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Programme

Lecture 1

– Hubble Constant H0

• Importance of H0

• Measurements of H0

– local à distance ladder

– global à gravitational lensing, cosmic microwave 
background

• H0 today and tomorrow
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Programme

Lecture 2

– Tests for General Relativity

• Expansion

– time dilation

• Distance duality

– relation between luminosity distance and angular size 
distance

– Cosmological parameters

• Evidence for acceleration

– Future of SN cosmology
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Forces in the Universe

• Gravity is the dominant force

• Nuclear forces only short range

– only importance in the very early universe

• Electromagnetic force is based on 
charges

– in a neutral universe not important

– magnetic fields!

• Need a theory for gravity à relativity
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Metric

• Why do we have to bother with the 
metric? 

– Euclidian (flat space) is not good enough

• Reason: expansion of the universe

• Due to the expansion the coordinates are 
moving 

– need a translation from the coordinates to 
the physical distances 
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Distances

We separate the observed distances r(t) 
into the expansion factor a(t) and the fixed 
part x (called comoving distance)

r(t) = a(t)x

x

x
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Calculating Distances

• Simple example of distances in flat space:

• Coordinates x and y

• Distance:dl2=dx2+dy2 (Euclid)

• Coordinates r and Θ
• Distance: dl2=dr2+r2 dΘ2

• (think of crane) or Earth and Sky

• In general:
(dl)2= Σi,j=1,2gijdxi dxj
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Calculating Distances

In 4 dimensions

– time as the 0th coordinate) this becomes

using the (Einstein summation) convention 
where repeated indices are summed

or explicitly:

– Minkowski (flat) space

ds2 = gµνµ,ν=0

3
∑ dxµdxν ≡ gµνdx

µdxν

ds2 = cdt dx dy dz( )
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Calculating Distances

Expanding universe with scale parameter a(t)

➔ Friedmann-Robertson-Walker (FRW) metric for 
an isotropic and homogeneous universe

ds2 is proper space and the metric gμν is the 
conversion from the coordinates dxμ

ds2 = cdt dx dy dz( )
−1 0 0 0
0 a2 (t) 0 0
0 0 a2 (t) 0
0 0 0 a2 (t)
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Einstein’s Field Equation

The (time) evolution of the scale factor 
depends only on the time-time component 
of the Einstein equation:

– T00=ρc2 (energy density)

– time part

R00 −
1
2
g00R =

8πG
c4

T00

R00 −
1
2
g00R =

3
c2
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Recap Einstein Equations

• Gravity is the dominant force in the universe 
à General Relativity

• Need the most general form of the metric à
transformations between coordinate 
systems
– find ‘invariant’ parameters

• Equation of motion for a force-free particle 
(�̈� = 0)  in GR leads to affine connections à
Christoffel symbols

• Putting this together with the geometry and 
the energy content à Einstein Equations
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Robertson Walker Metric

As an observer at the origin of the 
coordinate system it is best to use polar 
coordinates

– think of 

‘celestial sphere’

– reason for right 

ascension and 

declination as coordinates on the sky

– also longitude and latitude on Earth
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Robertson Walker Metric

Line element has angular and radial 
components

𝑑𝑠' = −𝑐'𝑑𝑡' + 𝑎' 𝑡
𝑑𝑥'

1 − 𝑘𝑥' + 𝑥
'𝑑𝜃 + 𝑥' sin' 𝜃𝑑𝜙

𝑔55 = −1; 𝑔77 =
𝑎' 𝑡
1 − 𝑘𝑥' ;

𝑔88 = 𝑎' 𝑡 𝑥'; g:: = 𝑎' 𝑡 𝑥' sin' 𝜃	

θ

Φ
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The Energy-Momentum Tensor

Use the form for the ‘perfect fluid’

The energy conservation requires that the 
covariant derivative

T µν =

ρc2 0 0 0
0 p 0 0
0 0 p 0
0 0 0 p
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Light ray coming towards us

• No angular dependence, hence

𝑐𝑑𝑡 = ±𝑎(𝑡)
𝑑𝑥

1 − 𝑘𝑥'� 	

• and integrated

𝑠 = 𝑎@
𝑑𝑥

1 − 𝑘𝑥'� = 𝑎𝑆(𝑥)
7

5

• with 

𝑆 𝑥 = B
arcsin 𝑥 										𝑘 = 1
𝑥																										𝑘 = 0
arcsinh 𝑥 				𝑘 = −1
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Strange Consequences

• k=1
– closed universe

– distances increase and then decrease again 
with increasing 𝑥

• k=0
– ‘critical’ universe

– expanding forever

• k=-1
– open universe

– expands forever
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Friedmann Equation

Time evolution of the scale factor is 
described through the time part of the 
Einstein equations

Assume a metric for a homogeneous and 
isotropic universe (metric is diagonal in 
polar coordinates) and a perfect fluid
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k
a2

=
8πG
3

ρ(t)
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Cosmological Redshift

• For two different times we get

– i.e. the time scales with the scale parameter

• If the time intervals dt are interpreted as 

oscillation periods, e.g. of a photon, then

• with z as the redshift between the two 

times

dt1
a(t1)

=
dt2
a t2( )

dt1
dt2

=
ν2
ν1

=
a(t1)
a(t2 )

=
1
1+ z
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Redshift

Redshift is directly related to the ratio of the 
scales between emission and absorption of 
a photon

This is remarkably simple as a 
measurement in a spectrum tells the scale 
changes
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Distances

Different methods to measure distances

– Luminosity distance

𝑙 =
𝐿

4𝜋𝐷' ; 𝑙	𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑	𝑏𝑟𝑖𝑔ℎ𝑡𝑛𝑒𝑠𝑠; 𝐿	𝑒𝑚𝑖𝑡𝑡𝑒𝑑	𝑙𝑢𝑚𝑖𝑛𝑜𝑠𝑖𝑡𝑦; 𝐷	𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒

– The distance is the comoving distance 𝑥1
times the scale factor at the time of 
observation (for us ‘today’) 𝑎(𝑡0)

𝐷 = 𝑥1𝑎(𝑡0)
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Luminosity Distances
– The rate of the photons arrivals is reduced 

by a factor 
W XY
W XZ

= [
[\]

and the 

energy of the photons (E=hν) is also 

reduced by a factor 1+z (remember 

luminosity L is energy per time)

𝑙 =
𝐿

4𝜋𝑥['𝑎' 𝑡5 1 + 𝑧 '

– Set 𝐷_ = 𝑥[𝑎 𝑡5 1 + 𝑧 and we recover the 

equation for the luminosity distance 𝑙 = _
`abc

d
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Expansion and Contents

2nd derivative of the scale factor gives the 
dynamics of the expansion, i.e. 
differentiation of the Friedmann equation

– expect only deceleration (ä<0), since 
density (ρ) and pressure (p) are positive

– acceleration requires (ρc2+3p)<0 or ϖ=-1/3

!!a
a
= −

4πG
3c2

(ρc2 +3p)
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Friedmann Equation

Put the various densities into the Friedmann
equation

Define the critical density for a flat universe 

(k=0)                 we can define the ratio to the 

critical density

Most compact form of Friedmann equation

with

!a2

a2
= H 2 =

8πG
3

ρ(t) = 8πG
3
(ρmatter + ρrad + ρvac )−

k
a2

ρcrit =
3H 2

4πG
Ω =

ρ
ρcrit

1=Ωmatter +Ωrad +Ωvac +Ωk Ωk = −
k

a2H 2
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Dependence on Scale Parameter 

For the different contents there were 
different dependencies for the scale 
parameter

Combining this with the critical densities 
we can write the density as

and the Friedmann equation

ρmatter ∝ a
−3 ρrad ∝ a

−4 ρΛ = const.

