
ESO Knowledge Exchange Series – 24 September 2018 Bruno Leibundgut

Cosmology with Supernovae

Bruno Leibundgut



ESO Knowledge Exchange Series – 24 September 2018 Bruno Leibundgut

Cosmology with Supernovae
• Fundamentals

– Observables

– Theory

• Supernovae as distance indicators

– Tests of General Relativity

• Time dilation

• Distance duality

– Hubble Constant !0
– Mapping the expansion history (#$, Ω', Ω()
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Cosmic Distances

Separate the observed distances !(#) into 
the expansion factor %(#) and the fixed 
part & (called comoving distance)

! # = % # &

x

x
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Calculating Distances

Simple example of distances in flat space:
– Coordinates ! and "

• Distance: #$2 = #!2 + #"2 (Cartesian)
– Coordinates ( and )

• Distance: #$2 = #(2 + (2 #)2
– In general:

d$+ = ,
-,/01,+

234#!3 #!4
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Cosmic 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

!"# = .!/ !- !0 !1
−1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1

.!/
!-
!0
!1
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Calculating Distances
Expanding universe with scale parameter !(#)

%&' = )%# %* %+ %,
−1 0 0 0
0 !'(#) 0 0
0 0 !'(#) 0
0 0 0 !'(#)

)%#
%*
%+
%,

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

%&2 is proper space and the metric 123 is the 
conversion from the coordinates %*2

x

x
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Geodesic and 
Coordinate Transformation

Simple case: 

– Minkowski space (flat):

– movement of a force-free 
particle (geodesic): 

!"#$
!%" = 0,)*+ℎ -. = -, / (Cartesian coordinates)

– How does this look like in polar coordinates?

-’* = 1, Θ ⟹ !"#$
!%" ≠ 0 !!!



ESO Knowledge Exchange Series – 24 September 2018 Bruno Leibundgut

An everyday !"# system
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Geodesic

General equation of a freely moving particle
!"#$%
!&" + Γ)*%

!#$*
!&

!#$)
!& = 0

• Note the affine connection (Christoffel 
Symbol) Γ)*% = 0 for Cartesian coordinates
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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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Lemaître Robertson Walker Metric

Assumes homogeneity and isotropy

Line element in polar metric has angular 
and radial components

!"# = −&#!'# + )# ' !*#
1 − ,*# + *

#!-# + *# sin# -!1#

233 = −1; 255=
)# '
1 − ,*# ;

266 = )# ' *#; g88= )# ' *# sin# -

θ

Φ
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Light ray coming towards us

No angular dependence, hence

!"# = ±&(#) ")
1 − ,)-

and integrated

. = &/
0

1 ")
1 − ,)-

= &2())

with 

2 ) = 3
arcsin ) , = 1
) , = 0
arcsinh ) , = −1
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Strange Consequences

• k=1
– closed universe

– distances increase and then decrease again 
with increasing !

• k=0
– ‘critical’ universe

– expands forever

• k=-1
– open universe

– expands forever
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The Energy-Momentum Tensor

Use the form for the ‘perfect fluid’

!"# =
%&' 0 0 0
0 ) 0 0
0 0 ) 0
0 0 0 )
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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:

!"" −
1
2&""! =

8)*
+, -""

– -00 = 0+2 (energy density)

– time part !"" − 1
2&""! =

3
45

7̇
7
2
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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

"̇#
"# +

%
"# =

8()
3 + ,
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Friedmann Equation

Put the various densities into the Friedmann equation
"̇#

"#
= %# =

8'(
3

* + −
-
"#

=
8'(
3

*. + *0 + *123 −
-
"#

Use the critical density *3456 =
789:

;<=
≈ 2 ⋅ 10C#D E FGC7 (flat 

universe), define the ratio to the critical density Ω = I
IJKLM

Most compact form of Friedmann equation

1 = Ω. + Ω0 + Ω123 + ΩN

with ΩN = − N
2:8:
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Dependence on Scale Parameter 

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

!" ∝ $%& !' ∝ $%( !)*+ = -./01
Combining this with the critical densities 
we can write the density as

! = 3345
878 Ω"

$4
$

&
+ Ω'

$4
$

(
+ Ω; + Ω<

$4
$

5

and the Friedmann equation
35 = 345 Ω" 1 + > & + Ω' 1 + > ( + Ω; + Ω< 1 + > 5
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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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Cosmological Redshift

For two different times we get

!"#
$ "#

= !"&
$ "&

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

If the time intervals !" are interpreted as 

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

!"#
!"&

= '&
'#
= $ "#
$ "&

= 1
1 + *

with * as the redshift between the two times
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Energy-Momentum Tensor

• The time (00) component of the Einstein 
equations is 

"̈
" = −4&'3)* (,)

* + 3.)
• As long as pressure and density are 

positive the universe decelerates "̈ < 0.

• Acceleration requires ,)* + 3. < 0 or 

2 < −3
4.   



ESO Knowledge Exchange Series – 24 September 2018 Bruno Leibundgut

Energy-Momentum Tensor

• A general form is an equation of state 
! = #$%&. # is the equation of state 
parameter.

• Inserting this into the conservation 

equation gives 
(̇
( = −3(1 + #) /̇/

which integrates to
log $ = −3 1 + # log 3 + %4567.

• Exponentiating yields $ ∝ 3:; <=>
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Matter

• The pressure in matter is negligible 
compared to the mass content 
(think !"#) and hence $ = 0

• Thus '( ∝ *+,
• Inserting this in the Friedmann equation 

for a flat universe (k=0) provides the time 
dependence of the scale factor

* - ∝ - .# ,
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Radiation

• Radiation decreases with the volume 
(i.e. number of photons), but has one 

additional factor due to the redshift ! = #
$

and hence %& ∝ ()*
• The time dependence here is now 

( + ∝ +
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Vacuum energy

• A special case is !" = $%&'(.
• In this case the density is associated to 

the vacuum

• Now the scale factor grows exponentially

* ( ∝ ,-.
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With the equation of state parameter w

General luminosity distance

!" =
1 + & '
() *+

, Ω. /
)

0

Ω. 1 + &1 2 +3
4
Ω4 1 + &1 5 6789

:62
;&′

– with Ω. = 1 − ∑4 Ω4 and ?4 = @9
A9BC

• wD = 0 (matter) 

• wF = ⅓ (radiation) 

• wL = −1 (cosmological constant)
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Synopsis
• Gravity à Einstein Equations

– ’Contents’ à Energy-momentum tensor

• perfect fluid, density, pressure

• dependence on different contents 
– matter, radiation, vacuum, curvature

– FRW metric (isotropy, homogeneity) à
different curvature models

• Time evolution à Friedmann Equation

– Hubble constant

• Redshift à related to scale factor
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Lookback Time
Consider

! =
$̇
$ =

da
dt
1
a = dt ln

a t
a+

=
1
dt ln

1
1 + z = −

1
1 + z

dz
dt

Inserting into the Friedmann equation we 
find the equation for the time interval

/0 =
−/1

!+ 1 + 1 Ω3 1 + 1 4 + Ω5 1 + 1 6 + Ω7 + Ω8 1 + 1 9

and integrating
0+ − 0: =

1
!+

;
+

<=
/1

1 + 1 Ω3 1 + 1 4 + Ω5 1 + 1 6 + Ω7 + Ω8 1 + 1 9

Age in a matter dominated universe (01 = 0, 1 = ∞)
0+,3 = :

AB
∫+
D E<

:F< G/I =
9
4AB

and 0+,5 =
:
9AB
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Cosmic Distances
We can now also express the luminosity 

distance !" = $%&' 1 + * in these terms

– from the metric for a light ray coming towards 

us we have +,
-+.

