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Why growth-rate measurements at low-redshift?
How to measure growth-rate with galaxies and peculiar velocities?
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Growth-rate estimates with peculiar velocities from supernovae



Why growth-rate measurements at low-redshift?



Universe's expansion is accelerating as seen by SN + BAO + CMB
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Acceleration requires dark energy



https://arxiv.org/abs/2404.03002

Physically motivated theory ? Alternatives or extensions of General Relativity



Physically motivated theory ? Alternatives or extensions of General Relativity
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Physically motivated theory ? Alternatives or extensions of General Relativity
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Effect of modified gravity on perturbations

Review by Hou, JB et al 2023



https://ui.adsabs.harvard.edu/abs/2023Univ....9..302H
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https://ui.adsabs.harvard.edu/abs/2023Univ....9..302H

Effect of modified gravity on perturbations
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Redshift-space distortions (RSD)

... we measure redshifts
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Redshift-space distortions (RSD)
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Redshift-space distortions (RSD)

... we measure redshifts
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Redshift-space distortions (RSD)

... we measure redshifts
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Redshift-space distortions (RSD)

Correlation function &(r) = (6(X)6(xX + 7)) = &(ry, 1)
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http://adsabs.harvard.edu/abs/2018MNRAS.479.2256K

Redshift-space distortions (RSD)

Correlation function &(r) = (6(X)6(xX + 7)) = &(ry, 1)
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Redshift-space distortions (RSD)

Correlation function &(r) = (6(X)6(xX + 7)) = &(ry, 1)
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Redshift-space distortions (RSD)

Correlation function &(r) = (6(X)6(xX + 7)) = &(ry, 1)
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Measurements of growth-rate of structures
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Measurements of growth-rate of structures
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Measurements of growth-rate of structures
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How to measure growth-rate with peculiar velocities?



Peculiar velocity measurements

Observed redshift is :
(1 + Zobs) — (1 + Zc:osmo)(1 + Zv)

TN

Spectroscopic survey Distance indicator Radial peculiar velocity

Tully-Fisher Fundamental plane  Type-la supernova

18



Peculiar velocity measurements

Observed redshift is :
(1 + Zobs) — (1 + Zc:osmo)(1 + Zv)
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Spectroscopic survey Distance indicator Radial peculiar velocity

Tully-Fisher Fundamental plane  Type-la supernova
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Peculiar velocity measurements

Observed redshift is :
(1 + Zobs) — (1 + Zcosmo)(1 + Zv)

Spectroscopic survey Distance indicator Radial peculiar velocity

Tully-Fisher Fundamental plane  Type-la supernova
_ -
Int.rms.|c scatter %> 20 % %> 20 % % q¢
(in distance) D D D
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Observables
Redshift survey » Distorted density field
RA, Dec, z, 5g(§ )
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Observables
Redshift survey » Distorted density field Distance survey » Radial velocity field
RA,, Dec;, z; 0,(S) RA;, Dec;, z;, D; V.(S)
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Observables

Redshift survey » Distorted density field Distance survey » Radial velocity field
RA,. Dec;, z; 5,(5) RA;, Dec;, z;, D, v,(5)
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How to measure peculiar velocities?



Maximum likelihood
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Methods to exploit densities and velocities
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What data DESI and ZTF are providing us?
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DARK ENERGY
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DESI Bright-time Survey - Today
59% complete
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fi(z) [h3Mpc~3]

Redshift distribution
expected at the end of both programs
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Growth-rate measurement with type-la supernovae using ZTF

survey simulations
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Creating ZTF simulations of type-la SN with peculiar velocities

Halos from n-body

. ! Rate of SNla
simulation

Public python package SNSIM
https://snsim.readthedocs.io



https://snsim.readthedocs.io

Creating ZTF simulations of type-la SN with peculiar velocities

Halos from n-body

. ! Rate of SNla
simulation

Parent sample of
SNla with peculiar
velocities

Public python package SNSIM
https://snsim.readthedocs.io
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Creating ZTF simulations of type-la SN with peculiar velocities

Halos from n-body

. ! Rate of SNla
simulation

Parent sample of
SNla with peculiar
velocities

ZTF exposures,
filters, noise

Noisy ZTF SNla
light-curves

Public python package SNSIM
https://snsim.readthedocs.io



https://snsim.readthedocs.io

Creating ZTF simulations of type-la SN with peculiar velocities

Halos from n-body
simulation

Parent sample of

ZTF exposures,

SNla with peculiar s e

velocities

Noisy ZTF SNia
light-curves

\ Fitting light-cuves + quality cuts

Cosmological

Public python package SNSIM
https://snsim.readthedocs.io

SNla sample
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Flux

Flux

2000 =

ZTF SN simulations
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e Color distribution: Scolnic & Kessler 2016
e Stretch distribution: Nicolas et al. 2021

e SALT 2 or 3

* Input light-curves by SNCOSMO

Two selection effects

Photometric detection (r < 20.5)

Spectroscopic follow-up

for typing (r < 18.5)



Selection effects

Redshift distribution (mean of 27 mocks)
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Impact of velocities on Hubble diagram

(I +25pg) = (I + 2cosmo)] + 2pec) » Dominant effect

Hobs = Hcosmo T 10logo(1 + Zpec)



Impact of velocities on Hubble diagram

(I +25pg) = (I + 2cosmo)] + 2pec) » Dominant effect

Hobs = Hcosmo T 10logo(1 + Zpec)

|deal case without scatter in flux
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Measuring peculiar velocities

Fit light-curves -> Fit Hubble Diagram

Distance moduli
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What is the bias on velocities and on fog due to selection (Malmquist) bias ?