ρ =
3H0

2

8πG
Ωmatter

a0
a

"

#
$

%

&
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3

+Ωrad
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4
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H 2 = H0
2 Ωmatter (1+ z)

3 +Ωrad (1+ z)
4 +ΩΛ +Ωk (1+ z)
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Expansion of the Universe

Luminosity distance in an isotropic, 
homogeneous universe as a Taylor 
expansion

þ
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Local Universe (z<<1)
Hubble Law

𝐷 =
𝑣
𝐻5

=
𝑐𝑧
𝐻5

Luminosity distance

𝐷_ =
𝐿
4𝜋𝐹

�

Distance modulus
𝑚 −𝑀 = 5 log 𝐷_ − 5

Distance in units of 10pc
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Hubble Constant

• Measure cosmic expansion velocity per 
unit scale length

𝐻5 =
k
bc
	 (units: 𝑘𝑚	𝑠l[	𝑀𝑝𝑐l[)

• Ignore higher-order cosmological effects

– de/acceleration

• Spectroscopy à redshift à velocity

• Photometry à brightness à distance
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The original Hubble Diagram

Distance
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Freedman et al. 2001

A modern Hubble Diagram
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Hubble Diagram

Distance modulus vs. redshift

𝑚 −𝑀 = 5 log
𝑐𝑧
𝐻5

+ 25

𝑚 −𝑀 = 5 log 𝑧 + 5 log 𝑐 − 5 log 𝐻5 + 25

𝐻5 = 𝑐𝑧 ⋅ 10l5.' qlr \s

Tonry et al. 2003
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Absolute Calibration

Need to calibrate the absolute luminosity of 
the objects in the Hubble flow

– distance ladder

• calibrate distance indicator from known 
distances

• parallaxes (geometric) à main sequence fitting 
(photometric) à Cepheid stars à SNe Ia

– alternative

• calibrate luminosity on physical grounds

– expanding photosphere method (EMP)
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Extragalactic Distances
Required for a 3D picture of the (local) 

universe
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Extragalactic Distances
The Astronomical Journal, 146:69 (14pp), 2013 September Courtois et al.

Figure 8. Perspective view of the V8k catalog after correction for incompleteness and represented by three layers of isodensity contours. The region in the vicinity of
the Virgo Cluster now appears considerably diminished in importance. The dominant structures are the Great Wall and the Perseus–Pisces chain, with the Pavo–Indus
feature of significance.
(A color version of this figure is available in the online journal.)

contour maps after making corrections for incompletion. The
first step is to evaluate the intrinsic properties of a complete
sample of galaxies, say, as characterized by the Schechter
(1976) luminosity function. In that early work by Hudson, only
diameters were available over most of the sky, so he had to
determine an equivalent diameter function. The next step is to
formulate how deeply into the luminosity (or diameter) function
one is sampling as a function of distance. This analysis gives a
measure of how much luminosity is being lost in increasing
distance shells. Here we assume a linear relation between
redshift and distance, a reasonable assumption: corrections for
lost galaxies increase with distance from negligible to important,
but over the same range, relative deviations between redshift and
distance decrease from significant to small. The correction is
made in the form of a fifth-order polynomial fit to the depletion
of galaxies in successive shells in redshift. The correction is
made with an adjustment to the luminosities of galaxies in
the catalog, effectively an assumption that the missing galaxies
reside near the bright galaxies that have been included. The
increase in the amount of lost light is modeled by a fourth-
order polynomial fit to the amount of lost light from an assumed
Schechter function in successively increasing velocity shells.
The resulting sample is smoothed on a grid with a Gaussian
smoothing of 100 km s−1 within 1000 km s−1 that increases with
distance so the peak compared with an unadjusted luminosity is
constant but the luminosity is spread over an increasing volume
with distance. The correction is made to luminosity rather than

number through the assumed Schechter function. The number
of lost galaxies becomes very large at the edge of the survey
but the lost luminosity is modest since most of the light in a
complete sample is in the brightest galaxies which are included.
The adjustment factor at 8000 km s−1, the radial dimension
of the data cube on the cardinal axes, is a factor of 2.5. The
adjustment factor grows to 10 in the extreme corners of the cube
at almost 14,000 km s−1. Blue luminosities are used since that
was what was available when V8k was constructed.

In the accompanying movie, the transition from displays
of individual galaxies to maps adjusted for incompleteness is
shown by a dissolve to a density isosurfaces plot. We nest
cuts at three density levels, at 0.3, 0.1, and 0.07 L⋆ galax-
ies per (100 km s−1)3, respectively. Two roughly orthogonal
perspective views are given in Figures 8 and 9. The isoden-
sity values associated with the surfaces are chosen to display
a large range of structures from the Local Group to dense
clusters and the Great Wall, and so that the major structures
appear well defined and separated. In Figure 8 the observ-
ing point is roughly edge-on to the Great Wall and isolates
the Virgo/Local Supercluster from its neighbors. The Great
Wall appears as a massive superstructure running up to the
Hercules Cluster. It is now clear that what has been called the
Virgo or Local Supercluster is a relatively minor element within
the V8k volume. The two dominant structures are the Great
Wall and the Perseus–Pisces filament. The Southern (Sculptor)
Wall is a significant appendage to Perseus–Pisces. Likewise, the

6
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Extragalactic Distances

Many different methods

– Galaxies

• Mostly statistical

• Secular evolution, e.g. mergers

• Baryonic acoustic oscillations

– Supernovae

• Excellent (individual) distance indicators

• Three main methods

– (Standard) luminosity, aka ’standard candle’

– Expanding photosphere method

– Angular size of a known feature
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Hubble Constant
• Three different methods

1. distance ladder
• calibrate next distance indicator with the 

previous

2. physical methods
• determine either luminosity or length through 

physical quantities
– Sunyaev-Zeldovich effect (galaxy clusters)
– Expanding photosphere method in supernovae
– Physical calibration of thermonuclear supernovae 
– geometric methods, e.g. masers

3. global solutions

• Use knowledge of all cosmological parameters 

– Cosmic Microwave Background
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Supernova types and their progenitors 47
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Figure 3.6: Illustrative R-band light curves of di↵erent SLSN types com-
pared to normal SN types (Gal-Yam 2012). The SLSN-I and SLSN-R
types are now often considered fast- and slowly-declining subclasses of
type Ic SLSNe, respectively.

Gal-Yam 2012

Hubble Constant

Stellar objects

– Supernovae
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Hubble Constant

• Problem

– calibration of M for supernovae

• transient objects!