= '/012

3 .
which turns into 

45
6

+1
'/012

= 1 + * 78

– after integration we have (using 78 from above) 
35
- ∫%

1: +1
'/012

= ∫%
;: +;

<5 =>?@@AB 'C; DC=B?E 'C; FC=GC=H 'C; 2

– solutions of the left side are 35
-
×

4J6KLM 1: 0
0

N > 0
&' N = 0
4J6KLMQ 1: /0

/0
N < 0
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Luminosity Distance

Putting this together with the appropriate 

trigonometric functions gives

D" = $%&' 1 + * = + ',-
./ 01

2 Ω4 ∫%
- 6-7

08 ',-7 9,0: ',-7 ;,0<,01 ',-7 =

with 2 > = ?
sin > C > 0
> C = 0
sinh > C < 0

Luminosity distance as a function of today’s 
measurements (H0, Ω’J) and the redshift *



ESO Knowledge Exchange Series – 24 September 2018 Bruno Leibundgut

Luminosity Distance
– The rate of the photon arrivals is reduced by 

a factor ! "#
! "$

= &
&'( and the energy of the 

photons () = ℎ+) is also reduced by a factor 

(1 + /) (remember luminosity L is energy per 

time)

1 = 2
445&676 89 1 + / 6

– Set :; = 5&7 89 1 + / and we recover the 

equation for the luminosity distance 1 = ;
<=>?@
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Angular size distance

– A different method is to measure the angle 

of a distant object of known size !" = $
%

(here & is the size of the object; ' the observed angle)

– Inspection of the metric (here we only need 

the gθθ part), which gives & = ()* +) '
and inserting this in the equation above 

yields !" = ()* +) and with 
, -.
, -/

= )
)01

we find  
23
24
= 1 + 7 8

.
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Distance Duality

This is quite remarkable for high redshifts

– the physical distances differ for the same 
redshift!

– an object for which we could measure the 
angular size distance and the 
luminosity distance would give 
a different number of !"#!

– a direct consequence of 
general relativity $%

$&
= 1 + * +
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Distance Duality
• Now measured in several systems

– galaxy clusters
• Sunyaev-Zeldovich effect

• gravitational lenses

• Type II Supernovae

– use two different methods to the same object

– Expanding Photosphere Method

• equates luminosity distance with angular size 
distance

– Standardizable Candle Method
• pure luminosity distance
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Expansion of the Universe

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

!" =
$%
&'

1 + 12 1 − ,' % −
1
6 1 − ,' − 3,'/ + 0' ±

$/
&'/2/

%/ + 3 %4

&' =
6̇
6 ,' = − 6̈6 &'

8/ 0' =
6⃛
6 &'

84

Hubble’s Lawdeceleration jerk/equation of state
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Local Universe (! ≪ 1)
Hubble Law

$ = &
'(

= )!
'(

Luminosity distance

$* =
+
4-.

Distance modulus
/−1 = 5 log $* − 5

Distance in units of pc
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Hubble Constant

• Measure cosmic expansion velocity per 
unit scale length

!" = $
%&

(units: '( )*+ ,-.*+)
• Ignore higher-order cosmological effects

– de/acceleration

• Spectroscopy à redshift à velocity

• Photometry à brightness à distance
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SN Classification
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Time Dilation in SNe Ia 

Uniform light curve shapes in a given filter

➔ Distant supernovae should show a 
‘slower’ light curve

more importance to brighter peak magnitudes and larger
uncertainties to the fainter parts of the light curve. This is the
reason for the higher x2 of this fit and the much shallower
minimum in the x2 distribution. This method also indicates a
solution for b 5 1.020.25

10.5 and also clearly excludes small values
of b.

In a static universe, time dilation is not expected to act on
the light curve. Redshift in this case is caused by tired light or
an equivalent theory (e.g., the variable mass hypothesis;
Narlikar & Arp 1993) and is linked to distance through
analyses such as the expanding photospheres in Type II
supernovae (Schmidt et al. 1994) and gravitational lenses (Dar
1991). Another manifestation is the redshift–apparent magni-
tude diagram of brightest cluster galaxies (see, e.g., Postman &
Lauer 1995) and SN Ia’s. The small scatter in the Hubble
diagram of Hamuy et al. (1995) supports this redshift-distance
relation. Table 2 lists the fit parameters for the nondilated
light-curve shapes. The global x2 values clearly exclude these
fits. None of the known light curves of local SN Ia’s is slow
enough to match the photometry of SN 1995K (Fig. 2). In
particular, the maximum magnitude is far from the observed
one because of the attempt of the fits to match the premaxi-
mum point. The formal errors of the fit parameters are not
valid, as can be judged from large x2 .

If we take a static universe literally, then SN 1995K was

observed at an earlier phase (16 days before maximum) than
any nearby supernova. In that case, we are depending on
extrapolated premaximum points in the template light curves,
which may not be correct. Therefore, we have removed the
premaximum point from the SN 1995K photometry and
compared it again with light curves of local SN Ia’s. The
quality of the fits improves dramatically (Fig. 2). The maxi-
mum date and magnitude agree much better with the obser-
vations. Slower light curves are clearly favored in this picture.
Nevertheless, even the slowest local templates are qualitatively
worse than dilated light curves; the evolution of SN 1995K was
considerably slower than any of the comparison curves.

3. DISCUSSION

Figure 2 shows the rest-frame B light curve of SN 1995K
compared to the best fits of light curves stretched by the
expected factor (1 1 z) for universal expansion and for non-
dilated templates. Two fits for the nondilated case are shown
that emphasize the importance of the premaximum observa-
tion. The figure demonstrates that without time dilation
effects, SN 1995K must be a unique event unrelated to the
observational data of local SN Ia’s. When we assume universal
expansion, SN 1995K appears as a rather normal SN Ia. The
spectrum shows great similarities to local events that are
regarded as nonpeculiar, the color at maximum (0.0 ,
B 2 V , 0.1) is similar to unreddened nearby SN Ia’s, indi-
cating little if any absorption, and the luminosity is in the range
expected from expanding cosmologies (Schmidt et al. 1996).
The light curve in itself indicates a redshift that is close to the
spectroscopic redshift. Complicating the analysis is the variety
of light-curve shapes observed for nearby SN Ia’s. This effect
has been interpreted as an apparent stretching of an underly-
ing basic template (Perlmutter et al. 1996). However, we know
from detailed analysis that the light-curve behavior is more
complicated (Riess et al. 1995a). The data of SN 1995K,
unfortunately, cannot distinguish which local supernova pro-
vides the best match. We find the formally best fits to indicate
a slightly lower redshift or, equivalently, a slightly retarded
cosmological expansion. All fits are determined very strongly
by the premaximum observation and the latest data points.
This highlights the importance for extended coverage of SN Ia
events to perform this time dilation test. In addition, the
photometric accuracy of the data critically determines the
goodness of the fits.

In a static universe, the Hubble constant is time indepen-
dent and just measures the redshift-distance proportionality.
For a conventional Hubble constant of H0 5 50 km s21 Mpc21 ,
one unit in redshift corresponds to 6000 Mpc. The same
number for H0 5 80 km s21 Mpc21 is 3750 Mpc. The luminos-
ity of SN 1995K in such a static universe is MB 5 219.3 1
5 log (H /50). Our best estimate for the absolute magnitude
that SN 1995K should have when we use the decline rate
relation of Hamuy et al. (1995), however, is MB 5 220.4 H
0.2 1 5 log (H /50), with Dm15 2 0.5 and the most conserva-
tive estimate of the decline-luminosity relation (eq. [11] of
Hamuy et al. 1995). This means SN 1995K should be about
1 mag more luminous than what would be observed in a static
universe model. Note that the extrapolation goes well beyond
the set of objects on which the method is based (0.8 , Dm15

, 1.5). Even compared to the average absolute magnitude
of local supernovae [MB 5 219.7 H 0.25 1 5 log (H /50)],
SN 1995K appears underluminous. In a static universe, SN

TABLE 2
FIT PARAMETERS FOR NONDILATED LIGHT CURVES ( z 5 0)

Comparison Template t max
B a s(t max

B ) Bmax s(Bmax) Vmax s(Vmax) x2 b

Average template . . . . . . . 799.1 0.5 22.27 0.06 22.54 0.05 137.7
SN 1990N. . . . . . . . . . . . . . . . 798.9 0.5 22.32 0.06 22.54 0.05 129.0
SN 1991T . . . . . . . . . . . . . . . . 799.4 0.6 22.38 0.06 22.58 0.05 90.1
SN 1992bc . . . . . . . . . . . . . . . 797.5 0.5 22.36 0.05 22.39 0.05 74.7

a JD 22,449,000.
b Degrees of freedom: 21.

