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The standard cosmological model: General Relativity + ACDM
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The standard cosmolc Relativity + ACDM
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oﬂ > ..‘ .
BN .
WELE Ay

A

X
=)
~
l
>
o
o
c
o
~
=
©
(a]

The standard cosmological model: General Relativity + ACDM



The standard cosmological model: General Relativity + ACDM
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The standard cosmological model: General Relativity + ACDM
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Modified gravity

Many models propose to explain accelerated expansion using new laws for gravity:
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Modified gravity

Many models propose to explain accelerated expansion using new laws for gravity:
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Structure evolution:
Dark energy vs Gravity
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Dark Energy
Gravity

Structure evolution:
Dark energy vs Gravity

Density contrast: d(x)
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Structure evolution:
Dark energy vs Gravity

Density contrast: d(x)
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Dark Energy
Gravity

Velocities
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Dark Energy
Gravity

Velocities

£ _ Velocities are linked to density through the

St continuity equation:
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Velocities as probes of fosg:
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Doppler effect on redshift:
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V. ¥C s

Con Doppler effect on redshift: ' 600
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Type la supernovae (SNe la): powerful probes for cosmology
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Type la supernovae (SNe la): powerful probes for cosmology
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SNe la: a few words about standardization

SNe la are not perfectly standard !!!
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SNe la: a few words about standardization

SNe la are not perfectly standard !!!

Correlation of peak magnitude with stretch, color and host galaxies exists
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credit: Kim et al. 1997
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SNe la: a few words about standardization

SNe la are not perfectly standard !!!

Correlation of peak magnitude with stretch, color and host galaxies exists
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SNe la: a few words about standardization

How to get m p, 1 and c?

Collect data
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SNe la: a few words about standardization

How to get m p, 1 and c?
Adjust lightcurve with SALT2 (SED model for SNe la)
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fog with SNe la peculiar velocities: the simulation and analysis
pipeline
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fog with SNe la peculiar velocities: the simulation and analysis
pipeline
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parameters
SN Ia
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— | L
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Simulation: the N-Body simulation

OuterRim (Heitmann et al. 2019)
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Simulation: the N-Body simulation

OuterRim (Heitmann et al. 2019)

WMAP cosmology, fog = 0.382

(3 Gpc.h ~1)? box of dark matter halos at z = 0
—> 27 ZTF realisationsup to 2z ~ 0.17

Host catalog
(RA, Dec, z., z,)
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Simulation; SN la model

SNe la
model
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Simulation; SN la model
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explosion rate
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Simulation; SN la model

Standardization
parameters
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Simulation: SN la model

Standardization
parameters SED model

a 8 Mg SALT2

(from (Guy et al. 2007)
Betoule et al. 2014)
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Simulation: SN la model
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Simulation; SN la model
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Simulation: SN la model

Standardization
parameters SED model
a B Mg SALT2

(from (Guy et al. 2007)
Betoule et al. 2014)

SNe la
explosion rate
(from
Perley et al. 2019)

distributions
(x1 ~ Nicolas et al. 2021,
¢ ~ Scolnic & Kessler 2016
and o, ~N(0, 0.12))

SNe la
model

1+ Zops = (]- T Zcos)(]- T Zp)
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Simulation: survey parameters

| have worked in ZTF simulation working group to construct ZTF simulation input files

Cadence
(dates, coordinates,
filters used)

Instrument & Atmosphere
(CCD gain, zero point,

skynoise)

parameters
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Simulation: SNSim and lightcurves

Survey
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Simulation: SNSim and lightcurves

Survey
parameters

simulation
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Simulation: SNSim and lightcurves

Observations

e e e e e e e e e e

Survey
parameters

Noise Is computed as

e o w———————
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Simulation: applying spectroscopic identification selection function
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Simulation: applying spectroscopic identification selection function

4000

=== Parent Sample (6 years)
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Simulation: applying spectroscopic identification selection function

Detection: 2 points with SNR > 5
4000

=== Parent Sample (6 years)

1 + Photo-detection
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Simulation: applying spectroscopic identification selection function

Spectroscopic efficiency from Perley et al. 2019
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Simulation: applying spectroscopic identification selection function
(Nsn) ~ 4300

4000

=== Parent Sample (6 years)

1 + Photo-detection
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fog with SNe la peculiar velocities: the simulation and analysis
pipeline

Survey
parameters

SN Ia
model

Realistic Selection
SN la LCs function

N-body
simulation l
4_ MaX|mum HD &
L'ke“hOOd l VeI estimates 4_
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Analysis: lightcurves fit and cosmological cut

After SALT?Z fit, we apply quality cuts:

Cuts Remains % (N) SNe Ia

SALT?2 fit success 88.7 3830
Psy > 95% 84.9 3664
3 epochs with [p| < 10 89.7 3873
lxq| < 3 89.5 3867

| < 0.3 88.8 3834
oy < 1 89.4 3862
oy < 1 89.3 3858
Zobs > 0.02 97.9 4228

All cuts 81.5 3520



Analysis: velocities from Hubble diagram residuals
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Analysis: velocities from Hubble diagram residuals