• explosions!

• Solution

– Type Ia supernovae 
at maximum

Krisciunas et al. 2004
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Supernova Systematics

§ Contamination    
§ Photometry 
§ K-corrections
§ Malmquist bias
§ Normalisation
§ Evolution
§ Absorption
§ Local expansion field

“[T]he length of the list 
indicates the maturity 
of the field, and is the 
result of more than a 
decade of careful 
study.”
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Hubble Constant

• SN Hubble diagram
𝑚 −𝑀 = 5 log 𝑣 + 25 − 5 log𝐻5

Leibundgut

Proves M is constant
Direct connection of M and 
𝐻5
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Hubble Constant

In the local universe (z<<1) the linear 
expansion law applies 

DL = DA =
zc
H0

=
v
H0

19
74
Ap
J.
..
19
0.
.5
25
S

Sandage & Tammann 1974
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Hubble Constant

• Calibration of M(SN Ia @ max)

• Distance ladder
Eliminating sources of systematic error between anchor and calibrator:   

1) use same instrument 2) same Cepheid parameters (Period,Z)  3) better anchor 

HUBBLE CONSTANT: REBUILD DISTANCE LADDER 

3% Anchor: 

NGC4258 

Hubble Flow 

 4 % 

error 
____ ____ 

 1% 

 2% 

Calibrator 

NA 

NEW LADDER (100 Mpc) 

Hubble Flow 

5% Anchor: LMC  

3.5% SN Ia hosts,  

Metallicity change 

11% error 
____ ____ 

 1% # Modern, distant SNe Ia 

 3% # Modern, local hosts 

4% long to short Period Cepheids 

4.5% Ground to HST 

PAST DISTANCE LADDER (100 Mpc)   

Eliminating sources of systematic error between anchor and calibrator:   

1) use same instrument 2) same Cepheid parameters (Period,Z)  3) better anchor 

HUBBLE CONSTANT: REBUILD DISTANCE LADDER 

3% Anchor: 

NGC4258 

Hubble Flow 

 4 % 

error 
____ ____ 

 1% 

 2% 

Calibrator 

NA 

NEW LADDER (100 Mpc) 

Hubble Flow 

5% Anchor: LMC  

3.5% SN Ia hosts,  

Metallicity change 

11% error 
____ ____ 

 1% # Modern, distant SNe Ia 

 3% # Modern, local hosts 

4% long to short Period Cepheids 

4.5% Ground to HST 

PAST DISTANCE LADDER (100 Mpc)   

Adam Riess
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Primary and Secondary 
Distance Calibrators

• Primaries are used to calibrate the 
secondary distance indicators to step out 
into the Hubble flow

• LMC as the anchor for most methods

• Use galaxies or similarly bright objects to 
measure the Hubble flow



3rd Azores School on Observational Cosmology Bruno Leibundgut

Cosmic Distances

Trigonometric parallax:
geometric projection of 
the Earth’s orbit around 
the Sun on the sky.

1 parsec (pc) equals the distance of an 
angle of 1 arcsecond

1pc = Sun-Earth distance
1 arcsecond

=
1AU

1"
=149.6 ⋅106km / π

180 ⋅3600
= 3.086 ⋅1013km

     = 3.26 light years
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Cepheid Stars

Henrietta Swan Leavitt (1912)

– Cepheid stars in the Small Magellanic Cloud 
show a regular period luminosity relation
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Cepheid Stars

• Pulsationally variable stars

• Are observed in the solar 
neighbourhood
and in distant
galaxies

Cepheid Parameters: 
Optimizing Searches

• Cepheid amplitudes 
decrease with increasing 
O

• Interstellar reddening 
decreases as O��

For detection: Cepheid 
searches best undertaken in 
the blue

To minimize the effects of dust: 
observations best in the red

HST: V and I
Madore & Freedman (1991)  
Madore & Freedman (1991)

HST PHAT Survey; Riess et al. 2011 

Inclination ! crowding of more distant host 

Random phase, NIR 

WFC3$IR$sees$through$dust$in$front$of$Cepheids;$e.g.,$M31$

Results 

•  Using Wesenheit magnitudes to reduce reddening effects, we find an rms 
dispersion of 0.249 mag for 62 Cepheids, almost three times smaller than the 
dispersion of the HST random phase Period-Luminosity relation. 

•  With a significantly smaller rms, we will better constrain the distance estimate to 
M31, thereby improving estimates of the Hubble Constant. 

References 
Gerke, J. R., Kochanek, C. S.,  & Prieto, J. L., et al.,  2011, ApJ, 743, 21 
Ngeow, C. -C., 2012, ApJ, 747, 10 
Pejcha, O., & Kochanek, C., 2012, ApJ, 748, 29 
Stanek, K. Z., Kaluzny, J., & Krockenberger, M. et al., 1999, ApJ, 117, 2810 

Acknowledgements 
We would like to thank our collaborators and the entire PHAT team. Support 
for this work was provided by NASA through grant number HST-GO-12055 
from the Space Telescope Science Institute, which is operated by AURA, Inc., 
under NASA contract NAS5-26555. 

The Cepheid Period-Luminosity Relation in M31 Based on the PHAT Survey
!R. Wagner-Kaiser1, A. Sarajedini1, K. Stanek2, J. Dalcanton3, B. Williams3, A. Dolphin4, and the PHAT Team 

1University of Florida, 2The Ohio State University, 3University of Washington, 4Raytheon Company 

Contact 
R. Wagner-Kaiser 
University of Florida, Department of Astronomy 
Gainesville, Florida 
Email: rawagnerkaiser@astro.ufl.edu 

 

Motivation 
•  With observations from the Hubble Space Telescope as part of  
the Panchromatic Hubble Andromeda Treasury survey (PHAT), we 
examine Cepheid variables in M31 in order to improve the Period-
Luminosity Relation. 

•  By significantly improving the Cepheid Period-Luminosity relation, 
we will obtain a more accurate distance to M31 and refine the value of 
the Hubble Constant. 

Method 

•  We obtained V and I band photometry of Cepheids from the DIRECT survey (Stanek et al. 1999). 

•  The DIRECT photometry was fit to light curve templates (Pejcha & Kochanek 2012).  

•  The period of variability and the fit template were extrapolated to determine the phase of variability 
at the HST epoch of observation. 

•  The light curves were calibrated at the phase of the HST observation with PHAT photometry. The 
light curves were then de-phased to obtain a mean magnitude. 

The HST calibrated magnitudes in the F814W filter 
are presented for 62 Cepheids at the random phase of 
the HST observations. The linear fit is taken from 
Gerke et al. (2011) and the root mean square deviation 
from this line is 0.717 mag. The two dotted lines 
indicate this deviation. 
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The HST calibrated and de-phased magnitudes in the 
F814W filter are presented for 62 Cepheids. The linear 
fit is taken from Gerke et al. (2011) and the root mean 
square deviation is 0.350 mag. The two dotted lines 
indicate this deviation. 
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The HST calibrated and de-phased magnitudes in the 
F475W and F814W filters are used to determine the 
Wesenheit magnitude = I – 1.55(V–I) (Ngeow 2012), 
where I is approximately the F814W filter and V is an 
average of the two filters. The linear fit is taken from 
Gerke et al. (2011) and the root mean square deviation is 
0.249 mag. The two dotted lines indicate this deviation. 
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Future Work 

•  We will complete the sample of Cepheids once all 
of the PHAT data has been obtained. 