FIG. 2.—Comparison of the SN 1995K photometry with B light curves of
local supernovae. The lines correspond to the best fits assuming a (1 1 z)
stretching as expected from universal expansion. The short-dashed lines
represent the best fit of nondilated light curves to the data, and the long-dashed
lines are the best fits excluding the premaximum observation of SN 1995K.

No. 1, 1996 SN 1995K L23

Leibundgut et al. 1996
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Time dilation

Spectroscopic clock in 
the distant universe

Observed Wavelength [Å]
Blondin et al. (2008)

(z ~ 0.5)

Dtobs [days]
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Time Dilation
‘Tired Light’ can be excluded beyond doubt (Δ"2 = 120)

Blondin et al. (2008)
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Distance to SN PS1-13bni
(! = 0.335)

Use EPM and CSM to measure 
distance to same supernova

Gall et al. 2018

A&A 611, A25 (2018)

Fig. 1. The SNe in our sample and their environments. Short dashes mark the location of the respective supernova (see Table 1 for the exact
coordinates). The images were taken in the SDSS i

0-band on MJD 56 520.89 for SN 2013eq, the i
0-band on MJD 56 462.90 for SN 2013ca, the

r
0-band on MJD 56 625.03 for LSQ13cuw, the iPS1-band on MJD 56 462.31 for PS1-13wr, the i

0-band on MJD 56 768.92 for PS1-14vk, the i
0-band

on MJD 56 205.88 for PS1-12bku, the iPS1-band on MJD 56 422.29 for PS1-13abg, the iPS1-band on MJD 56 414.52 for PS1-13baf, the iPS1-band
on MJD 56 422.34 for PS1-13bmf, the iPS1-band on MJD 56 422.29 for PS1-13atm, and the iPS1-band on MJD 56 432.50 for PS1-13bni.

A25, page 4 of 38

A&A 611, A25 (2018)

Table 4. EPM distances and explosion times for the SNe in our sample.

S N
Dilution Filter DL Averaged DL t

?
0 Averaged t

?
0 t

3
0 Estimate

factor Mpc Mpc days⇤ days⇤ MJD of t0 via

SN 2013ca

H01
B 237± 129

216± 51
13.5± 21.5

9.3+9.7
�9.3 56 382.3+9.7

�10.1

EPM

V 170± 43 0.9± 10.6
I 242± 72 13.6± 16.4

D05
B 247± 115

227± 47
9.3± 21.3

5.7+9.0
�5.7 56 386.1+5.9

�9.4V 180± 43 –1.7± 9.2
I 253± 68 9.4± 13.6

LSQ13cuw

H01 – H�
B 267± 49

267± 24

– – 56 593.4± 0.7 G15

V 270± 42
I 263± 34

D05 – H�
B 306± 57

306± 28V 310± 48
I 303± 39

PS1-13wr

H01
B 325± 200

309± 93
19.2± 22.7

17.7± 11.6 56 330.5± 12.5

EPM

V 282± 161 15.9± 22.1
I 319± 113 18.1± 14.4

D05
B 347± 200

330± 94
17.5± 24.1

16.2± 11.3 56 332.2± 12.1V 302± 161 14.5± 19.7
I 341± 115 16.5± 13.1

PS1-14vk

H01 – all
B 1149± 887

921± 333
79.3± 20.9

59.8± 11.4 56 675.9± 12.4

EPM

V 624± 214 39.8± 19.3
I 989± 409 60.5± 19.2

H01 – lin
B 532± 738

480± 260
26.0± 18.0

21.8± 9.4 56 717.0± 10.1V 375± 142 15.9± 13.2
I 534± 210 23.4± 17.0

D05 – all
B 1147± 953

934± 346
67.6± 20.4

51.6± 11.2 56 684.8± 12.1V 649± 201 34.9± 19.1
I 1005± 356 52.3± 18.7

D05 – lin
B 564± 570

511± 207
23.1± 19.6

19.3± 9.0 56 719.6± 9.7V 403± 142 14.1± 11.6
I 567± 203 20.8± 14.5

PS1-12bku

H01
B 357± 43

357± 21

– – 56 160.9± 0.4 PS1

V 349± 34
I 366± 29

D05
B 409± 49

409± 24V 399± 39
I 419± 33

PS1-13abg

H01
B 474± 54

459± 29

– – 56 375.4± 5.0 PS1

V 440± 47
I 463± 47

D05
B 505± 58

489± 30V 469± 50
I 494± 50

PS1-13baf

H01 – H�
B 689± 740

690± 294

– – 56 408.0± 1.5 PS1

V 717± 426
I 666± 221

D05 – H�
B 790± 854

792± 339V 821± 490
I 763± 254

PS1-13bmf

H01
B 620± 40

622± 21

– – 56 420.0± 0.1 PS1

V 606± 34
I 639± 35

D05
B 705± 45

707± 24V 689± 39
I 727± 41

PS1-13bni

H01 – H�
B 1699± 451

1772± 538
7.3± 12.4

8.1± 5.9 56 401.3± 7.9

EPM

V 1538± 1109 5.4± 8.3
I 2078± 1082 11.7± 9.7

D05 – H�
B 2019± 542

2110± 658
8.6± 13.6

9.5± 6.4 56 400.0± 8.6V 1823± 1349 6.6± 8.8
I 2488± 1336 13.4± 10.5

Notes. (⇤) Days in SN rest frame before discovery. H01 = Hamuy et al. (2001); D05 = Dessart & Hillier (2005); G15 = Gall et al. (2015). PS1 =
PanSTARRS1 photometry and/or non-detections.

A25, page 10 of 38

A&A 611, A25 (2018)

Table 4. EPM distances and explosion times for the SNe in our sample.

S N
Dilution Filter DL Averaged DL t

?
0 Averaged t

?
0 t

3
0 Estimate

factor Mpc Mpc days⇤ days⇤ MJD of t0 via

SN 2013ca

H01
B 237± 129

216± 51
13.5± 21.5

9.3+9.7
�9.3 56 382.3+9.7

�10.1

EPM

V 170± 43 0.9± 10.6
I 242± 72 13.6± 16.4

D05
B 247± 115

227± 47
9.3± 21.3

5.7+9.0
�5.7 56 386.1+5.9

�9.4V 180± 43 –1.7± 9.2
I 253± 68 9.4± 13.6

LSQ13cuw

H01 – H�
B 267± 49

267± 24

– – 56 593.4± 0.7 G15

V 270± 42
I 263± 34

D05 – H�
B 306± 57

306± 28V 310± 48
I 303± 39

PS1-13wr

H01
B 325± 200

309± 93
19.2± 22.7

17.7± 11.6 56 330.5± 12.5

EPM

V 282± 161 15.9± 22.1
I 319± 113 18.1± 14.4

D05
B 347± 200

330± 94
17.5± 24.1

16.2± 11.3 56 332.2± 12.1V 302± 161 14.5± 19.7
I 341± 115 16.5± 13.1

PS1-14vk

H01 – all
B 1149± 887

921± 333
79.3± 20.9

59.8± 11.4 56 675.9± 12.4

EPM

V 624± 214 39.8± 19.3
I 989± 409 60.5± 19.2

H01 – lin
B 532± 738

480± 260
26.0± 18.0

21.8± 9.4 56 717.0± 10.1V 375± 142 15.9± 13.2
I 534± 210 23.4± 17.0

D05 – all
B 1147± 953

934± 346
67.6± 20.4

51.6± 11.2 56 684.8± 12.1V 649± 201 34.9± 19.1
I 1005± 356 52.3± 18.7

D05 – lin
B 564± 570

511± 207
23.1± 19.6

19.3± 9.0 56 719.6± 9.7V 403± 142 14.1± 11.6
I 567± 203 20.8± 14.5

PS1-12bku

H01
B 357± 43

357± 21

– – 56 160.9± 0.4 PS1

V 349± 34
I 366± 29

D05
B 409± 49

409± 24V 399± 39
I 419± 33

PS1-13abg

H01
B 474± 54

459± 29

– – 56 375.4± 5.0 PS1

V 440± 47
I 463± 47

D05
B 505± 58

489± 30V 469± 50
I 494± 50

PS1-13baf

H01 – H�
B 689± 740

690± 294

– – 56 408.0± 1.5 PS1

V 717± 426
I 666± 221

D05 – H�
B 790± 854

792± 339V 821± 490
I 763± 254

PS1-13bmf

H01
B 620± 40

622± 21

– – 56 420.0± 0.1 PS1

V 606± 34
I 639± 35

D05
B 705± 45

707± 24V 689± 39
I 727± 41

PS1-13bni

H01 – H�
B 1699± 451

1772± 538
7.3± 12.4

8.1± 5.9 56 401.3± 7.9

EPM

V 1538± 1109 5.4± 8.3
I 2078± 1082 11.7± 9.7

D05 – H�
B 2019± 542

2110± 658
8.6± 13.6

9.5± 6.4 56 400.0± 8.6V 1823± 1349 6.6± 8.8
I 2488± 1336 13.4± 10.5

Notes. (⇤) Days in SN rest frame before discovery. H01 = Hamuy et al. (2001); D05 = Dessart & Hillier (2005); G15 = Gall et al. (2015). PS1 =
PanSTARRS1 photometry and/or non-detections.
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Table 5. SCM quantities and distances.