Standard candles
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Analysis: velocities from Hubble diagram residuals

Standard candles + velocities
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Analysis: velocities from Hubble diagram residuals

Standard candles + velocities

The velocity estimator:

. In(10)c / (1+2z)c B
S INE (H<z>r<z) 1) 4
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Analysis: velocities from Hubble diagram residuals

Standard candles + velocities

The velocity estimator:

. In(10)c / (1+2z)c B
S INE (H<z>r<z) 1) 4
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Redshift z

0.08

0.10
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Analysis: velocities from Hubble diagram residuals

Standard candles + velocities + noise

The velocity estimator:

. In(10)c / (1+2z)c B
S INE (H<z>r<z) 1) 4

The velocity estimator error:

o ln(éﬂ)c (Igl(;;:()zc) ) 1) _1%

0.04 0.06
Redshift z

0.08

0.10
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Analysis: the Maximume-Likelihood method

Method used with galaxy data in Abate et al. 2010, Johnson et al. 2014 and Howlett et al. 2017
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Analysis: the Maximum-Likelihood method

The correlation function depends on the Power Spectrum

' 0 100 200 300
X [Mpc.h~!]

Method used with galaxy data in Abate et al. 2010, Johnson et al. 2014 and Howlett et al. 2017
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Analysis: the Maximum-Likelihood method

Method used with galaxy data in Abate et al. 2010, Johnson et al. 2014 and Howlett et al. 2017
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The correlation function depends on the Power Spectrum
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Analysis: the Maximum-Likelihood method

Method used with galaxy data in Abate et al. 2010, Johnson et al. 2014 and Howlett et al. 2017

300

200+

> —100+

—200

—300

—300 -2

00 —100 0 100
X [Mpc.h~!]

200

300

The correlation function depends on the Power Spectrum
(v(xi)o(x;)) o< (fos)? [ dkP (k)W ©) (k; xi, x;)

It gives us a fog dependent model for our covariance matrix!

Cii'(fos) = (v(xi)v(x;))
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Analysis: the Maximume-Likelihood method

Method used with galaxy data in Abate et al. 2010, Johnson et al. 2014 and Howlett et al. 2017

Two non-linear models of power spectra:

e One based on N-body simulaton fit from Bel et al. 2019

e One based on PT beyond order one from Taruya et al. 2012 ——= Linear
—— Bel et al.
RegPT

=:= 2 Wi - — 15 h— 1
Effect of redshift space distorsions taken into account with damping Foo Dy with 7, =15 7" Mpe

function D, (o) (Koda et al. 2014)

k [h Mpc_l}
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Analysis: the Maximume-Likelihood method

Free parameters of the likelihood:

Growth-rate related parameters:

p = {fos, 04,04}, 04 = RSD, 0, = non-linearities
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Analysis: the Maximume-Likelihood method

Free parameters of the likelihood:

Growth-rate related parameters:
p = {fos,04,0,}, 04 =RSD, 6, = non-linearities
The likelihood:

L(p) x |C(p)| " x exp [~ +vTC(p) V]
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Analysis: the Maximume-Likelihood method

Free parameters of the likelihood:

Growth-rate related parameters:

p = {fos, 04,04}, 04 = RSD, 0, = non-linearities

The likelihood:

L(p) x |C(p)| " x exp [~ +vTC(p) V]

The covariance:
Cij(p) = C(fos, 0u) + 0,25F + o265

Ci(fos,ou) = (v(xi)v(x;)) o< (fos)® [ deP(k)W (k) D3 (k; o)
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Results: the selection bias (Carreres et al. 2023)
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Results: the selection bias (Carreres et al. 2023)

Bias on HD residuals Bias on velocity estimates
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Only the estimated velocities are biased !!!
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Results: the selection bias (Carreres et al. 2023)
Bias on fog

Individual realizations

Average of uncertainties
¢ Mean
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Results: forecast for a ZTF 6-years complete sample (Carreres et
al. 2023)

2z < 0.06 = (Ngn) ~ 1600 ~ half of the sample
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Analysis: joint fit
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Analysis: joint fit

Free parameters:

Growth-rate related parameters: p = { fog, 0y, 0y }

SNe la Hubble diagram parameters: pup = {a, 8, Mg, o}

Data vector

HD residuals: Ap(pup) = mp + azx1 — fc — My — fmodel(2)

1
o — d(pp) = —- %0) (Ig;,,,)(z) - 1) Ap(pap)

Covariance

-1
oy — U{;(PHD) =1 (L}-,O) (fﬁ;rzz) — 1) Uu(PHD)

27



Analysis: joint fit

fos/ (fos)gy = 1084035

Free parameters: m S

Growth-rate related parameters: p = { fog, 0y, 0y }

‘ Q:“ 0.11;10,304
SNe la Hubble diagram parameters: pup = {a, 3, Mg, o/} l‘! P C e
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Data vector

HD residuals: Ap(pup) = mp + azx1 — fc — My — fmodel(2)
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Results: forecast for a ZTF 6-years complete sample (Carreres et
al. 2023)
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Results: forecast for a ZTF 6-years complete sample (Carreres et
al. 2023)

