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1998 Science Breakthrough 
of the Year

High-redshift supernovae 
fainter than expected 

The Universe is accelerating



2017: Why Care About SN 
Cosmology - Fundamental Physics
• Addresses the major puzzle confronting physics today 

• Cosmological Principle + General Relativity yields the 
Friedmann Equation 

• Supernova measurements show 

• Therefore
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Modified Gravity! Physics Beyond the Standard 
Model!

(Looks like: Kinetic Energy                                 Gravitational Potential Energy)

DARK ENERGY



2017: Why Care About SN 
Cosmology - A Competitive Probe
• Original discovery of the 

accelerating universe made 
with Type Ia SNe  

• Measure of the expansion 
history of the Universe with 
SNe Ia continue to be an 
important probe of dark 
energy 

• Uniquely measures distances 
from 0<z<1.5 spanning 
accelerating and decelerating 
regimes 

M. Betoule et al.: Joint cosmological analysis of the SNLS and SDSS SNe Ia.

7.1.2. Baryon Acoustic Oscillations

The detection of the characteristic scale of the baryon acous-
tic oscillations (BAO) in the correlation function of di↵erent
matter distribution tracers provides a powerful standard ruler
to probe the angular-diameter-distance versus redshift relation
and Hubble parameter evolution. The BAO scale has now been
detected in the correlation function of various galaxy surveys
(Eisenstein et al. 2005; Beutler et al. 2011; Blake et al. 2011;
Anderson et al. 2012), as well as in the Ly↵ forest of distant
quasars (Busca et al. 2013; Slosar et al. 2013). Large-scale sur-
veys also probe the horizon size at matter-radiation equality.
However, this latter measurement appears to be more a↵ected
by systematic uncertainties than the robust BAO scale measure-
ment.

BAO analyses usually perform a spherical average of their
scale measurement constraining a combination of the angular
scale and redshift separation:

dz =
rs(zdrag)
Dv(z)

(21)

with:

Dv(z) =
 
(1 + z)2D2

A
cz

H(z)
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(22)

For this work, we follow Planck Collaboration XVI (2013) in
using the measurement of the BAO scale at z = 0.106, 0.35,
and 0.57 from Beutler et al. (2011); Padmanabhan et al. (2012);
Anderson et al. (2012), respectively. We consider a BAO prior of
the form:

�2
bao = (dz � dbao

z )†C�1
bao(dz � dbao

z ) (23)

with zdrag computed from the Eisenstein & Hu (1998) fit-
ting formulae, dbao

z = (0.336, 0.1126, 0.07315) and C�1
bao =

diag(4444, 215156, 721487).

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↵
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⇢� (24)

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 13, 14 and 15. Errors quoted in the ta-
bles are 1-� Cramér-Rao lower bounds from the approximate

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

⌦m

0.0

0.2

0.4

0.6

0.8

1.0

⌦
⇤

JLA
Planck+WP
Planck+WP+BAO
C11

Fig. 15. 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 temperature
and WMAP polarization measurements of the CMB fluctuation
(Planck+WP), and a combination of measurements of the BAO
scale (BAO). See Sect. 7.1 for details. The black dashed line cor-
responds to a flat universe.

Fig. 16. 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.

Fisher Information Matrix. Confidence contours corresponding
to ��2 = 2.28 (68%) and ��2 = 6 (95%) are shown in
Figs. 15, 16 and 17. 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-
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
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2017: Why Care About SN 
Cosmology - Can Do Better

• Decrease 
systematic 
uncertainty within 
the current redshift 
range to improve 
error budget 

• Expand the redshift 
range to provide 
leverage for testing 
dark energy models 

Betoule et al. (2014)



2017: Why Care About SN Cosmology 
- Major Experiments Planned

• Major future surveys will 
provide improved 
measurements 

• Important contribution when 
combined with other probes 

• Measured in terms of 
“Figure of Merit” 

• Community support and 
funding for SN surveys 

• DES, LSST, WFIRST

 WFIRST 

Section 2: Science 55 

be readily achievable on the timescale of WFIRST ob-
servations. All of our forecasts incorporate the FoM-
WSG Fisher matrices that describe the priors for Planck 
CMB data and the results of near-term, “Stage III” ex-
periments such as BOSS and DES. 