S N
Estimate t

3
0 V

⇤
50 I

⇤
50 v50 Estimate of µ DL

of t0 via mjd mag mag km s�1 velocity via mag Mpc

SN 2013ca EPM – H01 56 382.3+9.7
�10.1 19.08± 0.10 18.56± 0.08 5427± 798 Fe ii �5169 36.28± 0.43 180± 36

EPM – D05 56 386.1+5.9
�9.4 19.12± 0.10 18.59± 0.08 5228± 758 36.22± 0.42 176± 34

LSQ13cuw G15 56 593.4± 0.7 20.61± 0.10 20.00± 0.09 5616± 655 H� 37.93± 0.38 385± 67

PS1-13wr EPM – H01 56 330.5± 12.5 21.38± 0.06 20.49± 0.07 4458± 963 Fe ii �5169 38.21± 0.57 438± 115
EPM – D05 56 332.2± 12.1 21.39± 0.06 20.49± 0.07 4368± 959 38.17± 0.58 430± 114

PS1-14vk EPM – H01 56 717.0± 10.1 20.95± 0.29 20.63± 0.24 5228± 818 Fe ii �5169 37.98± 0.75 394± 136
EPM – D05 56 719.6± 9.7 21.02± 0.27 20.68± 0.23 5093± 816 37.99± 0.73 396± 133

PS1-12bku PS1 56 160.9± 0.4 20.70± 0.07 20.18± 0.06 4258± 291 Fe ii �5169 37.28± 0.23 286± 31
PS1-13abg PS1 56 375.4± 5.0 22.27± 0.08 21.12± 0.09 4672± 438 Fe ii �5169 39.32± 0.32 730± 107
PS1-13baf PS1 56 408.0± 1.5 23.06± 0.22 22.38± 0.12 4093± 473 H� 39.60± 0.51 832± 194
PS1-13bmf PS1 56 420.0± 0.1 22.51± 0.06 21.92± 0.11 4363± 256 Fe ii �5169 39.18± 0.28 684± 87

PS1-13bni EPM – H01 56 401.3± 7.9 23.39± 0.26 23.18± 0.20 5814± 1175 H� 40.65± 0.76 1348± 470
EPM – D05 56 400.0± 8.6 23.39± 0.26 23.19± 0.20 5913± 1237 40.68± 0.77 1368± 487

Notes.(⇤) K-corrected magnitudes in the Johnson-Cousins Filter System. H01: Hamuy et al. (2001); D05: Dessart & Hillier (2005).

Our results are shown in Table 5. Additionally, we adopt
the SCM distances derived by Gall et al. (2016) for SN 203eq:
DL = 160± 32 Mpc and DL = 157± 31 Mpc, using the explo-
sion epochs calculated via the EPM and utilizing the dilution fac-
tors either from Hamuy et al. (2001) or Dessart & Hillier (2005).

The final errors on individual distances span a range between
11 and 35% depending mainly on whether the explosion epoch
is well constrained or not. The I-band magnitude and the (V � I)
colour will not change significantly during the plateau phase of
Type II-P SNe and are therefore relatively robust; however, this
is not true for the expansion velocity. Any uncertainty in the ex-
plosion epoch directly translates into an uncertainty in the 50 d
velocity and thereby a↵ects the precision of the distance mea-
surement. In our sample this is borne out in the fact that the
SCM distances derived using estimates for the explosion epoch
from photometry, have significantly smaller relative uncertain-
ties, than those derived using estimates via the EPM.

3.7. Comparison of EPM and SCM distances

Figure 6 compares the EPM and SCM distances for the entire
sample. There appears no obvious trend for one technique to
systematically result in longer or shorter distances; a shift would
indicate H0 , 70 km s�1 Mpc�1. No obvious systematic shift can
be discerned amongst the SNe using the Fe ii �5169 line for the
EPM and SCM distances as an estimator for the photospheric
velocity.

3.8. The Hubble diagram

Figure 7 shows the Hubble diagrams using EPM (left panel)
and SCM distances (right panel), respectively. The red and
blue points represent SNe from our sample for which either
Fe ii �5169 or H� was used to estimate the photospheric veloci-
ties. For reasons of better visibility we only depict our distance
results using the Dessart & Hillier (2005) dilution factors, which
give somewhat larger distances than the Hamuy et al. (2001) di-
lution factors. Our conclusions are the same regardless of which
set of dilution factors is used. The grey points depict SNe from
other samples. The solid line in both panels represents a ⇤CDM
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Fig. 6. Comparison of EPM and SCM distances, using the dilution fac-
tors by Dessart & Hillier (2005). Filled circles denote SNe with the ex-
plosion epoch obtained via EPM, while stars mark SNe with the explo-
sion epoch estimated from pre-discovery photometry. The three Type II-
L SNe are labelled specifically. Di↵erent colours denote the line that
was used to estimate the photospheric velocities: red corresponds to
Fe ii �5169, and dark blue to H�. The solid line shows the (1+z)2 relation
between luminosity and angular-size distances: D

SCM
L
= D

EPM
✓ ⇥ (1+z)2.

⇤CDM cosmology with H0 = 70± 5 km s�1 Mpc�1, ⌦m = 0.3 and
⌦⇤ = 0.7 is assumed throughout.

cosmology (H0 = 70 km s�1 Mpc�1, ⌦m = 0.3 and ⌦⇤ = 0.7.8).
The three Type II-L SNe LSQ13cuw, PS1-14vk and PS1-13bmf
are labelled in both the EPM and the SCM Hubble diagrams.

3.8.1. EPM Hubble diagram

Our EPM measurements are complemented by EPM distances
from the samples of Eastman et al. (1996, Table 6), Jones et al.
(2009, Table 5) and Bose & Kumar (2014, Table 3) in the

8 The choice of H0 = 70 km s�1 Mpc�1 is arbitrary and adopted mainly
for consistency with the SCM parameters suggested by Nugent et al.
(2006). The general principles and our conclusions are the same inde-
pendent of the exact choice of H0.
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Table 5. SCM quantities and distances.