•  The final Period-Luminosity relation will be used to 
estimate a more accurate distance to M31. 

The PHAT fields in M31 are indicated by the blue boxes and the 
Cepheid variables are shown as red circles. 

For more information on the 
PHAT collaboration and to access 

an online version of this poster 
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Inclination ! crowding of more distant host 

Random phase, NIR 

WFC3$IR$sees$through$dust$in$front$of$Cepheids;$e.g.,$M31$

Results 

•  Using Wesenheit magnitudes to reduce reddening effects, we find an rms 
dispersion of 0.249 mag for 62 Cepheids, almost three times smaller than the 
dispersion of the HST random phase Period-Luminosity relation. 

•  With a significantly smaller rms, we will better constrain the distance estimate to 
M31, thereby improving estimates of the Hubble Constant. 
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Motivation 
•  With observations from the Hubble Space Telescope as part of  
the Panchromatic Hubble Andromeda Treasury survey (PHAT), we 
examine Cepheid variables in M31 in order to improve the Period-
Luminosity Relation. 

•  By significantly improving the Cepheid Period-Luminosity relation, 
we will obtain a more accurate distance to M31 and refine the value of 
the Hubble Constant. 

Method 

•  We obtained V and I band photometry of Cepheids from the DIRECT survey (Stanek et al. 1999). 

•  The DIRECT photometry was fit to light curve templates (Pejcha & Kochanek 2012).  

•  The period of variability and the fit template were extrapolated to determine the phase of variability 
at the HST epoch of observation. 

•  The light curves were calibrated at the phase of the HST observation with PHAT photometry. The 
light curves were then de-phased to obtain a mean magnitude. 

The HST calibrated magnitudes in the F814W filter 
are presented for 62 Cepheids at the random phase of 
the HST observations. The linear fit is taken from 
Gerke et al. (2011) and the root mean square deviation 
from this line is 0.717 mag. The two dotted lines 
indicate this deviation. 
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The HST calibrated and de-phased magnitudes in the 
F814W filter are presented for 62 Cepheids. The linear 
fit is taken from Gerke et al. (2011) and the root mean 
square deviation is 0.350 mag. The two dotted lines 
indicate this deviation. 
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The HST calibrated and de-phased magnitudes in the 
F475W and F814W filters are used to determine the 
Wesenheit magnitude = I – 1.55(V–I) (Ngeow 2012), 
where I is approximately the F814W filter and V is an 
average of the two filters. The linear fit is taken from 
Gerke et al. (2011) and the root mean square deviation is 
0.249 mag. The two dotted lines indicate this deviation. 
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Future Work 

•  We will complete the sample of Cepheids once all 
of the PHAT data has been obtained. 

•  The final Period-Luminosity relation will be used to 
estimate a more accurate distance to M31. 

The PHAT fields in M31 are indicated by the blue boxes and the 
Cepheid variables are shown as red circles. 

For more information on the 
PHAT collaboration and to access 

an online version of this poster 
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Hubble Constant

• Calibration

– Cepheid distances to 
galaxies with well-observed 
SNe Ia

Cepheid Parameters: 
Optimizing Searches

• Cepheid amplitudes 
decrease with increasing 
O

• Interstellar reddening 
decreases as O��

For detection: Cepheid 
searches best undertaken in 
the blue

To minimize the effects of dust: 
observations best in the red

HST: V and I
Madore & Freedman (1991)  

Madore & Freedman (1991)

Figure 3. Images of Cepheid hosts. Each image is of the Cepheid host indicated. The magenta outline shows the field of view of WFC3/IR, 2 7 on a side. Red dots
indicate the positions of the Cepheids. Compass indicates north (long axis) and east (short axis).
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Following this approach, we measure the mean difference
between input and recovered photometry of artificial Cepheids
added to the local scenes in the F160W images and fit with the
same algorithms. As in R09 and R11, we added and fitted 100
artificial stars, placed one at a time, at random positions within
5 arcsec of (but not coincident with) each Cepheid to measure
and account for this difference. To avoid a bias in this
procedure, we initially estimate the input flux for the artificial
stars from the Cepheid period and an assumed P–L relation
(iteratively determined), measure the difference caused by
blending, refine the P–L relation, and iterate until convergence.
Additionally, we use the offset in the predicted and measured
location of the Cepheid, a visible consequence of blending, to
select similarly affected artificial stars to customize the
difference measurements for each Cepheid. The median
difference for the Cepheids in all SN hosts hosts observed
with HST is 0.18 mag, mostly due to red-giant blends, and it
approaches zero for Cepheids in lower-density regions such as
the outskirts of hosts. The Cepheid photometry presented in
this paper already accounts for the sky bias. We also estimate
the uncertainty in the Cepheid flux from the dispersion of the
measured artificial-star photometry around the 2.7σ-clipped
mean. The NIR Cepheid P–L relations for all hosts and anchors
are shown in Figure 6.

Likewise, in the optical images, we used as many as 200
measurements of randomly placed stars in the vicinity of each
Cepheid in F555W and F814W images to measure and account
for the photometric difference due to the process of estimating the
sky in the presence of blending. Only 10 stars at a time were
added to each simulated image to avoid increasing the stellar
density. These tests show that similarly to the NIR measurements,
uncertainty in the Cepheid background is the leading source of
scatter in the observed P–L relations of the SN hosts. The mean
dispersions at F555W and F814W, with values for each host listed
in Table 2 in columns 6 and 7, are 0.19 and 0.17mag,
respectively. All SN hosts and NGC 4258 display some difference
in their optical magnitudes due to blending, with mean values of
0.05 and 0.06mag (bright) in F555W and F814W, respectively.
The most crowded case (ΔV=0.32 and ΔI=0.26mag) is
NGC 4424, a galaxy whose Cepheids are located in a circum-
nuclear starburst region with prominent dust lanes. We tabulate
the mean photometric differences due to blending for each host in
Table 2, columns 2 and 3. However, the effect of blending largely
cancels when determining the color F555W–F814W used to
measure Cepheid distances via Equation (1) since the blending is
highly correlated across these bands. Indeed, the estimated change
in color across all hosts given in Table 2, column 4 has a mean of
only 0.005mag (blue) and a host-to-host scatter of 0.01mag,
implying no statistically significant difference from the initial

Figure 6. Near-infrared Cepheid P–L relations. The Cepheid magnitudes are shown for the 19 SN hosts and the four distance-scale anchors. Magnitudes labeled as
F160W are all from the same instrument and camera, WFC3 F160W. The uniformity of the photometry and metallicity reduces systematic errors along the distance
ladder. A single slope is shown to illustrate the relations, but we also allow for a break (two slopes) as well as limited period ranges.
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Hubble Constant

• An example: SN 2011by

12 Friedman et al.

Figure 5. Gallery of 28 PAIRITEL J-band Mosaics

A subset of 28 PAIRITEL J-band Mosaics from the set of 94 CfAIR2 SN Ia observed with PAIRITEL from 2005-2011. SN Ia are marked by green circles (color
online) and crosshairs. SN names are of the shortened form 06X = SN 2006X. North and East axes for all mosaics are indicated in the lower right corner of the figure.
Non-IAUC SN Names include: 10bjs=snPTF10bjs, 10icb=snPTF10icb, snf02=snf20080514-002, snf00=snf20080522-000, snf01=snf20080522-011, ps10w=PS1-10w.