The Venn diagram of Figure 28 shows the DETF 
FoM for different combinations of our conservative SN 
and WL and BAO-only galaxy survey scenarios. Con-
sidered individually, the SN survey gives the largest 
FoM contribution for these assumptions, with FoM=411 
in combination with Planck and Stage III. Adding either 
BAO or WL pushes the FoM over 500, and the combi-
nation of all three methods gives FoM=682. Figure 29 
presents the corresponding diagram for the optimistic 
SN and WL systematics assumptions and the full P(k) 
analysis of the galaxy redshift survey. The FoM for 
each of the three methods improves, with a dramatic 
change in the case of WL, where the FoM nearly triples 
to 581. The combined FoM for the three methods is 
1370, twice that of the conservative case. We have in-
vestigated the impact of separately dropping the meas-
urement and modeling systematics in the WL forecast 
and find that the modeling systematics have greater 
impact. This is not surprising, as we set the measure-
ment systematics requirements for WFIRST such that 
they would not substantially degrade the errors (relative 
to cosmic shear statistical errors) of a 10,000 deg2 sur-
vey. If we drop the modeling systematics but retain the 
measurement systematics then the WL FoM is 524 ra-
ther than 581, still dramatically improved over the FoM 
= 200 conservative case. Thus, the most important con-
tribution to the WL improvement is the ability to fully ex-
ploit galaxy-galaxy lensing and photometric galaxy clus-
tering in addition to cosmic shear. 

Table 12 presents our forecasts for the combined 
probes systematically, showing all combinations of the 
conservative and optimistic SN/WL scenarios and the 
BAO-only and full P(k) galaxy scenarios. We have also 
made equivalent calculations for the Euclid experiment, 
with exactly the same assumptions about the WL sys-
tematics and the galaxy BAO/P(k) analysis. For the 
most conservative assumptions, WFIRST outperforms 
Euclid by more than a factor of two, FoM = 682 vs. 293, 
because WFIRST has a SN component while Euclid 
does not. Going to full P(k) analysis narrows the gap, to 
774 vs. 460. Going to the optimistic WL assumptions 
makes a major difference because in the absence of 
systematics the greater area of the Euclid WL survey 
makes it substantially more powerful. With optimistic 
assumptions for all three probes, the two missions have 
essentially equal FoM, 1370 vs. 1376. 

 

 
Figure 28: Forecasts of the DETF FoM for different com-
binations of the DRM1 WFIRST probes. All forecasts in-
corporate priors for Planck CMB and Stage III dark ener-
gy experiments, which on their own have an FoM of 116. 
Outer circles show the impact of adding WFIRST SN, WL, 
or BAO to these individually, and overlaps show the im-
pact of adding combinations. The FoM for all three 
probes combined is 682. For this figure we adopt our 
conservative assumptions about SN and WL systemat-
ics, and we use only BAO information from the galaxy 
redshift survey. 

 
Figure 29: Same as Figure 28, but using our optimistic 
assumptions for SN and WL systematics and using full 
P(k) information from the galaxy redshift survey. 
 

Table 12 also lists the forecast errors on the growth 
index J for each combination of scenarios. The preci-
sion is ≈ 0.01 for cases with conservative WL systemat-

From WFIRST Final Report





Redshift
A

A

B

B

As the Universe 
expands, light that 

starts from galaxy A…

… has its wavelength 
expanded by the time it 

gets to galaxy B

The relative increase in 
wavelength (redshift) is a 

measure of the relative change in 
size of the Universe



Redshift Directly Related to 
Observer-Frame Luminosity

• Propagation of light described by the 
FRW metric 

• a(t) is the scale factor that 
describes the size of the Universe 

• Redshift z= a-1-1 

• Photon energy proportional to a-1 

• Redshift 

• Clocks appear to move as a-1 

• Time Dilation 

• L1=Laa2

L1 = Laa
2

La Smaller 
Universe

Expanded 
Universe

d�2 = �dt2 + a(t)2
✓
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Light Cone and Flux
A

A

B

B

A source at galaxy 
A emits photons at 
some redshift, …

… that are now on a shell of a 
sphere centered around the 

source
The surface area of a sphere of 

radius χ is 4π χ2 

  
Photon flux diluted by the surface 

area

L

f
χ



Surface Area of Light Cone 
Related to Flux

• Surface area of light cone described 
by the FRW metric 

• Piece 1 & Piece 2 give

A = 4�⇥2

� –conformal distance
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General Relativity Specifies 
H to Predict Flux