S N
Estimate t

3
0 V

⇤
50 I

⇤
50 v50 Estimate of µ DL

of t0 via mjd mag mag km s�1 velocity via mag Mpc

SN 2013ca EPM – H01 56 382.3+9.7
�10.1 19.08± 0.10 18.56± 0.08 5427± 798 Fe ii �5169 36.28± 0.43 180± 36

EPM – D05 56 386.1+5.9
�9.4 19.12± 0.10 18.59± 0.08 5228± 758 36.22± 0.42 176± 34

LSQ13cuw G15 56 593.4± 0.7 20.61± 0.10 20.00± 0.09 5616± 655 H� 37.93± 0.38 385± 67

PS1-13wr EPM – H01 56 330.5± 12.5 21.38± 0.06 20.49± 0.07 4458± 963 Fe ii �5169 38.21± 0.57 438± 115
EPM – D05 56 332.2± 12.1 21.39± 0.06 20.49± 0.07 4368± 959 38.17± 0.58 430± 114

PS1-14vk EPM – H01 56 717.0± 10.1 20.95± 0.29 20.63± 0.24 5228± 818 Fe ii �5169 37.98± 0.75 394± 136
EPM – D05 56 719.6± 9.7 21.02± 0.27 20.68± 0.23 5093± 816 37.99± 0.73 396± 133

PS1-12bku PS1 56 160.9± 0.4 20.70± 0.07 20.18± 0.06 4258± 291 Fe ii �5169 37.28± 0.23 286± 31
PS1-13abg PS1 56 375.4± 5.0 22.27± 0.08 21.12± 0.09 4672± 438 Fe ii �5169 39.32± 0.32 730± 107
PS1-13baf PS1 56 408.0± 1.5 23.06± 0.22 22.38± 0.12 4093± 473 H� 39.60± 0.51 832± 194
PS1-13bmf PS1 56 420.0± 0.1 22.51± 0.06 21.92± 0.11 4363± 256 Fe ii �5169 39.18± 0.28 684± 87

PS1-13bni EPM – H01 56 401.3± 7.9 23.39± 0.26 23.18± 0.20 5814± 1175 H� 40.65± 0.76 1348± 470
EPM – D05 56 400.0± 8.6 23.39± 0.26 23.19± 0.20 5913± 1237 40.68± 0.77 1368± 487

Notes.(⇤) K-corrected magnitudes in the Johnson-Cousins Filter System. H01: Hamuy et al. (2001); D05: Dessart & Hillier (2005).

Our results are shown in Table 5. Additionally, we adopt
the SCM distances derived by Gall et al. (2016) for SN 203eq:
DL = 160± 32 Mpc and DL = 157± 31 Mpc, using the explo-
sion epochs calculated via the EPM and utilizing the dilution fac-
tors either from Hamuy et al. (2001) or Dessart & Hillier (2005).

The final errors on individual distances span a range between
11 and 35% depending mainly on whether the explosion epoch
is well constrained or not. The I-band magnitude and the (V � I)
colour will not change significantly during the plateau phase of
Type II-P SNe and are therefore relatively robust; however, this
is not true for the expansion velocity. Any uncertainty in the ex-
plosion epoch directly translates into an uncertainty in the 50 d
velocity and thereby a↵ects the precision of the distance mea-
surement. In our sample this is borne out in the fact that the
SCM distances derived using estimates for the explosion epoch
from photometry, have significantly smaller relative uncertain-
ties, than those derived using estimates via the EPM.

3.7. Comparison of EPM and SCM distances

Figure 6 compares the EPM and SCM distances for the entire
sample. There appears no obvious trend for one technique to
systematically result in longer or shorter distances; a shift would
indicate H0 , 70 km s�1 Mpc�1. No obvious systematic shift can
be discerned amongst the SNe using the Fe ii �5169 line for the
EPM and SCM distances as an estimator for the photospheric
velocity.

3.8. The Hubble diagram

Figure 7 shows the Hubble diagrams using EPM (left panel)
and SCM distances (right panel), respectively. The red and
blue points represent SNe from our sample for which either
Fe ii �5169 or H� was used to estimate the photospheric veloci-
ties. For reasons of better visibility we only depict our distance
results using the Dessart & Hillier (2005) dilution factors, which
give somewhat larger distances than the Hamuy et al. (2001) di-
lution factors. Our conclusions are the same regardless of which
set of dilution factors is used. The grey points depict SNe from
other samples. The solid line in both panels represents a ⇤CDM
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Fig. 6. Comparison of EPM and SCM distances, using the dilution fac-
tors by Dessart & Hillier (2005). Filled circles denote SNe with the ex-
plosion epoch obtained via EPM, while stars mark SNe with the explo-
sion epoch estimated from pre-discovery photometry. The three Type II-
L SNe are labelled specifically. Di↵erent colours denote the line that
was used to estimate the photospheric velocities: red corresponds to
Fe ii �5169, and dark blue to H�. The solid line shows the (1+z)2 relation
between luminosity and angular-size distances: D

SCM
L
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EPM
✓ ⇥ (1+z)2.

⇤CDM cosmology with H0 = 70± 5 km s�1 Mpc�1, ⌦m = 0.3 and
⌦⇤ = 0.7 is assumed throughout.

cosmology (H0 = 70 km s�1 Mpc�1, ⌦m = 0.3 and ⌦⇤ = 0.7.8).
The three Type II-L SNe LSQ13cuw, PS1-14vk and PS1-13bmf
are labelled in both the EPM and the SCM Hubble diagrams.

3.8.1. EPM Hubble diagram

Our EPM measurements are complemented by EPM distances
from the samples of Eastman et al. (1996, Table 6), Jones et al.
(2009, Table 5) and Bose & Kumar (2014, Table 3) in the

8 The choice of H0 = 70 km s�1 Mpc�1 is arbitrary and adopted mainly
for consistency with the SCM parameters suggested by Nugent et al.
(2006). The general principles and our conclusions are the same inde-
pendent of the exact choice of H0.
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Fig. 6: Comparison of EPM and SCM distances, using the di-
lution factors by Dessart & Hillier (2005). Filled circles denote
SNe for which an estimate of the explosion epoch was obtained
via EPM, while the filled stars are for SNe where the explosion
epoch was estimated from the photometry. The labelled SNe are
the three Type II-L SNe. Different colours denote the line that
was used to estimate the photospheric velocities: red corresponds
to Fe ii λ5169, and dark blue to Hβ. DSCM

L = DEPM
θ × (1 + z)2

is shown as a solid line, for a ΛCDM cosmology with H0 =
70± 5 km s−1 Mpc−1, Ωm = 0.3 and ΩΛ = 0.7.

in the explosion epoch directly translates into an uncertainty in
the 50 d velocity and thereby affects the precision of the distance
measurement. In our sample this is borne out in the fact that the
SCM distances derived using estimates for the explosion epoch
from photometry, have significantly smaller relative uncertain-
ties, than those derived using estimates via the EPM.

3.7. Comparison of EPM and SCM distances

Fig. 6 shows the comparison between the EPM and SCM dis-
tances for the entire sample. Although there is some scatter, it
is reassuring to find overall consistency. Furthermore, there is
no obvious trend for one technique to systematically result in
longer or shorter distances than the other; a shift would indicate
an H0 ! 70 km s−1 Mpc−1. Similarly, there appears to be no ob-
vious systematic shift amongst the SNe (in red) for which the
EPM and SCM distances were derived using the Fe ii λ5169 line
as an estimator for the photospheric velocity.

3.8. The Hubble diagram

Figure 7 shows the Hubble diagrams using EPM and SCM dis-
tances, respectively. The red and blue points represent SNe from
our sample for which either Fe ii λ5169 or Hβ was used to es-
timate the photospheric velocities. For reasons of better visi-
bility we only depict our distance results using the Dessart &
Hillier (2005) dilution factors, which give somewhat larger dis-
tances than the Hamuy et al. (2001) dilution factors. Our conclu-
sions are the same regardless of which set of dilution factors is
used. The grey points depict SNe from other samples. The solid
line in both panels represents a ΛCDM cosmology with H0 =

70 km s−1 Mpc−1, Ωm = 0.3 and ΩΛ = 0.7.8 We do not aim to
perform a fit for H0. The three Type II-L SNe LSQ13cuw, PS1-
14vk and PS1-13bmf are labeled in both the EPM and the SCM
Hubble diagram.

3.8.1. EPM Hubble diagram

In addition to the EPM measurements from our own sample we
also included EPM distances from the samples of Eastman et al.
(1996, Table 6), Jones et al. (2009, Table 5) and Bose & Kumar
(2014, Table 3) in the EPM Hubble diagram (see left panel of
Figure 7). These values were adopted as they are, without any
correction for potential systematic differences. In the cases of
Jones et al. (2009) and Bose & Kumar (2014) we selected the
distances given using the Dessart & Hillier (2005) dilution fac-
tors. In addition, Bose & Kumar (2014) give alternate results for
the SNe 2004et, 2005cs, and 2012aw, for which constraints for
the explosion epoch are available. We chose these values rather
than the less constrained distance measurements in these three
cases. Note that the Jones et al. (2009) sample has SN 1992ba in
common with the Eastman et al. (1996) sample and SN 1999gi
in common with the Bose & Kumar (2014) sample.

Exploring the EPM Hubble diagram, it is immediately appar-
ent that our measured distances follow the slope of the Hubble
line, despite the rather poor quality of the data available for some
of our SNe.