Figure 3. Images of Cepheid hosts. Each image is of the Cepheid host indicated. The magenta outline shows the field of view of WFC3/IR, 2 7 on a side. Red dots
indicate the positions of the Cepheids. Compass indicates north (long axis) and east (short axis).
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Figure 12. PAIRITEL CfAIR2 NIR LCs: 94 SN Ia and 4 SN Iax

94 CfAIR2 NIR SN Ia LCs. Data points in magnitudes are show for J (blue), H + 3 (green), and Ks + 6 (red). Uncertainties are comparable to the sizes of
the plot symbols. Plots are for the 88 spectroscopically normal SN Ia except for 6 peculiar SN Ia and 4 SN Iax (also see Fig. 13) marked in the lower right of each panel
with Iap or Iax. Late time discoveries SN 2006E and SN 2006mq, which lack precise tBmax estimates, are displayed last (see Table 11).

See notes below for the lower right corner of some LC plots:
t: tBmax estimated from optical spectra and cross checked with NIR LC features in lieu of early-time optical photometry (see Table 11).
Iap: Peculiar objects, which clearly differ from the mean JHKs LC templates (see Fig. 13).
Iax: SN 2002cx-like objects.
wv: Data from WV08 (only SN 2005cf).
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Figure 12. PAIRITEL CfAIR2 NIR LCs: 94 SN Ia and 4 SN Iax

94 CfAIR2 NIR SN Ia LCs. Data points in magnitudes are show for J (blue), H + 3 (green), and Ks + 6 (red). Uncertainties are comparable to the sizes of
the plot symbols. Plots are for the 88 spectroscopically normal SN Ia except for 6 peculiar SN Ia and 4 SN Iax (also see Fig. 13) marked in the lower right of each panel
with Iap or Iax. Late time discoveries SN 2006E and SN 2006mq, which lack precise tBmax estimates, are displayed last (see Table 11).

See notes below for the lower right corner of some LC plots:
t: tBmax estimated from optical spectra and cross checked with NIR LC features in lieu of early-time optical photometry (see Table 11).
Iap: Peculiar objects, which clearly differ from the mean JHKs LC templates (see Fig. 13).
Iax: SN 2002cx-like objects.
wv: Data from WV08 (only SN 2005cf).
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Figure 12. PAIRITEL CfAIR2 NIR LCs: 94 SN Ia and 4 SN Iax

94 CfAIR2 NIR SN Ia LCs. Data points in magnitudes are show for J (blue), H + 3 (green), and Ks + 6 (red). Uncertainties are comparable to the sizes of
the plot symbols. Plots are for the 88 spectroscopically normal SN Ia except for 6 peculiar SN Ia and 4 SN Iax (also see Fig. 13) marked in the lower right of each panel
with Iap or Iax. Late time discoveries SN 2006E and SN 2006mq, which lack precise tBmax estimates, are displayed last (see Table 11).

See notes below for the lower right corner of some LC plots:
t: tBmax estimated from optical spectra and cross checked with NIR LC features in lieu of early-time optical photometry (see Table 11).
Iap: Peculiar objects, which clearly differ from the mean JHKs LC templates (see Fig. 13).
Iax: SN 2002cx-like objects.
wv: Data from WV08 (only SN 2005cf).

Friedman et al. 2014
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Hubble Constant

Latest SN Ia Hubble diagram

with blending higher than the inner region of NGC 4258 to the
remaining 13. The difference in the mean model residual
distances of these two subsamples is 0.02±0.07 mag,
providing no evidence of such a dependence.

4.2. Optical Wesenheit Period–Luminosity Relation

The SH0ES program was designed to identify Cepheids from
optical images and to observe them in the NIR with F160W to
reduce systematic uncertainties related to the reddening law, its
free parameters, sensitivity to metallicity, and breaks in the P–L

relation. However, some insights into these systematics may be
garnered by replacing the NIR-based Wesenheit magnitude, mH

W ,
with the optical version used in past studies (Freedman et al.
2001), ( )= - -m I R V II

W , where R≡AI/(AV− AI) and the
value of R here is ∼4 times larger than in the NIR. The
advantage of this change is the increase in the sample by a little
over 600 Cepheids in HST hosts owing to the greater FOV of
WFC3/UVIS. Of these additional Cepheids, 250 come from
M101, 94 from NGC 4258, and the rest from the other SN hosts.
In Table 8 we give results based on Cepheid measurements of
mI

W instead of mH
W for the primary fit variant with all four

Figure 10. Complete distance ladder. The simultaneous agreement of pairs of geometric and Cepheid-based distances (lower left), Cepheid and SN Ia-based distances
(middle panel) and SN and redshift-based distances provides the measurement of the Hubble constant. For each step, geometric or calibrated distances on the x-axis
serve to calibrate a relative distance indicator on the y-axis through the determination of M or H0. Results shown are an approximation to the global fit as discussed in
the text.
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Hubble Constant
Caveats

– local calibrators still uncertain
• Large Magellanic Cloud
• Maser in NGC 4258
• in the future geometric distances (parallaxes) to 

nearby Cepheids

– extinction
• absorption of light by dust in the Milky Way and 

in the host galaxy
• corrections not always certain

– peculiar velocities of galaxies
• typically around 300 km/s
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Hubble Constant

Latest values
biases in identifying these we use current results from the four
SN-independent projects shown in Figure16 of Planck Colla-
boration et al. (2014): IR Tully–Fisher from Sorce et al. (2012), 2
strong lenses from Suyu et al. (2013), 4 distant maser systems
from Gao et al. (2016), and 38 SZ clusters from Bonamente et al.
(2006). These are plotted in Figure 13. A simple weighted average
of these SN-independent measurements gives H0=73.4±
2.6 km s−1Mpc−1, nearly the same as our primary fit though
with a 45% larger uncertainty. The most precise of these is from
the analysis of two strong gravitational lenses and yields
H0=75±4 km s−1Mpc−1 (Suyu et al. 2013), a result that is
both independent of ours and has been reaffirmed by an
independent lensing analysis (Birrer et al. 2015). However, we
note that while lensing provides an independent, absolute scale,
the transformation to H0 depends on knowledge of H(z) between
z=0 and the redshifts of the two lenses (z=0.295 and
z=0.631) which may be gathered from parameter constraints
from the CMB or from an empirical distance ladder across this
redshift range. Either approach will add significantly to the overall
uncertainty. Given the breadth of evidence that the local
measurement of H0 is higher than that inferred from the CMB
and ΛCDM it is worthwhile to explore possible cosmological
origins for the discrepancy.

