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The Universe is Expanding !
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Edwin HUBBLE, 1929

Ra
di

al
 V

el
oc

ity

Distance from us



M. RIGAULT LPC Clermont — 10th of March 2017

Measuring the Fate of the Universe
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Measuring the Fate of the Universe
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Past Future

E. Hubble’s Data
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The Redshift as an Expansion Tracer
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The expansion of the Universe stretchs the photon’s wavelength
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Type Ia Supernovae: Standard Candles
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Flux ⇔  Distance

As bright as a galaxy for few days
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Measuring the Fate of the Universe
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Measuring the Fate of the Universe

8

Past Future

D
ensity of the U

niverse
in « C

ritical D
ensity »

5

2.5

2

1.3
1
0.7

0.1

First SN Data (~90)

Dimmer Supernovae
R

edder Photons



M. RIGAULT LPC Clermont — 10th of March 2017

The Data do not match the Predictions
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Dimmer Supernovae
R

edder Photons
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The Universe’s Expansion is Accelerating !
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Past Future
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Cosmology using Type Ia Supernovae
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Betoule et al. 2014
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ΩΛ=0 ; ΩM=1 
ΩΛ=0.7 ; ΩM=0.3
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Cosmology using Type Ia Supernovae
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Cosmology using Type Ia Supernovae
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Missing: Independent distance 
measurement for some SNe Ia

Constraining the Current Expansion Rate H0
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Disentangle H0 and the SN luminosity
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Independent distance measurement for some SNe Ia

Best case: Cepheids

Cepheids: Bright Young Stars with a Pulsation—Luminosity relation
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Disentangle H0 and the SN luminosity
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Independent distance measurement for some SNe Ia

Best case: Cepheids

Cepheids: Bright Young Stars with a Pulsation—Luminosity relation

Riess+09

⇒ Galaxy Distance 
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 Cepheids: Bright young stars 
with a pulsation-luminosity

relation
f(d

;⟨L
SN⟩

)

Riess et al. (2009)

H0 = 73.2 ± 1.8 km s-1 Mpc-1

(2 .5%  ;  Riess et  al  2016)

 Independent Distance Measurement
— Distance & Flux ⇒ Luminosity —

Disentangle H0 and the SN luminosity
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The Hubble Constant
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Test the Standard Model
of Cosmology

Planck 2015 — Cosmological Results

H0 = 67.8 ± 0.9 km s-1 Mpc-1
 — Derived —

THE MODEL
CONSTRAINS H0

z~1000

z~0

Change the model, change H0
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Tension in the Standard Model of Cosmology
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~2.5σ

Could it be an indication for a new (massless) particle ?

…Or a systematic error

Direct
z~0

Indirect
z~1000

SN
 Ia
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Precise Astrophysics …  
                        … for Accurate Cosmology
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Potential Astrophysical Biases of SNe Ia
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The first observed effect: The Mass Step

Binned Version

Childress et al. 2013
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The Local Perspective

Star Formation
—

Young Stars

No Star Formation
—

Older Stars

Spiral, Star Forming,
host galaxies

GLOBAL LOCAL

23

Rigault et al. 2013

Star Formation
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A Star Formation Bias
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~6σ detection level

Rigault et al. 2017

Fraction of Young Stars at the SN location

Br
ig

ht
ne

ss
 o

f t
he

 S
N

e 
Ia

Re
la

tiv
e 

to
 th

e 
SN

’s
 a

ve
ra

ge
Rigault et al. 2013, 2015



M. RIGAULT LPC Clermont — 10th of March 2017

Explaining the Mass Step
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More massive galaxies have a lower fraction of  young stars

Rigault et al. 2017
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The Next Step
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Understand the physical origin of the effects

Projet HST GO14163 (PI: Rigault) enables: 
- to get the dust extinction along the line of sight
- to get the expected age of the progenitor

OPTIMAL DATA ONLY (5 POINTS SDSS) 
age and dust have the same signature

PI: Rigault ; GO14163

UV + OPTIMAL DATA 
breaks the degeneracy

OpticalUV
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u g r i z

f225W (UV)

Rigault GO14163
PTF10zdt

The Next Step
Understand the physical origin of the effects

>60 SNeIa

PI: Rigault ; GO14163
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Data reduced and photometry extracted
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A Star Formation Bias
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~6σ detection level

Rigault et al. 2017

Fraction of Young Stars at the SN location
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Riess et al. 09

f(d
;⟨L

SN⟩
)

Sample Selection — Impact on H0

BIASED SAMPLE

→ Young stellar regions favored

 MAESURES 
SN w Cepheids     :~100 % Young

SN in Hubble Flow :  ~50 % Young

H0: OVERESTIMATED BY ~3%

 Cepheids: Bright young stars 
with a pulsation-luminosity

relation

Disentangle H0 and the SN luminosity

Rigault et al. 2015

H0 = 73.2 ± 1.8 km s-1 Mpc-1

(2 .5%  ;  Riess et  al  2016)
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Tension in the Standard model of Cosmology
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~2.5σ

Direct
z~0Indirect

z~1000

SN
 Ia
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Tension in the Standard model of Cosmology
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~2.5σ

~1σ

Direct
z~0Indirect

z~1000
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Consequence on the Cosmology — w

GALAXIES ARE MORE STAR 
FORMING AT HIGHER REDSHIFT

Could impact w by few percents
Goal of modern Cosmology: 1%
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50% S-F 
50% Passives

90% S-F  
10% Passives

P R E D I C T I O N
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Rigault et al. 2013, 2017

Redshift evolution — Impact on w
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Astrophysical evolution or exotic dark energy?
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Astrophysical evolution or exotic dark energy?
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Expected SN rates

Expected Quality

Rigault et al. 2017



M. RIGAULT LPC Clermont — 10th of March 2017

Astrophysical evolution or exotic dark energy?
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LSST

Euclid'LSST,,Prospec3ve,CEA/IN2P3,,Giens,2012 ,12,

All  SNe  All   SN Ia  

Lensed   SN Ia  All Lensed   SNe  

LSST#will#provide#)me:dependent#imaging#
of#an#unprecedented#sample#of#rare#strong#
gravita)onal#lensing#events.##

Strong#lensed#SN#Ia##

#####=#sensi)ve#to#H(z)#at#the#lens#loca)on#

LSST#will#be#able#to#probe#the#isotropy#of#
the#Dark#Energy#proper)es#.#For#example##
the#large#SNIa#sta)s)c#will#allow#to#build#
SNIa#hubble#diagram#for#different#
direc)ons#in#the#sky.#~106 SNeIa!
+ other probes: Weak lensing, BAO, Clusters
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Local Analyses at high-redshift
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Formation stellaireDensité stellaire

ExtinctionAgeHemmati et al. (2014)

z=1.1

HST — CANDELS
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Hemmati et al. (2014)

EUCLID Y, J, H

z=1.1

Hemmati et al. (2014)

LSST & EUCLID
Getting the local environments of SNeIa
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New Sur veys and Time Domain Astronomy

HST

1990 → 2000 ~ 100 SNe Ia
Discovery of Dark Energy

2000 → 2015 ~ 103 SNe Ia
Looks like a Cosmological Constant

2017 → 2030 ~ 106 SNe Ia
Is it really ?
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Conclusion
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Type Ia Supernova are key to 
understand dark energy

Astrophysical effects have to 
be taken into account

We (will) have all the data we need to do so!