3.8.2. SCM Hubble diagram

The SCM Hubble diagram shows the SCM distances derived
for our sample alongside SCM measurements from the sam-
ples of Poznanski et al. (2009, Table 2), Olivares et al. (2010,
Table 8) and D’Andrea et al. (2010, Table 3). The Poznanski
et al. (2009) sample contains all objects from the Nugent et al.
(2006) sample. We also included those objects that Poznanski
et al. (2009) “culled” due to their higher decline rates. These
are distinguished by a different symbol in the right panel of
Figure 7. We applied no corrections for systematic differences
or different parameters used in the various samples. D’Andrea
et al. (2010) do not give the distance measurements directly but
rather their derived values for the I-band magnitude, the (V − I)-
colour and the velocity 50 days after explosion (rest frame). We
used these to apply the same equation and parameters from Nu-
gent et al. (2006) as for our own sample, to find the distances
to these objects. Note that the Poznanski et al. (2009) and Oli-
vares et al. (2010) samples have a number of SNe in common:
SNe 1991al, 1992af, 1992ba, 1999br, 1999cr, 1999em, 1999gi,
2003hl, 2003iq, and 2004et.

Our SCM distances scatter around the H0 = 70 km s−1 Mpc−1

line, which of course is no surprise considering that the SCM
is based on a previously chosen value of H0 (in our case H0 =
70 km s−1 Mpc−1 following Nugent et al. 2006).

Interestingly, there seems to be no obvious difference regard-
ing scatter between those SNe for which an estimate of the ex-
plosion epoch was available through the SN photometry or those
that rely on an EPM estimate for the time of explosion. This im-
plies either that the epochs of explosion derived via the EPM are
relatively accurate, or that constraints on the explosion epoch of
only a few days, are not relevant for precise SCM measurements.

8 The choice of H0 = 70 km s−1 Mpc−1 is rather arbitrary and adopted
mainly for consistency with the SCM parameters suggested by Nugent
et al. (2006). The general principles and our conclusions are the same,
notwithstanding the exact choice of H0.
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Cepheid Stars

Period-luminosity relation
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Figure 3
Composite multiwavelength period-luminosity (PL) relations (Leavitt Laws) for Galactic (circled filled dark
yellow dots) and Large Magellanic Cloud (LMC) (open red circles) Cepheids from the optical (BVI) through the
near-IR ( JHK). There is a monotonic increase in the slope, coupled with a dramatic decrease in total
dispersion of the PL relations as one goes to longer and longer wavelengths.

very small. The Wesenheit function uses fewer wavelengths, but it employs the two bandpasses
directly associated with the HST Key Project and most extragalactic Cepheid distances, and so
we adopt it here.

The W(V,VI) Wesenheit function gives a minimized fit between the Galactic and the LMC
Cepheids corresponding to a true distance modulus of µ(LMC)o = 18.44 ± 0.03 mag. Correcting
for metallicity (see Section 3.1.3) would decrease this to 18.39 mag. Because of the large numbers
of Cepheids involved over numerous wavelengths, the statistical errors on this value are small; and
once again, systematic errors dominate the error budget. As discussed in Section 3.1.4, we adopt
a newly revised systematic error on the distance to the LMC of 3% (or ± 0.06 mag).
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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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Current Status (NIR)

Dhawan et al. 2018
!" = (72.8 ± 1.6 ,-.- ± 2.7 ,/,- ) 12 ,34 56734

9 calibrators + 27 Hubble flow SNe
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Foundation Survey
Foundation Supernova Survey 15
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Figure 8. Hubble diagram for the Foundation DR1 sample and residuals to a fiducial ⇤CDM model (lower panel). Error bars do
not include uncertainties related to peculiar velocities (which are represented by the dotted curves in the lower panel) and redshift
uncertainties.

which in turn will provide a foundation for future SN cos-
mology analyses.

We have motivated our strategy, stressing that the PS1
system is ideal for this work. In particular, PS1 has al-
ready observed all positions north of �30 declination, mak-
ing late-time template observations unnecessary. The PS1
system is a well-calibrated photometric system (to the mmag
level) with a precisely and accurately measured instrument
response. We have already observed ⇠ 500 spectroscopi-
cally confirmed and ⇠3000 photometrically classified high-
z SNe Ia (Rest et al. 2014, Scolnic et al., in prep., Jones
et al., in prep.) with PS1. All PS1 SNe (both high-z and
Foundation) will be reduced with a single, well-tested data-
reduction pipeline.

Our follow-up strategy is economical, yet still provides
excellent light-curve coverage. At our current rate, we can
observe ⇠140 SNe Ia per year, but we believe that we can
increase the rate to 200 SNe Ia per year given additional
spectroscopic resources and/or timely publicly announced
classifications.

We already have obtained 225 complete SN Ia light
curves, which we present here (and release publicly). From
those data, we have derived light-curve parameters and dis-
tance estimates. We created a Hubble diagram for the Foun-
dation cosmology sample of 180 SNe Ia, finding that we have

already created a competitive sample that is both larger
than every other homogeneous sample of low-z SNe Ia and
with low intrinsic scatter (�int = 0.111 mag). This sample is
already comparable in size to the entire current low-z SN Ia
sample used for cosmological analyses.

Our current sample comes primarily from untargeted
SN searches (mostly ASASSN and PSST), and a large frac-
tion of SNe Ia have relatively faint host galaxies. One-third
of all host galaxies did not have a catalogued redshift, and
we provide redshifts here for those galaxies. There are a
surprising number of SNe Ia that have Hubble residuals of
dµ ⇡ �0.6 mag. While these SNe are removed from the
cosmologically useful subsample through various cuts (and
in particular Chauvenet’s criterion), these may be peculiar
SNe Ia that do not have adequate spectroscopic data to dis-
tinguish them from more typical SNe Ia.

In the coming months and years, we will make fur-
ther improvements to our data reduction pipeline, add host-
galaxy and spectral data, and eventually constrain cosmo-
logical parameters. We expect our next data release to be
larger than the entire current low-z sample.

The Foundation Supernova Survey is critical for the suc-
cess of current and future surveys such as DES, LSST, and
WFIRST. As SN cosmology analyses are currently systemat-
ics limited and the largest systematic is currently the low-z

MNRAS 000, 1–?? (2017)

Foley et al. 2018
180 local SNe Ia
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Hubble Constant(s)

Planck satellite (CMB; 2016)
measurement at ! ≈ 1000

%& = (67.8 ± 0.9) 01 23456734
Riess et al. (local; 2016)

%& = (73.24 ± 1.74) 01 234 56734
Dhawan et al. (local; NIR; 2018)

same zero-point as Riess et al. (2016)
%& = (72.8 ± 1.6 2;<; ± 2.7 2=2; ) 01 234 56734

Riess et al. (local; 2018)
%& = (73.53 ± 1.62) 01 234 56734
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Hubble Constant

Latest values
biases in identifying these we use current results from the four
SN-independent projects shown in Figure16 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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Gaia and !0

• 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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The SN Hubble 
Diagram
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Supernova Cosmology

560 SNe Ia

Goobar & Leibundgut 2011
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Goobar & Leibundgut 2011

et voilà ...