We may consider the simplest extensions of ΛCDM which
could explain a difference between a local and cosmological
Hubble constant of ∼4–6 km s−1Mpc−1. We are not the first to
look for such a resolution, though the roster of datasets examined
has varied substantially and evolves as measurements improve
(Dvorkin et al. 2014; Leistedt et al. 2014; Wyman et al. 2014;
Aubourg et al. 2015; Cuesta et al. 2015). The simplest
parameterizations of dark energy with w0<−1 or with
w0>−1 and wa<0 can alleviate but not fully remove tension
with H0 (see Figure 13) due to support for w(z)∼−1 signal from
high-redshift SNe Ia and BAO (Aubourg et al. 2015; Cuesta et al.
2015, see Figure 14). A very recent (z<0.03) and dramatic
decrease in w or an episode of strong dark energy at
3<z<1000 may evade detection and still produce a high
value of H0. Whether such a model creates additional tensions will
depend on its prescription and still, if empirically motivated, is
likely to suffer from extreme fine-tuning.

A synthesis of the studies cited above indicates a more fruitful
avenue is found in the “dark radiation” sector. An increase in the
number of relativistic species (dark radiation; e.g., neutrinos) in
the early universe increases the radiation density and expansion
rate during the radiation-dominated era, shifting the epoch of
matter-radiation equality to earlier times. The resulting reduction
in size of the sound horizon (which is used as a standard ruler for
the CMB and BAO) by a few percent for one additional species
(Neff=4) increases H0 by about 7 km s−1Mpc−1 for a flat
universe, more than enough to bridge the divide between the local
and high-redshift scales. A fractional increase (i.e., less than unity)
is also quite plausible for neutrinos of differing temperatures or
massless bosons decoupling before muon annihilation in the early
universe (e.g., Goldstone bosons; Weinberg 2013), producing
ΔNeff=0.39 or 0.57 depending on the decoupling temperature.
An example of such a fit comes from Aubourg et al. (2015) using
a comprehensive set of BAO measurements and Planck data,
finding Neff=3.43±0.26 and H0=71±1.7 km s−1Mpc−1. A
similar result from WMAP9+SPT+ACT+SN+BAO gives
Neff=3.61±0.6 andH0=71.8±3.1 km s−1Mpc−1 (Hinshaw
et al. 2013). Thus, a value of ΔNeff in the range 0.4–1.0 would
relieve some or all of the tension. Although fits to the Planck

dataset (Planck Collaboration et al. 2015) do not indicate the
presence of such additional radiation, they do not exclude this full
range either.
Allowing the Neff degree of freedom triples the uncertainty in

the cosmological value of H0 from Planck Collaboration et al.

Figure 13. Local measurements of H0 compared to values predicted by CMB
data in conjunction with ΛCDM. We show 4 SN Ia-independent values
selected for comparison by Planck Collaboration et al. (2014) and their
average, the primary fit from R11, its reanalysis by Efstathiou (2014) and the
results presented here. The 3.4σ difference between Planck+ΛCDM (Planck
Collaboration et al. 2016) and our result motivates the exploration of
extensions to ΛCDM.

Figure 14. Confidence regions determined with CosmoMC based on the data
from Planck (TT+TEB+lensing), BAO including Lyα QSOs, the JLA SN
sample (Betoule et al. 2014) and with and without our determination of H0 for
the wCDM cosmological model. As shown there is a degeneracy between w
and H0 and the local measurement of H0 pulls the solution to a lower value of w
though it is still consistent with −1.
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Expanding Photosphere Method

• Modification of Baade-Wesselink method 
for variable stars

• Assumes

– Sharp photosphere 
à thermal equilibrium

– Spherical symmetry 
à radial velocity

– Free expansion
19
74
Ap
J.
..
19
3.
..
27
K

Kirshner & Kwan 1974
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Photosphere Expansion

• Measured from absorption lines

– formed close to the photosphere

• not hydrogen lines à Fe II 

– remove redshift (from galaxy spectrum)

• Colour

– K-corrections
(redshift)
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Figure 2.6: Observed (black) and rest frame (cyan) spectrum of SN 2013eq (z =
0.041± 0.001) obtained with the OSIRIS mounted on the GTC on October 6th, 2013,
overlaid with the SDSS u′g′r′i′z′ filter transmission curves.

the problem arising for broad-band photometric measurements due to this shift in the

spectrum. For example, while in the observed frame the prominent Hα emission con-

tributes only very little towards the r′ magnitude, in the SN frame the Hα emission is

almost entirely encompassed by the filter. Consequently, observed magnitudes do not

necessarily reflect the true SN brightness. The transformation between the observed

apparent magnitude, mx, in a filter x, to the rest frame absolute magnitude, My, in a dif-

ferent filter y requires the aid of K-corrections (Oke & Sandage 1968; Kim et al. 1996;

Hogg et al. 2002):

My = mx − µ − Ax − Kxy, (2.2)

where µ is the distance modulus, Ax is the foreground reddening extinction toward the

source in the observed filter x and Kxy is the K-correction from observed filter x to rest

frame filter y. It is defined as (following the formulation of Hogg et al. 2002):

Kxy = −2.5log

⎡

⎢

⎢

⎢

⎢

⎢

⎣

1
1 + z

∫

λ!Lλ(
λ!
1+z

)S x(λ!) dλ!
∫

λ⋆g
y

λ(λ⋆)S y(λ⋆) dλ⋆
∫

λ!gx
λ(λ!)S x(λ!) dλ!

∫

λ⋆Lλ(λ⋆)S y(λ⋆) dλ⋆

⎤

⎥

⎥

⎥

⎥

⎥

⎦

, (2.3)

where z is the redshift of the SN, λ⋆/! are the wavelengths in the rest/observed frame,

Lλ(λ) is the luminosity of the source at the wavelength λ, S x/y(λ) are the filter responses

of the x and y filters per unit wavelength and g
x/y

λ (λ) are the flux densities per unit

wavelength for a standard source in the x and y filters.

K-corrections were computed by using the acquired spectra of a respective SN and

the snake code (SuperNova Algorithm for K-correction Evaluation) within the S3 pack-
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Photosphere Expansion

Elmhamdi et al. (2003)Hamuy et al. (2001)

luminosity

radius

temperature
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Expanding Photosphere Method

𝜃 =
𝑅
𝐷 =

𝑓v
𝜁v'𝜋𝐵y 𝑇

	
�

; 	𝑅 = 𝑣 𝑡 − 𝑡5 + 𝑅5; 	𝐷{ =
𝑣
𝜃 (𝑡 − 𝑡5)

• R from radial velocity

– Requires lines formed close to the photosphere

• D from the surface brightness of the black 
body

– Deviation from black body due to line opacities

– Encompassed in the dilution factor 𝜁'
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Expanding Photosphere Method

• Multiple filters

• Influence of known date of explosion

A&A proofs: manuscript no. WholeSample_paper
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Fig. C.3: Distance fit for PS1-13wr using ζBVI as given in Hamuy et al. (2001) (left panel) and Dessart & Hillier (2005) (right panel).
The diamond markers denote values of χ through which the fit is made.
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ously been observed (e.g. Hamuy et al. 2001; Jones et al.
2009).