• Physics (General Relativity) 
provides expected evolution 
of a(t) based on the energy 
contents of the Universe 

• Friedmann Equation:
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Hubble Parameter and the 
Matter Content

Energy 
State

Matter 
(CDM, 

Baryons)
Radiation 

(γ, ν)
Cosmological 

Constant Λ “Dark Energy” Curvature

w=p/ρ 0 1/3 -1

w(a) 
modeled as: 

constant w<-1/3 
w=w0+wa(1-a)

-1/3
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Dynamics depend on the equation-of-state 
of the sources of energy in the Universe
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Standard Candles

• For a set of standard candles of luminosity L 

• Measure flux f (magnitude) 

• Measure redshift z

Brighter 
Bluer

Fainter 
Redder



Decelerating

Accelerating

Hubble Diagram

Unexpected Energy In the Universe that is Gravitationally Repulsive 

Fl
ux

Re
la

tiv
e 
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ux



Type Ia Supernova
• Supernova without H, with Si 

• C/O white dwarf gaining material from a binary 
companion 

• As the white dwarf reaches the Chandrasekhar 
mass (1.4 solar mass) a thermonuclear runaway is 
triggered 

• Two burning phases: subsonic produce 
intermediate mass elements and supersonic 
produces 56Ni 

•  >1051 ergs explosion energy disrupts star 

• Debris in homologous expansion 

• Observed light from radioactive decay of 56Ni to 
56Fe 

•  A homogeneous triggered bomb



Supernovae Almost But Not 
Perfect Standard Candles

• Heterogeneity in supernova 
brightnesses and light curve shapes 

• After correction for foreground dust 
supernovae have peak-magnitude 
dispersion of ~0.3 mag 

• We can determine luminosity per 
object 

• After correction for light-curve 
shape supernovae become 
“calibrated” candles with ~0.15 mag 
dispersion



Estimating the Luminosity of 
the Standard Candle

• Supernova luminosities determined from fits of 
multi-band light curves 

• Depends on light-curve shapes and colors

Luminosity



Supernova Hubble Diagram: 
Expansion History if the Universe



Dark Energy Parameter 
Estimates With Supernovae

• Sensitive to the acceleration of the universe 

• Constrains the mass density, dark energy density, 
and a constant dark energy equation of state w

M. Betoule et al.: Joint cosmological analysis of the SNLS and SDSS SNe Ia.

7.1.2. Baryon Acoustic Oscillations

The detection of the characteristic scale of the baryon acous-
tic oscillations (BAO) in the correlation function of di↵erent
matter distribution tracers provides a powerful standard ruler
to probe the angular-diameter-distance versus redshift relation
and Hubble parameter evolution. The BAO scale has now been
detected in the correlation function of various galaxy surveys
(Eisenstein et al. 2005; Beutler et al. 2011; Blake et al. 2011;
Anderson et al. 2012), as well as in the Ly↵ forest of distant
quasars (Busca et al. 2013; Slosar et al. 2013). Large-scale sur-
veys also probe the horizon size at matter-radiation equality.
However, this latter measurement appears to be more a↵ected
by systematic uncertainties than the robust BAO scale measure-
ment.

BAO analyses usually perform a spherical average of their
scale measurement constraining a combination of the angular
scale and redshift separation:

dz =
rs(zdrag)
Dv(z)

(21)

with:

Dv(z) =
 
(1 + z)2D2

A
cz

H(z)
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(22)

For this work, we follow Planck Collaboration XVI (2013) in
using the measurement of the BAO scale at z = 0.106, 0.35,
and 0.57 from Beutler et al. (2011); Padmanabhan et al. (2012);
Anderson et al. (2012), respectively. We consider a BAO prior of
the form:

�2
bao = (dz � dbao

z )†C�1
bao(dz � dbao

z ) (23)

with zdrag computed from the Eisenstein & Hu (1998) fit-
ting formulae, dbao

z = (0.336, 0.1126, 0.07315) and C�1
bao =

diag(4444, 215156, 721487).

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
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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 13, 14 and 15. Errors quoted in the ta-
bles are 1-� Cramér-Rao lower bounds from the approximate

Fig. 15. 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 temperature
and WMAP polarization measurements of the CMB fluctuation
(Planck+WP), and a combination of measurements of the BAO
scale (BAO). See Sect. 7.1 for details. The black dashed line cor-
responds to a flat universe.
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Fig. 16. 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.