10 years of progress
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Constant ω firmly established
NSN ΩM(flat) w (constant, flat) Light curve 

fitter 
Reference 

115 0.263&'.'()*'.'()&'.'+)*'.'+)   −1.023&'.'.'*'.'.'&'.'/(
*'.'/(  SALT Astier et al. 2006 

162 0.267&'.'12*'.')2 −1.069&'.'2+*'.'.1&'.1+*'.1+  MLCS2k2 
Wood-Vasey et al. 2007 

178 0.288&'.'1.*'.'). −0.958&'.'.'*'.'22
&'.1+*'.1+  SALT2 

288 0.307&'.'1.*'.'1.&'.')+*'.')+  −0.76&'.'6*'.'6&'.11*'.11  MLCS2k2 
Kessler et al. 2009 

288 0.265&'.'17*'.'17&'.')/
*'.')/  −0.96&'.'7*'.'7&'.1+*'.1+  SALT2 

557 0.279&'.'17*'.'16 −0.997&'.'/(*'.'/'
&'.'2)*'.'66  SALT2 Amanullah et al. 2010 

472  −0.91&'.)'*'17
&'.1(
±'.'6  SiFTO/SALT2 Conley et al. 2011 

472 0.269 ± 0.015 −1.061&'.'72*'.'7. SALT2 Sullivan et al. 2011 

580 0.271±0.014	 −1.013&'.'6+*'.'66 SALT2 Suzuki et al. 2011 

740 0.295±0.034	 −1.018±0.057	CMB	
SALT2 Betoule et al. 2014 −1.027±0.055	CMB+BAO	

313 0.277&'.'1)*'.'1'	 −1.186&'.'7/*'.'67	 SALT2 Rest et al. 2014 

1049 0.306 ± 0.012 −1.031 ± 0.040	 SALT2 Scolnic et al. 2018 

1369 0.324 ± 0.042 −0.986 ± 0.058 SALT2 Jones et al. 2018 
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Status 2014
M. Betoule et al.: Improved cosmological constraints from a joint analysis of the SDSS-II and SNLS supernova samples.
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Fig. 7. Values of �coh determined for seven sub-samples of the
Hubble residuals: low-z z < 0.03 and z > 0.03, SDSS z < 0.2
and z > 0.2, SNLS z < 0.5 and z > 0.5, and HST.

6. ⇤CDM constraints from SNe Ia alone

The SN Ia sample presented in this paper covers the redshift
range 0.01 < z < 1.2. This lever-arm is su�cient to provide
a stringent constraint on a single parameter driving the evolu-
tion of the expansion rate. In particular, in a flat universe with
a cosmological constant (hereafter ⇤CDM), SNe Ia alone pro-
vide an accurate measurement of the reduced matter density
⌦m. However, SNe alone can only measure ratios of distances,
which are independent of the value of the Hubble constant today
(H0 = 100h km s�1 Mpc�1). In this section we discuss ⇤CDM
parameter constraints from SNe Ia alone. We also detail the rel-
ative influence of each incremental change relative to the C11
analysis.

6.1. ⇤CDM fit of the Hubble diagram

Using the distance estimator given in Eq. (4), we fit a ⇤CDM
cosmology to supernovae measurements by minimizing the fol-
lowing function:

�2 = (µ̂ � µ⇤CDM(z;⌦m))†C�1(µ̂ � µ⇤CDM(z;⌦m)) (15)

with C the covariance matrix of µ̂ described in Sect. 5.5 and
µ⇤CDM(z;⌦m) = 5 log10(dL(z;⌦m)/10pc) computed for a fixed
fiducial value of H0 = 70 km s�1 Mpc�1,12 assuming an unper-
turbed Friedmann-Lemaître-Robertson-Walker geometry, which
is an acceptable approximation (Ben-Dayan et al. 2013). The
free parameters in the fit are ⌦m and the 4 nuisance parameters
↵, �, M1

B and �M from Eq. (4). The Hubble diagram for the JLA
sample and the ⇤CDM fit are shown in Fig. 8. We find a best fit
value for ⌦m of 0.295 ± 0.034. The fit parameters are given in
the first row of Table 10.

For consistency checks, we fit our full sample excluding sys-
tematic uncertainties and we fit subsamples labeled according to
the data included: SDSS+SNLS, lowz+SDSS and lowz+SNLS.
Confidence contours for ⌦m and the nuisance parameters ↵, �
and �M are given in Fig. 9 for the JLA and the lowz+SNLS
sample fits. The correlation between ⌦m and any of the nuisance
parameters is less than 10% for the JLA sample.

12 This value is assumed purely for convenience and using another
value would not a↵ect the cosmological fit (beyond changing accord-
ingly the recovered value of M1

B).
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Fig. 8. Top: Hubble diagram of the combined sample. The dis-
tance modulus redshift relation of the best-fit ⇤CDM cosmol-
ogy for a fixed H0 = 70 km s�1 Mpc�1 is shown as the black
line. Bottom: Residuals from the best-fit ⇤CDM cosmology as
a function of redshift. The weighted average of the residuals in
logarithmic redshift bins of width �z/z ⇠ 0.24 are shown as
black dots.

Fig. 9. 68% and 95% confidence contours for the ⇤CDM fit pa-
rameters. Filled gray contours result from the fit of the full JLA
sample; red dashed contours from the fit of a subsample exclud-
ing SDSS-II data (lowz+SNLS).

The ⇤CDM model is already well constrained by the SNLS
and low-z data thanks to their large redshift lever-arm. However,
the addition of the numerous and well-calibrated SDSS-II data
to the C11 sample is interesting in several respects. Most impor-
tantly, cross-calibrated accurately with the SNLS, the SDSS-II
data provide an alternative low-z anchor to the Hubble diagram,
with better understood systematic uncertainties. This redundant
anchor adds some weight in the global ⇤CDM fit, thanks to high
statistics, and helps in the determination of ⌦m with a 25% re-
duction in the total uncertainty.

The complete redshift coverage makes it possible to assess
the overall consistency of the SN data with the ⇤CDM model.
Residuals from the ⇤CDM fit can be seen for the entire redshift

15

Betoule et al. 2014
M. Betoule et al.: Improved cosmological constraints from a joint analysis of the SDSS-II and SNLS supernova samples.

Fig. 14. 68% and 95% confidence contours (including system-
atic uncertainty) for the⌦m and⌦⇤ cosmological parameters for
the o-⇤CDM model. Labels for the various data sets correspond
to the present SN Ia compilation (JLA), the Conley et al. (2011)
SN Ia compilation (C11), the combination of Planck tempera-
ture and WMAP polarization measurements of the CMB fluctu-
ation (PLANCK+WP), and a combination of measurements of
the BAO scale (BAO). See Sect. 7.1 for details. The black dashed
line corresponds to a flat universe.

7.2. Constraints on cosmological parameters for various dark

energy models

We consider three alternatives to the base ⇤CDM model:

– the one-parameter extension allowing for non-zero spatial
curvature ⌦k, labeled o-⇤CDM.

– the one-parameter extension allowing for dark energy in a
spatially flat universe with an arbitrary constant equation of
state parameter w, labeled w-CDM.

– the two-parameter extension allowing for dark energy in a
spatially flat universe with a time varying equation of state
parameter parameterized as w(a) = w0 + wa(1 � a) with a =
1/(1 + z) (Linder 2003) and labeled wz-CDM.

We follow the assumptions of Planck Collaboration XVI (2013)
to achieve consistency with our prior. In particular we assume
massive neutrinos can be approximated as a single massive
eigenstate with m⌫ = 0.06 eV and an e↵ective energy density
when relativistic:

⇢⌫ = Ne↵
7
8

 
4

11

!4/3

⇢� (26)

with ⇢� the radiation energy density and Ne↵ = 3.046. We use
Tcmb = 2.7255 K for the CMB temperature today.

Best-fit parameters for di↵erent probe combinations are
given in Tables 14, 15 and 16. Errors quoted in the ta-
bles are 1-� Cramér-Rao lower bounds from the approximate
Fisher Information Matrix. Confidence contours corresponding
to ��2 = 2.28 (68%) and ��2 = 6 (95%) are shown in
Figs. 14, 15 and 16. For all studies involving SNe Ia, we used
likelihood functions similar to Eq. (15), with both statistical and
systematic uncertainties included in the computation of C. We
also performed fits involving the SNLS+SDSS subsample and
the C11 “SALT2” sample for comparison (see Sect. 6).

In all cases the combination of our supernova sample with
the two other probes is compatible with the cosmological con-
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Fig. 15. Confidence contours at 68% and 95% (including sys-
tematic uncertainty) for the ⌦m and w cosmological parameters
for the flat w-⇤CDM model. The black dashed line corresponds
to the cosmological constant hypothesis.

Fig. 16. Confidence contours at 68% and 95% (including sys-
tematic uncertainty) for the w and wa cosmological parameters
for the flat w-⇤CDM model.

stant solution in a flat universe, which could have been antic-
ipated from the agreement between CMB and SN Ia measure-
ments of ⇤CDM parameters (see Sect. 6.6). This concordance is
the main result of the present paper. We note that this conclusion
still holds if we use the WMAP CMB temperature measurement
in place of the Planck measurement (see Table 15).