Measuring peculiar velocities

Fit light-curves -> Fit Hubble Diagram -> Extract velocities from residuals

Peculiar velocities
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Velocities are biased above z ~ 0.06



Measuring foyg

Maximise multi-variate Gaussian likelihood
(Johnson et al. 2014, Huterer et al. 2017, Howlett et al. 2017, Adams & Blake 2020, Lai et al. 2023)

| | 1
cXp _Evicij (p)Vj

7= Qay”[det CHI2




Measuring foyg

Maximise multi-variate Gaussian likelihood
(Johnson et al. 2014, Huterer et al. 2017, Howlett et al. 2017, Adams & Blake 2020, Lai et al. 2023)

o 1 L
Z(p) = A Ide CTE exp ﬁvl-Cij (P)y;

v; : data-vector of measured radial peculiar velocities



Measuring foyg

Maximise multi-variate Gaussian likelihood
(Johnson et al. 2014, Huterer et al. 2017, Howlett et al. 2017, Adams & Blake 2020, Lai et al. 2023)

o ] L
Z(p) = 2l det ]2 eXp v,C (p)v;

v; : data-vector of measured radial peculiar velocities

C(p) : covariance matrix containing model of 2-pt statistics of velocities

Cij = <Vi(3_5i)vj(7_5 J)>



Measuring foyg

Maximise multi-variate Gaussian likelihood
(Johnson et al. 2014, Huterer et al. 2017, Howlett et al. 2017, Adams & Blake 2020, Lai et al. 2023)

o ] L
Z(p) = 2l det ]2 eXp v,C (p)v;

v; : data-vector of measured radial peculiar velocities

C(p) : covariance matrix containing model of 2-pt statistics of velocities
Cij= <vi('¥i)vj(ij)>

p : parameters of the model, including fo, and nuisance terms
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Measuring foyg

Picking SNla between 0.02 < z < 0.06
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Measuring foyg
Picking SNIa between 0.02 < z < zyax

27 realisations

Using true velocities from simulation

Individual realizations

Average of uncertainties
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Using true velocities from simulation

Measuring foyg
Picking SNIa between 0.02 < z < zyax

27 realisations

Estimated velocities from simulated SNIa
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Selection effects quick in at zmax ~ 0.06




Measuring foyg

Picking SNIa between 0.02 < z < zyax

27 realisations

Using true velocities from simulation

1.3 Individual realizations
i Average of uncertainties
' ® Mean
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Estimated velocities from simulated SNIa

/i..v..‘..

Selection effects quick in at zmax ~ 0.06

Forecast of 19% uncertainty of growth-rate from SNla velocities only
(Carreres, JB, et al. 2023)




Forecast on fo; based on simulations

~ 2000 ZTF spectroscopically typed SNla sample

0<z<0.06
Authors Dataset
This work ——— - ZTF SNIla (simulations)
Johnson et al. 2014 ————— 6dFGSv
Huterer et al. 2017 e — 6dFGSv
Howlett et al. 2017 —_—— 2MTF
Adams & Blake 2020 —_—— 6dFGSz, 6dFGSv
Lai et al. 2023 ——— SDSS-FP
Qin et al. 2019 ——— i —— 6dFGSv, 2MTF
Nusser 2017 - CF3, 2MRS
Dupuy et al. 2019 — CF3
Turner et al. 2023 — 6dFGSz, 6dFGSv
Davis et al. 2011 o s 2MRS, SFl++
Carrick et al. 2015 4 2MRS, SFI++
Boruah et al. 2020 -8 2M++, 2MTF, SFI++, A2
Said et al. 2020 — = 2M++, 6dFGSv, SDSS-FP
® Max-likelihood @ Compressed 2pt ® Density vs velocity
OfO Oi2 014 0r6 0r8
fO'g

19% uncertainty from velocity-velocity only




Steps forward



Steps forward

e combine ZTF SNla with DESI galaxies:
expected factor 2 improvement on
uncertainties!

+

e realistic mocks of DESI + ZTF
Corentin Ravoux




Steps forward
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e combine ZTF SNla with DESI galaxies:
expected factor 2 improvement on
uncertainties!

+

e realistic mocks of DESI + ZTF
Corentin Ravoux

e consider photometric typing: more SNila,
higher redshift, contamination by non-la
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Steps forward

z:=0.11 +

e combine ZTF SNIla with DESI galaxies:
expected factor 2 improvement on
uncertainties!

+

e realistic mocks of DESI + ZTF
Corentin Ravoux

e consider photometric typing: more SNila,
higher redshift, contamination by non-la

+
* simulate Rubin-LSST SNla samples
Damiano Rosselli



Steps forward

2000 - & .
> Linear model , , ,

@ e ) ) e simulation-based non-linear models
g W0 3. N-body simulation
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Steps forward

le7

® simulation-based non-linear models
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2000- * astrophysical systematics on velocities
10001 from hydro-simulations
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Steps forward

le7
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® simulation-based non-linear models
_I_

® astrophysical systematics on velocities
from hydro-simulations

Tyann Dumerchat

e Environmental dependencies of
SNila velocities

Vincenzo Aronica



Steps forward

le7
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* simulation-based non-linear models
_I_
® astrophysical systematics on velocities

from hydro-simulations
Tyann Dumerchat

e Environmental dependencies of
SNila velocities

Vincenzo Aronica

e And much more !



Conclusion

We need to measure the growth rate, as a test of dark energy and gravity models

Peculiar velocities are essential for low-z growth-rate measurements:
up to factor 2 improvement over RSD only

DESI and ZTF are currently providing one of the datasets for such analysis
AMOST and LSST in the near future

Simulation based forecast on ZTF SNla sample yields 19% uncertainty on growth rate

Lots of work ahead

Aix--Marseille & AkMidex
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