Fisher Information Matrix. Confidence contours corresponding
to ��2 = 2.28 (68%) and ��2 = 6 (95%) are shown in
Figs. 15, 16 and 17. 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-
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
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M. Betoule et al.: Joint cosmological analysis of the SNLS and SDSS SNe Ia.

7.1.2. Baryon Acoustic Oscillations

The detection of the characteristic scale of the baryon acous-
tic oscillations (BAO) in the correlation function of di↵erent
matter distribution tracers provides a powerful standard ruler
to probe the angular-diameter-distance versus redshift relation
and Hubble parameter evolution. The BAO scale has now been
detected in the correlation function of various galaxy surveys
(Eisenstein et al. 2005; Beutler et al. 2011; Blake et al. 2011;
Anderson et al. 2012), as well as in the Ly↵ forest of distant
quasars (Busca et al. 2013; Slosar et al. 2013). Large-scale sur-
veys also probe the horizon size at matter-radiation equality.
However, this latter measurement appears to be more a↵ected
by systematic uncertainties than the robust BAO scale measure-
ment.

BAO analyses usually perform a spherical average of their
scale measurement constraining a combination of the angular
scale and redshift separation:

dz =
rs(zdrag)
Dv(z)

(21)

with:

Dv(z) =
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(22)

For this work, we follow Planck Collaboration XVI (2013) in
using the measurement of the BAO scale at z = 0.106, 0.35,
and 0.57 from Beutler et al. (2011); Padmanabhan et al. (2012);
Anderson et al. (2012), respectively. We consider a BAO prior of
the form:

�2
bao = (dz � dbao

z )†C�1
bao(dz � dbao

z ) (23)

with zdrag computed from the Eisenstein & Hu (1998) fit-
ting formulae, dbao

z = (0.336, 0.1126, 0.07315) and C�1
bao =

diag(4444, 215156, 721487).

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
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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 13, 14 and 15. Errors quoted in the ta-
bles are 1-� Cramér-Rao lower bounds from the approximate
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Fig. 15. 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 temperature
and WMAP polarization measurements of the CMB fluctuation
(Planck+WP), and a combination of measurements of the BAO
scale (BAO). See Sect. 7.1 for details. The black dashed line cor-
responds to a flat universe.

Fig. 16. 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.

Fisher Information Matrix. Confidence contours corresponding
to ��2 = 2.28 (68%) and ��2 = 6 (95%) are shown in
Figs. 15, 16 and 17. 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-
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
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Publicly Available Datasets
• SDSS-II/SNLS3 Joint Light-Curve Analysis 

• http://supernovae.in2p3.fr/sdss_snls_jla/
ReadMe.html 

• (Find the redshift bug!) 

• Union 2.1 

• http://supernova.lbl.gov/union/ 

• Make a model for H(z) and write a paper

http://supernovae.in2p3.fr/sdss_snls_jla/ReadMe.html
http://supernova.lbl.gov/union/


LSST

• Effective 6.7-m in Cerro 
Pachon Chile 

• 10 sq deg CCD camera 
• Survey start 2022 
• 10-year survey 
• 10 million transient alerts per 

night



Ground-Based 
Cosmological SN Surveys

DES SN LSST
Wide Deep Main Deep Drilling

Duration 5 CTIO Semesters 10 years
Effective Mirror 

Diameter 3.6 m 6.7 m

Solid Angle 8x3 sd 2x3 sd 18,000 sd O(5)x9.6 sd

Depth/visit 24
griz

25
griz

24/25/24/23/22
u/gr/i/z

26.5/26/25.5/24.5
gr/i/z/y

Cadence 5 days/band 5 days/band 3 days 4 days/band

Numbers 2500 500 1,000,000 50,000



NASA WFIRST SN Program

• `
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equation, or from still more radical modifications such 
as extra spatial dimensions. Observationally, the route 
to addressing these questions is to measure the histo-
ries of cosmic expansion and growth of structure with 
the greatest achievable precision over the widest ac-
cessible redshift range.  