– For some SNe the photometry provides independent esti-
mates of the time of explosion. In theses cases we use the
“observed” explosion epoch as an additional data point in
the fit and are able to significantly reduce the error in the
distance determination.

– In Section 3.4.2 we derived an epoch dependent vHβ/vFe 5169
ratio, which after about 30 days begins to diverge signifi-
cantly for the individual SNe. In those cases where we ap-
ply this ratio, we therefore only include data up to ∼ 30 days
from explosion.

– Jones et al. (2009) argue that after around 40 days from ex-
plosion the linearity of the θ/v versus t relation in Type II-
P SNe deteriorates. Considering the scarcity of data points
for our SNe, we use data up to ∼ 60 days from explosion
for the distance fits, whenever viable. For most SNe in our
sample the χ-t⋆ relation seems to be linear also in this ex-
tended regime. The exception is the PS1-14vk; a Type II-L
SN. A comparison between Figures 4 and 5 clearly illustrates
a breakdown in the linearity of the χ-t⋆ relation in the inter-
val between +33 and +49 days. When performing a χ-t⋆ fit

beyond the linear regime the distances are overestimated sig-
nificantly and the estimated epoch of explosion is consider-
ably earlier than when using only the linear regime. In light
of PS1-14vk being a Type II-L SN, this raises the question
whether the χ-t⋆ relation is generally valid for a shorter pe-
riod of time in SNe II-L compared to SNe II-P.

– Our errors on the distances (averaged over the BVI filters)
span a wide range between ∼ 3 % and ∼ 54 %, essentially de-
pending on the quality of the available data for each SN. E.g.
a strong constraint on the epoch of explosion reduces the un-
certainty of the distance fit significantly. Our final as well
as intermediate errors account for the uncertainties from the
photometry, the SN redshift, the K-corrections, the photo-
spheric velocities and – for the SNe 2013eq and PS1-13wr –
the dust extinction in the host galaxy.

Our intermediate results are presented in Table B.3 in the
appendix and a summary in Table 4. We have taken great care
to proceed with all SNe in the same manner as far as possi-
ble. Nonetheless, a case-by-case evaluation cannot be avoided
entirely. In the following we outline the particularities for each
individual SN.

Article number, page 9 of 37page.37
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Expanding Photosphere Method
• Principle difficulties

– Explosion geometry/spherical symmetry

– Uniform dilution factors?

• Develop tailored spectra for each supernova 
à Spectral-fitting Expanding Atmosphere Method 
(SEAM)

– Absorption 

• Observational difficulties

– Needs multiple epochs 

– Spectroscopy to detect faint lines

– Accurate photometry
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Standardizable Candle Method
Introduced by Hamuy & 
Pinto (2002)

– Normalised luminosity 
during the plateau 
phase of SNe IIP

– Normally at 50 days
after explosion

Used widely for SNe IIP
– Nugent et al. 2006
– Poznanski et al. 2009
– Olivares et al. 2010
– Maguire et al. 2010
– Polshaw et al. 2015

L64 SNe II AS STANDARDIZED CANDLES Vol. 566

TABLE 1
Redshifts, Magnitudes, and Expansion Velocities of the 17 Type II Supernovae

SN
czCMB

(!300 km s!1) A (V )GAL

A (V )host

(!0.3 mag) Vp Ip
vp

(km s!1) References

1986L . . . . . . . 1293 0.099 0.00 14.57(05) … 4150(300) 1
1987A . . . . . . . … 0.249 0.22 3.42(05) 2.45(0.05) 2391(300) 2, 3
1988A . . . . . . . 1842 0.136 0.00 15.00(05) … 4613(300) 1, 4
1990E . . . . . . . 1023 0.082 1.00 15.90(20) 14.56(0.20) 5324(300) 1, 5
1990K . . . . . . . 1303 0.047 0.50 14.50(20) 13.90(0.05) 6142(2000) 1, 6
1991al . . . . . . . 4484 0.168 0.15 16.62(05) 16.16(0.05) 7330(2000) 1
1992af . . . . . . . 5438 0.171 0.00 17.06(20) 16.56(0.20) 5322(2000) 1
1992am . . . . . . 14009 0.164 0.30 18.44(05) 17.99(0.05) 7868(300) 1
1992ba . . . . . . . 1165 0.193 0.00 15.43(05) 14.76(0.05) 3523(300) 1
1993A . . . . . . . 8933 0.572 0.00 19.64(05) 18.89(0.05) 4290(300) 1
1993S . . . . . . . . 9649 0.054 0.30 18.96(05) 18.25(0.05) 4569(300) 1
1999br . . . . . . . 1292 0.078 0.00 17.58(05) 16.71(0.05) 1545(300) 1
1999ca . . . . . . . 3105 0.361 0.30 16.65(05) 15.77(0.05) 5353(2000) 1
1999cr . . . . . . . 6376 0.324 0.00 18.33(05) 17.63(0.05) 4389(300) 1
1999eg . . . . . . . 6494 0.388 0.00 18.65(05) 17.94(0.05) 4012(300) 1
1999em . . . . . . 669 0.130 0.18 13.98(05) 13.35(0.05) 3557(300) 1
2000cb . . . . . . . 2038 0.373 0.00 16.56(05) 15.69(0.05) 4732(300) 1

References.—(1) Hamuy 2001; (2) Hamuy & Suntzeff 1990; (3) Phillips et al. 1988; (4) Benetti, Capellaro, &
Turatto 1991; (5) Schmidt et al. 1993; (6) Capellaro et al. 1995.

Fig. 1.—Expansion velocities from Fe ii l5169 vs. bolometric luminosity,
both measured in the middle of the plateau (day 50). Ridge line is a weighted
fit to the points and corresponds to (with reduced of 0.7).0.33(!0.04) 2v ∝ L xpp

Fig. 2.—Bottom: Raw Hubble diagram from SNe IIP V magnitudes. Top:
Hubble diagram from V magnitudes corrected for envelope expansion velocities.

solution:

vpV ! A " 6.504(!0.995) logp V ( )5000

p 5 log (cz)! 1.294(!0.131). (1)

The scatter drops from 0.95 to 0.39 mag, thus demonstrating
that the correction for expansion velocities standardizes the
luminosities of SNe II significantly. It is interesting to note that
most of the spread comes from the nearby SNe, which are
potentially more affected by peculiar motions of their host
galaxies. When we restrict the sample to the eight objects with

km s!1, the scatter drops to only 0.20 mag. Thiscz 1 3000
implies that the standard candle method can produce relative

distances with a precision of 9%, which is comparable to the
7% precision yielded by SNe Ia.
Figure 3 shows the same analysis but in the I band. In this

case the scatter in the raw Hubble diagram is 0.80 mag, which
drops to only 0.29 mag after correction for expansion velocities.
This is even smaller that the 0.39 spread in the V band, possibly
due to the fact that the effects of dust extinction are smaller
at these wavelengths. The least-squares fit yields the following
solution:

vpI ! A " 5.820(!0.764) logp I ( )5000

p 5 log (cz)! 1.797(!0.103). (2)

Hamuy & Pinto 2002



3rd Azores School on Observational Cosmology Bruno Leibundgut

Standardizable Candle Method

• Straightforward simple method

– Only few observations required

• Issues

– Need to know explosion time

• Often not too obvious from observational data

– Measurement during a ’faint’ epoch

• Plateau and not maximum

– Spectroscopy often difficult

• Faint phase and faint lines

• Attempts to use prominent hydrogen lines 
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Standard Candle Method

• Applied to significant samples now10 de Jaeger et al.

velocity when only one spectrum is acquired without assum-
ing the same power-law exponent.

