTF v (Carreres et al. 2023) 8 LSST v (Rosselli et al. 2025)
0.20 - - ———— : : —
0.01 0.1 1.0

Redshift z
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ACCELZ simulation

Conclusion

e Large modeling and simulation preparatory work for ZTF, LSST and
combination with DESI density field
e Dedicated sofware for simulation (snsim, skysurvey) and
analysis (flip)
e Next steps:
= Application on data (Pantheon+, ZTF, DEBASS, ATLAS)
= Simulation of all-sky combination (LSST/4HS+4MQOST, ZTF+DESI)
= Combination with other velocity tracers (DESI TF, FP)
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AB17 (Adams & Blake|2017) - Wide-angle model without RSD on density

Fields ab  Term number i Wb Fabn Pt
ze 0 (bery)? 1 Pram (k)
oy 0 borg forg (iaH ) Ptk Dyik, ory)
Wy 0 (fos) (aH )t Pl k)D2(k, cry)
AB20 (Adams & Blake|2020) - Plane-parallel model with RSD on density
Field ab Term n Wab.n Fabn Pabn
0 (bery)? exp l—{k:rg,ujll Prom(k)
28 ! (b By 2% exp |~ (korgu?| Paglk)
2 (bos)'B 1 exp [~ (koro)?] Poalk)
gv 0 bors fors (iaH) exp|- **—’“J Pan()D (K, )
1 (forg)? (iaH)% exp | -Lrgt Pu(k)D, (k. )
vy 0 (forg)? (aH) & Poalk)D2(k. cr,)
L22 (Lai et al. 2022) - Wide-angle model with RSD and Taylor expansion of FoG
Field ab Term n Wah n Fabn Pavn
0.m (borg o ) Ll Pk
g2 1.m , ) Pl + i) Paslk)
2.m (bargBod" = }L’Wvlp-“‘ o Pk
gv 0.m (bors Y Broy" (iaH) {']J: } T Prs(R)Dy(k, oy)
1.m (forg) o2 (iaH) (Fr ) k2 pop Pug(k)D, (k. )
v 0 (fos) (aH )2 Pylk) Dy (k. o)
RC25 This study - Wide-angle model with RSD
Field ab Term i Wab.n Fabn Pabn
0 (berg)? exp |- T4 Pro (k)
2 1 (bery ]:ﬂ; {'pl + i ]expl ‘——' Lalc l Prslk)
2 (b:rgjzﬂi wil e)q:l—Lr 4":'” ]‘ Pya(k)
- 0 (bors B (iaH) exp l- tergn I Pus(b)Dy(k, )
! (forg? (iat) =2 exp| - *——’\ Palk)D,(k,7,)

vy 0 (fors) (aH)P &L Poalk) D2k ory)
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ﬁ/ector X COI’IStFUCtiOI‘]} Field

information &
flip.data_vector
(Likelihood construction

observational
L flip.likelihood J\

covariance
Fiova riance calculation

Input data

Geometrical
coordinates

(Fit (Minimizer, MCMC)} L flip.covariance
L flip.fitter J '

l : \

( Fisher forecast w Fie’ld power spectra
L flip.fisher J _ flip.power_spectra y

Parameter
inference
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A word on Wide—angle in clustering

Plane parallel models

Wide angle models

B=p1 = o

p1 7 o

pi = k- 1y

41



~ Plane parallel model

e Express power spectrum model in a general way:

Pab(ka N) — Zn wab,'n Fab,n(ka N)Pab,n‘(k)

Parameters
to fit

Power spectra
terms to integrate

e vv "simple" example: numerically

Poe =[(fos)* x (a?H?tz ) x [(Pan(k) D3 (k, o))




Plane parallel model

e Without loosing generality we can express the covariance;

Ca,b (1'1, 1'2) — Zn Wab,n Zé Nab,K(¢)%£ [Pab,n(k)be,n

Napo(@) = (20 + 1) Ly(cos (m — ¢))

1
Maeb,n(k) — %f—l d,ufl ab,n(kaﬂl)Lﬁ(u,)

(k)| (r)
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Plane parallel model

e Without loosing generality we can express the covariance:

Cus(r1,72) = 32, [w0ab ] 3y Nav () | Pan (k) M, (R) | (1)

Linear sum of matrix with parameters to
fit as coefficients



Plane parallel model

e Without loosing generality we can express the covariance:

Cun(r1,2) = 3, W 3 Nt (DYHe]| Pt (K) My, ()| ()

Hankel transform
* k*dk
HelF ) =i [ 50
0

5 Je(kr) f (k)
® Most important part: Algorithmically optimized way to compute power
spectrum integral, with FFTLog algorithm

27
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Plane parallel model

e Without loosing generality we can express the covariance:

Cus(r1,72) = 32, Wabn 2y Nave()He | Pan (k) M, (R) | (1)

Napo(@) = (20 + 1) Ly(cos (m — ¢))
MY, (k) = 3 [ dp Fup (e, ) Le (1)