As defined by NWNH, one of WFIRST’s primary 
mission goals is to “settle fundamental questions about 
the nature of dark energy, the discovery of which was 
one of the greatest achievements of U.S. telescopes in 
recent years.” (Following common practice, we will use 
“dark energy” as a generic term that is intended to en-
compass modified gravity explanations of cosmic ac-
celeration as well as new energy components.) It will do 

so using three distinct surveys that enable complemen-
tary measurements of the expansion history and struc-
ture growth. In each case, the larger collecting area and 
higher angular resolution of WFIRST-2.4 afford signifi-
cant advantages relative to the DRM1 design. The 
WFIRST-2.4 dark energy program is summarized below 
and described at greater length in Appendix C. Further 
background on the measurement and forecast methods 
can be found in the Green et al. report1, in papers by 
Wang et al.4,5,6 on cosmological constraints from galaxy 
redshift surveys, and in the comprehensive review arti-
cle of Weinberg et al.7  

Figure 2-1 presents an overview of the WFIRST-
2.4 dark energy program. With the observing strategy 
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matter clustering through the “cosmic shear” produced by weak gravitational lensing and through the abundance of 
galaxy clusters with masses calibrated by weak lensing. As indicated by crossing arrows, weak lensing measurements 
also constrain distances, while the galaxy redshift survey provides an alternative measure of structure growth through 
the distortion of redshift-space clustering induced by galaxy motions. Boxes in the middle layer list the forecast aggre-
gate precision of these measurements in different ranges of redshift. These high-precision measurements of multiple 
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of cosmic acceleration, through constraints on the dark energy equation-of-state parameter w(z), on deviations ΔG(z) 
from the growth of structure predicted by General Relativity, or on deviations between the gravitational potentials that 
govern relativistic particles (and thus weak lensing) and non-relativistic tracers (and thus galaxy motions). 
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equation, or from still more radical modifications such 
as extra spatial dimensions. Observationally, the route 
to addressing these questions is to measure the histo-
ries of cosmic expansion and growth of structure with 
the greatest achievable precision over the widest ac-
cessible redshift range.  

As defined by NWNH, one of WFIRST’s primary 
mission goals is to “settle fundamental questions about 
the nature of dark energy, the discovery of which was 
one of the greatest achievements of U.S. telescopes in 
recent years.” (Following common practice, we will use 
“dark energy” as a generic term that is intended to en-
compass modified gravity explanations of cosmic ac-
celeration as well as new energy components.) It will do 
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tary measurements of the expansion history and struc-
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higher angular resolution of WFIRST-2.4 afford signifi-
cant advantages relative to the DRM1 design. The 
WFIRST-2.4 dark energy program is summarized below 
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Opportunities for New 
Researchers in the Field

• Improve accuracy of SN Ia distances and reduce 
systematic uncertainties from SN luminosity model 

• Supernova cosmology beyond the Hubble Diagram 

• Improve flux calibration of our observations



Opportunities for New 
Researchers in the Field

• Improve accuracy of SN Ia distances and reduce 
systematic uncertainties from SN luminosity model 

• Make a better SN Ia Model!

• Supernova cosmology beyond the Hubble Diagram 

• Improve flux calibration of our observations



Uncertainty in SN Model
• Supernova distances determined from fits of multi-band 

light curves 

• Depends on magnitude at peak brightness, light-curve 
decline rate, and color

Luminosity



Uncertainty in SN Model

Luminosity

Luminosity

Luminosity

Luminosity

MLCS2k2

SALT2

SIFTO

SNooPy

LuminosityBayeSN



SALT2

Uncertainty in SN Model Leads 
to Dark Energy Uncertainty

• Bulk of high-quality SN measurements in 
optical wavelengths and near peak 

• SNe less well understood in UV and NIR, 
well before and well after peak brightness 

• Issue manifest in discrepancy of distances 
from different light-curve fitters 

• Inconsistent U-band templates 

• Different interpretation of color 

• Different priors

Kessler et al. (2009)

MLCS2k2



Make a Better SN Ia Model
• SN Ia models used for cosmology have two 

parameters: light-curve shape and color 

• SN Ia are physically expected to and exhibit much 
more diversity: multi-color, spectral features, host-
galaxy properties 