(NgN) =~ 1600 ~ half of the sample

True vel HD Fixed Joint fit
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Results: comparison with existing measurements (Carreres et al.
2{02C)

Authors Dataset
This work Qi © ZTF SNIla (simulations)
Johnson et al. 2014 — 6dFGSvV
Huterer et al. 2017 == 6dFGSv
Howlett et al. 2017 — 2MTF

Adams & Blake 2020 : 6dFGSz, 6dFGSv
Lai et al. 2023 SDSS-FP

With ~1600 SNe la, ZTF is at the same precision level as existing measurements with
several thousands of galaxies



Results: could a bias correction improve the constraint? (Carreres
et al. 2023)

Simulate a perfect correction of the bias: vgebiasi ~ N (’vtrue, a@,i)
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Results: could a bias correction improve the constraint? (Carreres
et al. 2023)

Simulate a perfect correction of the bias: vgebiasi ~ N (’vtrue, a@,i)
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How to Improve the measurement?

. Bias correction of the velocity estimates ?

Does not improve strongly the constraint on fog
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How to Improve the measurement?

. Bias correction of the velocity estimates ?

Does not improve strongly the constraint on fog
. Use photo-typing to increase the redshift limit

. Velocity X density measurements (e.g. ZTF + DESI)
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Future surveys

EUCLID RSD

DESI RSD

LSST pec. vel. + RSD
ZTF pec. vel.

— GR + ACDM
- DGP

—-= [(R)

0.4 0.6 0.8
Redshift 2

Forecast credits: DESI arxiv:1611.00036, LSST arxiv:1708.08236, EUCLID arXiv:1606. OOlg%
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Systematic effect on Hy due to velocities (paper in prep)

Hubble Diagram fit

Ap =mp + azy — fc — My — pmode1(2)
where M is degenerate with H
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Systematic effect on Hy due to velocities (paper in prep)

Hubble Diagram fit

Ap =mp + azy — fc — My — pmode1(2)
where M is degenerate with H

Velocity error term:

__ 5 oy
Op—z = In10 =z

with co, ~ 250 km/s

We use our 27 mocks from SNSim that contain correlated velocities to evaluate velocities
effect in Hubble diagram fit 34



Systematic effect on Hy due to velocities (paper in prep)
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Systematic effect on Hy due to velocities (paper in prep)

Velocities not taken into account
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Systematic effect on Hy due to velocities (paper in prep)

Diagonal term for velocity errors

35



Systematic effect on Hy due to velocities (paper in prep)

Full covariance matrix for velocities

1
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Systematic effect on Hy due to velocities (paper in prep)

Full covariance matrix for velocities

Preliminary results: using full covariance matrix multiplies by ~4 the error on M on
simulations. First test on ZTF DR2 data gives an error multiplied by ~2.

35



What's next?

36



What's next?

e Improve the simulation:
Include more realistic noise, correlation with host properties, color-dependant
scattering

36



What's next?

e Improve the simulation:
Include more realistic noise, correlation with host properties, color-dependant
scattering

o Evaluate the photometric sample:
Work started with D. Rosselli in a Vera Rubin/DESC project

36



What's next?

e Improve the simulation:
Include more realistic noise, correlation with host properties, color-dependant
scattering

o Evaluate the photometric sample:
Work started with D. Rosselli in a Vera Rubin/DESC project

o Generalisation to velocity-density covariance + improvements of model

computation:
Work started with C. Ravoux: development of the £11p public package

36



What's next?

Improve the simulation:
Include more realistic noise, correlation with host properties, color-dependant
scattering

Evaluate the photometric sample:
Work started with D. Rosselli in a Vera Rubin/DESC project

Generalisation to velocity-density covariance + improvements of model

computation:
Work started with C. Ravoux: development of the £11p public package

Application of the fog analysis to ZTF data

36
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» | developed a simulation of supernovae observations including realistic
velocities from N-body simulations
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Conclusion

| developed a simulation of supernovae observations including realistic
velocities from N-body simulations

| used real observation conditions to generate ZTF survey realizations

| developed a full analysis pipeline to measure fog from SNe la

The spectroscopic selection causes a bias on velocity estimations above
z ~ 0.06

We forecast that we will have a ~19% precision on a fog measurement with a
6-year ZTF SNe la spectro-identified sample with z < 0.06

Improvements are expected from future work on photometric typing analysis
and combination with density measurements
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o as a function of 2y ax
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Velocity estimators biases
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Gaussian prior on o,

Individual realizations
Mean error on fog fit

Individual realizations

Mean error on fog fit
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ZTF H budget erro(Dhawan et al. 2021)

Table 2. The contribution from individual terms in the error budget for measure Hy with the current uniform distance ladder
ances from JWST.

Quantity

Current Uncertainty (mag)

Expected Uncertainty (mag)
SN Ia intrinsic scatter 0.15 0.1 / /100 = 0.01
0.038 0.023
TRGB in SN Ia hosts 0.05 0.05 / /100 = 0.005
Peculiar Velocity 0.02 0.01
Intercept of the Hubble diagram (5ag)

| 0.013 0.004

TRGB absolute calibration