Terms pre-computed analytically with symbolic code generaltion

® More complicated formalism derived and implemented for wide-angle

46



Wide angle model

Pab(ka M1, FL2) — Zz Aab,iBab,i(ka M1, N2)Pab,i(k)

linear sum of
Cap(r1,r2) = Z Aaszz abz( ) matrix

(1) = 325 NiZ(0,9) |i* [, 52 P (k)M (k) (k)|
£17€2)

M fm__l f o1 100 (1) Ly (12) Bav,i (K p s o) dpin dpss

{1,02) m,my,m AN % A\ % A\ %
Nabﬁ( L) (9 QS) ( )2 Zm,ml,mz Gl ll,l21 2Y (r) 1/’€1Tn’1 (rl) }ff2m2 (rz)

Glolals _\/(211+1)(2lz+1)(2lg+1) L 1o s Ll 13
T i 0 0 0 mi Mg Mg
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60 -

£ 40 -
> o, = 3.0 Mpc.h !
20 - o, =1J0 Mpc.h !
L22
RC25
) e : ] : : : : : . :
=200 =150 =100 =50 0 50 100 150 200 =200 =150 =100 =50 0 50 100 150 200

r [Mpc. b '] r [Mpe. h '

~—— o0,=7.0 Mpc.h '

50 -
— o0,=1.0 Mpc.h !
------ 25 25 -
- — RC25 ~
= = 0-
| —254
_50-
50 100 150 200 —200 =150 =100 =50 0 50 100 150 200
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100000+

_ flip validations e L e

® Field covariance comparison with pairV ™ M
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Survey dependent Fisher forecast

® Field covariance matrix -

[y
©
1

accounts for su rvey

[E
oo
1

geometry

e Comparing ZTF simulation
(Carreres et al. 2023) with
Fisher forecasts

® Error ~30% closer to
likelihood-based than " Ravoux et al. 2025
standard Fisher R

[y
~
1

Percentage Error on fog
— -
6] (@]
®

—_
>

e Maximum Likelihood
FLIP Fisher
e Box Fisher

Howlett et al. 2017
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Rubin - LSST

Telescope mount
~.assembly




Rubin - LSST: instrument

Largest numerical camera in the
world: 3.2 Gpixels with 2s readout time
8.4 m primary mirror and 9.6 deg? field
of view

6 filters: (u, g, r, i,z Y) Camara % Saction
10-year photometric survey of half of
the sky (~ 20 000 deg?)

M18.4m f/1.18
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ZTF results

® SN la selection bias causes velocity & fo8 bias at high redshift
® No fo8 error bar improvement even with correction
¢ Maximum redshift usable: z — (.06
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Individual realizations 2. 95 Individual realizations
5000 ¢  Weighted mean Average of uncertainties
2.00+ =
40001 IAL... ¢ Mean s — o ¢ ¢
) oA | = 1.754 P o i —
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& Iy + S 1.50- 7
T 20004 IGFNS = 247
<L QAN "% 1.25-
& 10001 ) S “..9‘/
~ 7 I = 1.004= ,.Qm..!,’ mmmmmmmmmmmmmmmmmmmmmmmmmm
== s S SR N | | e
“ 0.75-
— 1000+ -
5000 Carreres et al. 2023 0.501 Carreres et al. 2023
0.02 0.04 0.06 0.08 0.10 0.12 005 0.06 007 008 009 010 011 012 0.13
Zobs Zmax
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ZTF results

e fo8 fit performed with Hubble diagram

parameters

® no fo8 bias on the 27 simulations
®* 19 % precision measurement with

only 1600 SNe la
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LSST simulations

® 10 year simulation from
Uchuu-UniverseMachine
(Behroozi et al. 2019)

® Cadence and instrument
properties from the
observing strategy
simulation v3.3

LSST 3rd year

Rosselli et al. 2025

LSST after 10 years

Dec
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DESI BGS

LSST simulations o
e SN host redshift efficiency (C. Ravoux, P. Gris, D. o1 .
Rosselli, . Bautista): —

o
o

B Use of DC2 LSST simulation with galaxy properties

0.0 0.1 0.2 0.3 0.4 0.6
B Footprint and efficiency for different spectroscopic survey Rosselli et al. 2025
B Considering SNe variety contamination e — s
% 0.8 —— SNI\P.I’LgI'ke
A Lded] 206 S
3 — SNic
— DESI %0‘4 SNIb
—— DESIEXT o = SNIc-BL
DESI2 oo
4HS £ 7
—— CRBS =00 e v .
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= : 4MOST HS
2 a0° 2000 210 —
_______ Foe —aw
E 04 —_ EEE;BL
ZG‘Z
tfl:l[] T T ¥ T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Redshift
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LSST simulations

e 33,000 SNe la with
spectro-zatz<0.16
(@among 1M for the full
sample)

e Photo-typing with
SuperNNovae (Moller et al.
2019) gives 0.02%
contamination from
peculiar SN
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LSST results

® Dedicated study to test BBC framework and check the impact of intrinsic
scatter model and nuisance parameter (0 = dispersion of velocity position)
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LSST results

e Unbiased fo8
measurement with
full Hubble diagram
fit over 3 redshift
points

¢ How can we do
better ? Combine
with density field
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