• Sophisticated statistical techniques required to 
tease out signal (see e.g. Mandel et al. ApJ, 842, 
93, 2017)



observed 
magnitudes
observed 
spectral 
features

intrinsic spectral features

intrinsic 
magnitude

latent 
extrinsic color 
linear model

data 
covariance

Spectral features 
determine absolute 

magnitude
intrinsic 

magnitude 
covariance

intrinsic 
color

Fishing Expedition 
SN Ia Model

0

BBBB@

U
B
V
R
I

1

CCCCA
⇠ N

0

BBBB@
�+

0

BBBB@

c
U

+ ↵
U

EW
Ca

+ �
U

EW
Si

+ ⌘
U

�
Si

+ �
U

D
c
B

+ ↵
B

EW
Ca

+ �
B

EW
Si

+ ⌘
B

�
Si

+ �
B

D
c
V

+ ↵
V

EW
Ca

+ �
V

EW
Si

+ ⌘
V

�
Si

+ �
V

D
c
R

+ ↵
R

EW
Ca

+ �
R

EW
Si

+ ⌘
R

�
Si

+ �
R

D
c
I

+ ↵
I

EW
Ca

+ �
I

EW
Si

+ ⌘
I

�
Si

+ �
I

D

1

CCCCA
, C

c

1

CCCCA

0

BBBBBBBBBB@

U
o

B
o

V
o

R
o

I
o

EW
Si,o

EW
Ca,o

�
Si,o

1

CCCCCCCCCCA

⇠ N

0

BBBBBBBBBB@

0

BBBBBBBBBB@

U + �0
U

k0 + �1
B

k1
B + �0

B

k0 + �1
B

k1
V + �0

V

k0 + �1
V

k1
R+ �0

R

k0 + �1
R

k1
I + �0

I

k0 + �1
I

k1
EW

Si

EW
Ca

�
Si

1

CCCCCCCCCCA

, C

1

CCCCCCCCCCA



0.
00

1

0.
00

2

0.
00

3

0.
00

4

↵
4

0.
01

2

0.
01

6

0.
02

0

0.
02

4

�
4

�0.
00

2
�0.