For the w-CDM model, in combination with Planck, we
measure w =�1.018 ± 0.057. This represents a substan-
tial improvement in uncertainty (30%) over the combination
PLANCK+WP+C11 (w = �1.093±0.078 ). The ⇠ 1� (stat+sys)
change in w is caused primarily by the recalibration of the SNLS
sample as discussed in detail in Sect. 6. The improvement in er-
rors is due to the inclusion of the full SDSS-II spectroscopic
sample and to the reduction in systematic errors due to the joint
re-calibration of the SDSS-II and SNLS surveys. As an illustra-
tion of the relative influence of those two changes, using the C11
calibration uncertainties would increase the uncertainty of w to
6.5%.

Interestingly, the CMB+SNLS+SDSS combination delivers
a competitive measurement of w with an accuracy of 6.9%, de-

21
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20 Scolnic et al.

Figure 20. Confidence contours at 68% and 95% for the ⌦m and
w cosmological parameters for the wCDM model. Constraints from
CMB (blue), SN - with systematic uncertainties (red), SN - with
only statistical uncertainties (gray-line), and SN+CMB (purple) are
shown.

6.2. Combining probes and understanding cosmological
models

To better determine cosmological parameters, we in-
clude constraints from measurements of the CMB from
Planck Collaboration et al. (2016a), measurements of
local value of H0 from (Riess et al. 2016), and mea-
surements of baryon acoustic oscillations from the SDSS
Main Galaxy Sample (Ross et al. 2015), the Baryon Os-
cillation Spectroscopic Survey and CMASS survey (An-
derson et al. 2014). These BAO measurements set the
BAO scale at z = 0.106, 0.35, and 0.57. For all CMB
constraints, we include data from the Planck tempera-
ture power spectrum and low-` polarization (Planck TT
+ lowP).
Before combining constraints from di↵erent probes, we

can compare constraints on ⌦m when we assume the uni-
verse is flat, w0 = �1, and wa = 0. Using our full SN
sample with systematic uncertainties, with no external
priors except flatness, we find ⌦m = 0.296± 0.022. This
is similar to the value determined from Planck Collabo-
ration et al. (2016a) of 0.315± 0.013 and the value from
BAO of 0.310±0.005 (Alam et al. 2017). Using only SNe,
there is no constraint on H0 since H0 and M from Eq. 3
are degenerate. Constraints on H0 from data that in-
cludes SN measurements only come indirectly from the
SN component in that the SN measurements constrain
parameters like ⌦m and w which have covariance with
H0. Since the low-z SNe in this sample and the one used
in Riess et al. (2016) are very similar, there may be some
common systematics that a↵ect both probes, though this
is likely to be small as Riess et al. (2016) compare SNe
in the Hubble flow to SNe with z < 0.01 whereas our
analysis compares SNe in the Hubble flow to SNe with
z > 0.1.
Relaxing the assumption of a cosmological constant,

we measure w, the dark energy equation-of-state pa-

rameter. For these wCDM models, we assume a flat
universe (⌦k = 0). In Table 12, we compare how the
di↵erent cosmological probes impact the constraints on
⌦m and w. As shown in Figure 20, combining Planck
and SN measurements, we find ⌦m = 0.306± 0.012 and
w = �1.031 ± 0.040. This is to date the tightest con-
straint on dark energy, and we find that it is consis-
tent with the cosmological constant model. These val-
ues are more precise than, though consistent with, the
values from combining Planck and BAO measurements
which are ⌦m = 0.312± 0.013 and w = �0.991± 0.074.
Combining SN, BAO, Planck and H0 measurements yield
⌦m = 0.299 ± 0.007 and w = �1.050 ± 0.037, similar to
the results of just SN+Planck. If we replace constraints
from Planck with those from WMAP9 (Hinshaw et al.
2013), we see a shift of �w ⇠ +0.04 seen in past stud-
ies (e.g., B14 or R14) which does not change any of our
conclusions.
In Table 13, we compare how the di↵erent cosmological

probes impact the constraints on w0 and wa. We show
in Figure 21, the constraints of various combinations of
the di↵erent probes given the w0waCDM model. We find
that combining SN, BAO, Planck and H0 measurements,
w0 = �1.011±0.087 and wa = �0.215±0.402. These val-
ues are consistent with the cosmological constant model
of dark energy such that w0 is consistent with �1 and
wa is consistent with 0, or no evolution of the equation-
of-state of dark energy.

6.3. Comparison of Cosmological Results to R14 and
B14

Comparisons between the results from R14 and B14
with the results from this analysis are shown in Table
14. R14 used a sample of 112 PS1 SNe and 180 Low-z
SNe to measure cosmological parameters, and found for
the wCDM model a ⇠ 2� deviation from w = �1 when
combining SN and Planck measurements. With a larger
sample of PS1 SNe and an improved analysis, we find no
hints of tension with a cosmological constant from the
parameters derived for the PS1+Low-z sample.
As can be seen in Table 14, the statistical-only con-

straints from the improved PS1+Low-z sample are con-
sistent with those from R14 and the constraints on ⌦m
and w are tighter. However, accounting for systematic
uncertainties cause the best-fit parameters of this anal-
ysis to diverge from R14. One of the main reasons for
this is that compared to the analysis of S14, the system-
atics of the PS1 sample are smaller but the systematics
of the Low-z sample are larger, thereby e↵ectively down-
weighting the Low-z sample with respect to the PS1 sam-
ple.
There are no large di↵erences between the constraints

from our full Pantheon sample and that from the B14
analysis. The reason for this is shown in Fig. 19 - even
though our Low-z sample is much larger, our systematic
uncertainties on the Low-z bias correction are also much
larger. Furthermore, the addition of the PS1 sample does
not have much pull as it is consistent with SNLS and
SDSS. This subsample also occupies a redshift range in
between those the SNLS and SDSS subsamples. Still, we
note the 30% decrease in total uncertainties from B14
and our analysis.

7. DISCUSSION

Status 2018

Scolnic et al. 2018

12 Scolnic et al.

Figure 11. The Hubble diagram for the Pantheon sample. The top panel shows luminosity distance for each SN; the bottom panel shows
Hubble residuals to the best fit cosmology. Distances shown using G10 scatter model.

where the sum is over the K systematics - each denoted
by Sk, �Sk is the magnitude of each systematic error, and
@µ is defined as the di↵erence in binned distance values
after changing one of the systematic parameters.
Given a vector of binned distance residuals of the SN

sample that may be expressed as �~µ = ~µ � ~µmodel (as
shown in Fig. 11 (bottom)) where ~µmodel is a vector of
distances from a cosmological model, then the �2 of the
model fit is expressed as

�2 = �~µT ·C�1 ·�~µ. (8)

Here we review each step of the analysis of the Pan-
theon sample and their associated systematic uncertain-

ties.

5.1. Calibration

The ‘Supercal’ calibration of all the samples in this
analysis is presented in S15. S15 takes advantage of
the sub-1% relative calibration of PS1 (Schlafly et al.
2012) across 3⇡ steradians of sky to compare photome-
try of tertiary standards from each survey. S15 measures
percent-level discrepancies between the defined calibra-
tion of each survey by determining the measured bright-
ness di↵erences of stars observed by a single survey and
PS1 and comparing this with predicted brightness dif-
ferences of main sequence stars using a spectral library.
The largest calibration discrepancies found were in the B
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What next?
Already in hand

– >1000 SNe Ia for cosmology
– constant ω determined to 5%
– accuracy dominated by systematic effects

Missing
– good data at z>1

• light curves and spectra

– good infrared data at z>0.5
• cover the restframe B and V filters
• move towards longer wavelengths to reduce 

absorption effects
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Goobar & Leibundgut 2011
(courtesy E. Linder and J. Johansson)

Cosmology – more?
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Multi-parameter problem

Ariel Goobar
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Speculations

Einstein’s cosmologal constant
No explanation in particle physics theories

Quintessence
Quantum mechanical particle field releasing energy into 
the universe 

Signatures of high dimensions

Gravity is best described in theories with more than four 
dimensions

Phantom Energy
Dark Energy dominates and eventually the universe end 
in a (Big Rip)

Rµν −
1
2
gµνR−Λgµν =

8πG
c4

Tµν