5.2. Methodology
To plot the Hubble diagram, as in Section 4, we run a

MCMC calculation and minimise the negative log of the same
likelihood function (equation 6) but now using another model
where instead of s2 we have now H� velocities:

mmodel
�1 =M�1 � ↵log10

✓
vH�

< vH� > km s�1

◆

+��1(m�2 �m�3) + 5log10(DL(zCMB |⌦m,⌦⇤)),
(10)

where DL(z|⌦m,⌦⇤), zCMB , M�1, ↵, and ��1 are defined
in the previous section and as �2

tot is defined as:

�2
tot =�2

m�1
+ (

↵

ln10

�vH�

vH�
)2 + (��(m�2�m�3))

2

+

✓
�z

5(1 + z)

z(1 + z/2)ln(10)

◆2

+ �2
int.

(11)

Note that equation 10 is the same used by D’Andrea et al.
(2010) and Poznanski et al. (2009) but they used the expan-
sion velocity measured from the Fe II line instead of using the
H� line as we do. As for the PCM, we center the velocity
and colour distributions, i.e, we divide the distribution by the
mean velocity (< vH� > ⇠ 5900 km s�1) and mean colour
(< (m�2�m�3) >⇠ -0.02) of the whole sample respectively.

5.3. Results
5.3.1. Fixed cosmology

The same colour term as the PCM is used, and we plot the
Hubble diagram for an epoch of 45 days in the rest-frame
post-explosion. This epoch is the one with the smallest �int

and is consistent with 50 days in the rest-frame post-explosion
used by other SN II cosmology works. Our sample at this
specific epoch and combination is composed of 61 SNe II.
We find an intrinsic dispersion of 0.27 mag, i.e., 12% in
distance errors. The use of the SCM allows us to reduce the
intrinsic scatter from 0.55 mag (raw magnitudes) to 0.27 mag,
i.e., an improvement of 13% in distance errors. We derive
↵ = 3.18+0.41

�0.40, � = 0.97+0.26
�0.25, and M�1 = �1.13+0.04

�0.04.
Assuming a Hubble constant of H0=70 km s�1 Mpc�1,
an absolute magnitude Mi = �16.91+0.04

�0.04 is obtained
from M�1. The Hubble diagram and its associated Hubble
residual are plotted in Figure 4. As we can see using this
method we are only able to reach redshift around 0.2 where
the distinction between cosmological models is very small.

We performed the same residual analysis between the data
and the ⇤CDM cosmological model and find the same conclu-
sions: no autocorrelation, no outliers according to the Chau-
venet’s criterion and finally, we cannot reject the null hypoth-
esis that the residuals come from a Gaussian distribution.

5.3.2. ⌦m derivation

As done in Section 4.2.2, in this section, we try to derive
cosmological parameters. For the SCM the highest redshift

FIG. 4.— Hubble diagram for SNe II, using the SCM and all the SNe II
available at this epoch from the CSP-I, SDSS-II, and SNLS sample. Black
dots represent the SNe II from the CSP-I whereas the cyan squares and ma-
genta triangles are the SDSS-II and the SNLS sample respectively. Red line
is the Hubble diagram for the ⇤CMB (⌦m=0.3 and ⌦⇤=0.7) and in magenta
line for an Einstein-de Sitter cosmological model (⌦m=1.0 and ⌦⇤=0.0). In
both models, we assume a Hubble constant of 70 km s�1 Mpc�1. In the
bottom panel, the residuals with respect to the ⇤CMB are shown. We also
present the number of SNe II available at this epoch (NSNe), the epoch after
the explosion (Date), the Root Mean Square (RMS) and the intrinsic disper-
sion (�int).

used is too small to put constraints on the dark energy den-
sity and matter density. Despite this, the same MCMC cal-
culation done in the Section 4.2.2 for a flat Universe is per-
formed. Figure 5 presents the same as Figure 2 but this time
using the SCM. We find values consistent with that found
with a fixed cosmology: ↵ = 3.18+0.41

�0.41, � = 0.97+0.26
�0.25, and

M�1 = �1.13+0.04
�0.04, and �int = 0.29+0.03

�0.03.
For the matter density we see a less pronounced drop

than that obtained using the PCM. The value derived for the
matter density is ⌦m = 0.41+0.31

�0.27, which corresponds to
⌦� = 0.59+0.27

�0.31. In Figure 5 the blue lines represent the
value derived using a simple likelihood minimisation (with-
out MCMC), e.g. for the density matter we obtain ⌦m= 0.20
± 0.49. The difference in the matter density error between
the SCM and the PCM (0.49 versus 0.30) is not due to the
method (the intrinsic dispersion is better for the SCM) but is
due to the redshift range and the number of SNe II. We clearly
require higher redshift SNe II (z�0.3) to derive cosmological
parameters and obtain better constraints on the matter density.

6. DISCUSSION
6.1. Sample Comparison

In this part, we will compare the three samples used for this
work and with the SCM: CSP-I, SDSS-II, and SNLS. In Fig-
ure 6 (top), we compare the absolute magnitude uncorrected
for velocity or host extinction and assuming a standard cos-
mology (⌦m = 0.3, and ⌦⇤ = 0.7). Even if the number of
SNe II used is very different (40 for CSP-I, 16 for SDSS-II,
and 5 for SNLS), the luminosity distribution appears differ-
ent. The CSP-I sample has absolute magnitudes over a range
of 2 magnitudes which is expected for SNe II. For the SDSS-
II sample, as found by D’Andrea et al. (2010), it spreads only
a small range of absolute magnitude (0.7 mag). The authors
explained the lack of any dim SNe II above z=0.10 by the

de Jaeger et al. 2017
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Summary

Hubble constant

– local value through distance ladder

• parallax à Cepheids à SNe Ia

• EPM

• yield values around 70 km s-1 Mpc-1

– consistent with values derived from cosmic 
microwave background (Planck, WMAP)

• requires full cosmological model
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Reach of Gaia

Parallaxes to a fair fraction of the Milky Way

– galaxy structure

• spiral arms, disk, bulge, halo

– galaxy dynamics

– average distance to the LMC
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Gaia and H0

• Calibrate Cepheid distances with 
parallaxes

– long-period Cepheids so far not accessible

• Single step to the SNe Ia

• Helps to bypass intermediate steps and 
calibrators

– reduced uncertainty on H0

• Goal: uncertainty less than 1%
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