00
1

0.
00

0
0.
00

1
0.
00

2

⌘ 4

15

20

25

� 4

�20

�16

�12

�8

� 1
4

�0.
02

�0.
01

0.
00

0.
01

0.
02

c4

0.
03

0.
04

0.
05

0.
06

0.
07

�
4

0.
00

1
0.
00

2
0.
00

3
0.
00

4

↵4

0.
01

2
0.
01

6
0.
02

0
0.
02

4

�4

�0.
00

2

�0.
00

1
0.
00

0
0.
00

1
0.
00

2

⌘4

15 20 25

�4

�20 �16 �12 �8

�14

0.
03

0.
04

0.
05

0.
06

0.
07

�4

I

0.
00

0

0.
00

1

0.
00

2

0.
00

3

↵
3

0.
01

5

0.
02

0

0.
02

5

�
3

�0.
00

15

0.
00

00

0.
00

15

0.
00

30

⌘ 3

20

25

30

35

� 3

�20

�16

�12

�8

� 1
3

�0.
01

0.
00

0.
01

c3

0.
01

0.
02

0.
03

0.
04

�
3

0.
00

0
0.
00

1
0.
00

2
0.
00

3

↵3

0.
01

5
0.
02

0
0.
02

5

�3

�0.
00

15

0.
00

00

0.
00

15

0.
00

30

⌘3

20 25 30 35

�3

�20 �16 �12 �8

�13

0.
01

0.
02

0.
03

0.
04

�3

R

0.
00

0

0.
00

1

0.
00

2

0.
00

3

↵
2

0.
02

0

0.
02

5

0.
03

0

0.
03

5

�
2

�0.
00

15
0.
00

00
0.
00

15
0.
00

30

⌘ 2

30

35

40

45

� 2

�25

�20

�15

�10

� 1
2

�0.
01

0.
00

0.
01

0.
02

c2

0.
01

0.
02

0.
03

0.
04

�
2

0.
00

0
0.
00

1
0.
00

2
0.
00

3

↵2

0.
02

0
0.
02

5
0.
03

0
0.
03

5

�2

�0.
00

15

0.
00

00

0.
00

15

0.
00

30

⌘2

30 35 40 45

�2

�25 �20 �15 �10

�12

0.
01

0.
02

0.
03

0.
04

�2

V

0.
00

00

0.
00

15

0.
00

30

↵
1

0.
01

8

0.
02

4

0.
03

0

0.
03

6

�
1

�0.
00

2

0.
00

0

0.
00

2

⌘ 1

42

48

54

60

� 1

�24

�18

�12

�6

� 1
1

�0.
02

�0.
01

0.
00

0.
01

0.
02

c1

0.
01

5

0.
03

0

0.
04

5

0.
06

0

�
1

0.
00

00

0.
00

15

0.
00

30

↵1

0.
01

8
0.
02

4
0.
03

0
0.
03

6

�1

�0.
00

2
0.
00

0
0.
00

2

⌘1

42 48 54 60

�1

�24 �18 �12 �6

�11

0.
01

5
0.
03

0
0.
04

5
0.
06

0

�1

B

0.
00

2

0.
00

4

0.
00

6

↵
0

0.
02

4

0.
03

2

0.
04

0

�
0

�0.
00

25

0.
00

00

0.
00

25

⌘ 0

54

60

66

72

� 0

�24

�18

�12

�6

� 1
0

�0.
01

5
0.
00

0
0.
01

5
0.
03

0

c0

0.
02

5

0.
05

0

0.
07

5

0.
10

0

�
0

0.
00

2
0.
00

4
0.
00

6

↵0

0.
02

4
0.
03

2
0.
04

0

�0

�0.
00

25

0.
00

00

0.
00

25

⌘0

54 60 66 72

�0

�24 �18 �12 �6

�10

0.
02

5
0.
05

0
0.
07

5
0.
10

0

�0

U

Fun technical challenge to 
successfully fit ~1000 parameters 

in a non-linear model

Profound Results under 
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Opportunities for New 
Researchers in the Field

• Improve accuracy of SN Ia distances and reduce 
systematic uncertainties from SN luminosity model 

• Figure out how to do SN Ia cosmology with 
little spectroscopy!

• Improve flux calibration of our observations 

• Cosmology beyond the Hubble Diagram



LSST Numbers Do Not Tell the 
Entire Story: Spectroscopy

• Spectroscopy used to make Hubble 
diagram 

• Transients typed as SNIa 

• Host galaxies identification 

• Highly precise redshift 

• It takes more telescope time to 
spectroscopically type SNe than get 
light curves 

• Can’t get spectrum of every LSST 
SN 

• Not part of the imaging DES or LSST 
IMAGING surveys



Numbers Do Not Tell the Entire 
Story: Incomplete Spectroscopy

• DES Hubble Diagram (very 
preliminary!!) 

• has an impressive number of 
transients 

• is an impressive mess 
• Mess is due to lack of spectroscopic 

completeness 
• Contamination from non-Ia’s 
• Host galaxies misidentified 
• Highly uncertain redshifts 

• It has NOT been established whether 
systematic uncertainties can be 
constrained to yield precision 
cosmology from these dataRedshift

Very preliminary DES Hubble diagram 
~900 events 

Scolnic et al. AAS Jan 2016 
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First-Generation Code 
Implemented

Simulated ugly Hubble Diagram
Input Cosmology IF 

Generative and simulated 
models are identical

Remains an unsolved problem



Opportunities for New 
Researchers in the Field

• Improve accuracy of SN Ia distances and reduce 
systematic uncertainties from SN luminosity model 

• Supernova cosmology beyond the Hubble Diagram 

• Test General Relativity!

• Improve accuracy of SN Ia distances



New LSST SN Probes of 
Cosmology: Peculiar Velocities

• Universe has mass overdenties that 
induce galaxy velocities on top of 
cosmological expansion 

• Amplitude of extra motion related to 

• Amplitude of mass overdensities: 
σ8  

• Rate at which gravity forms mass 
overdensities: f(a) 

• To first order not related to bias: b 

• General Relativity found empirically 
to have a tight prediction for velocity 
amplitude Millenium Simulation



Measured Redshift (cosmological and line-of-sight peculiar velocity)

New LSST SN Probes of 
Cosmology: Peculiar Velocities

• Peculiar velocity = 
“peculiar distance” 

• Transform Hubble diagram 
residuals to (line-of-sight) 
peculiar velocities



New LSST SN Probes of 
Cosmology: Peculiar Velocities

• Peculiar velocities of LSST-discovered SNe Ia tests GR and other 
gravity models

GROWTH RATE CONSTRAINTS FROM LSST SNE IA 5
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Figure 4. Forecasts for our three SNe Ia samples against the 4MOST-BG sample, assuming 5% distance errors. a). Fractional errors with and
without nuisance parameters (top and bottom respectively). b). A comparison of the volumetric rate forecasts against existing measurements
(Beutler et al. 2012; Howlett et al. 2015; Oka et al. 2014; Alam et al. 2016; Blake et al. 2011a,b; de la Torre et al. 2013) and predictions from
Planck (Planck Collaboration et al. 2016; normalised at the redshift of recombination) with different values for �.

redshift bin we marginalise over separate nuisance parame-
ters, whilst the 0.0 < z < 0.5 constraints use a single set.
The fractional errors for the RSD-only 4MOST-BG sample
and the SNe Ia samples are plotted in Fig. 4. The right-
hand panel of this Figure then compares the volumetric rate
constraints against current measurements and the predictions
from different models of gravity.

We find similar constraints for the DESI-BG and 4MOST-
BG surveys, reflecting their similar design and the fact that,
as they only use RSD, these surveys quickly reach the cos-
mic variance limit at low redshift. The SNe Ia PVs allow us
to break this limit as they sample the same underlying struc-
ture as the RSD measurements. This is most apparent at the
lowest redshifts, where the volumetric rate predictions show
a factor of ⇠ 2 improvement over the RSD constraints.

Without any nuisance parameters we find comparable or
better growth rate constraints using the volumetric rate sam-
ple for all redshift bins, even though the total number of
objects is a factor of ⇠ 3 less than for the DESI-BG and
4MOST-BG surveys. This comparison only grows starker as
we include nuisance parameters in our forecasts.

For SNe Ia that are likely to already have host redshifts,
the Taipan+WALLABY+SN Ia sample achieves better con-
straints than 4MOST or DESI below z ⇡ 0.15, but at higher
redshifts the number of galaxies drops significantly resulting
in poor constraining power. For the J < 19.0 sample the
constraints are again comparable or better than with RSD-
only for all redshift bins. This is because at low redshift the
SNe Ia provide an increase in constraining power, whilst at
high redshift we still obtain large numbers of galaxies and
can constrain the growth rate via RSD

We do not consider forecasts beyond z = 0.5 as at higher
redshift the SNe Ia distance errors become large and the
majority of the growth rate information comes from RSD.
Whilst we can see from Table 1 that at z = 0.5 SNe Ia still

help in marginalising over the nuisance parameters, the con-
straining power of DESI and 4MOST improves significantly
beyond this due to the large cosmological volumes they can
probe with their Luminous Red Galaxy and Emission Line
Galaxy samples. Combined, these can also be used to break
the cosmic variance limit in the same way as a sample of
SNe Ia. Hence the SNe Ia samples quickly become less com-
petitive.

4.3. Systematics

In our analysis we have not included SN Ia systematics,
such as flux calibration or extinction correction errors. These
can be described via a systematic ‘error floor’ in each redshift
bin or across the full SNe Ia sample (Kim & Linder 2011),
which would manifest as a constant addition to the SN Ia
absolute magnitude difference and a zero-point in the PVs.
Whilst an issue for measurements of the bulk flow, where
this zero-point acts in the same way as the bulk motion of the
local universe, Howlett et al. (2017) showed that this acts as
additional shot-noise in the velocity power spectrum. Hence
as long as these systematics are small compared to the intrin-
sic SN Ia scatter, the effect of this on growth rate constraints
is negligible. Alternatively, the additional shot-noise compo-
nent can be marginalised over analytically and at little cost to
the growth rate constraints (Johnson et al. 2014).

Another systematic arises from the incorrect assignment of
SNe Ia to host galaxies, which can be mitigated if we have
spectra for the SNe Ia themselves. Furthermore, measure-
ments of the growth rate depend on the distribution of PVs,
rather than individual measurements. On linear scales the pe-
culiar velocities (not accounting for statistical measurement
errors) are expected to be Gaussian distributed. Hence, in
most cases incorrect assignment of SNe Ia to hosts would re-
sult in abnormally large PVs, which could be removed via
sigma-clipping and not included in our measurements.

Howlett, Robotham, Lagos, Kim (submitted)

GR DGPf(R)



Opportunities for New 
Researchers in the Field

• Improve accuracy of SN Ia distances and reduce 
systematic uncertainties from SN luminosity model 

• Supernova cosmology beyond the Hubble Diagram 

• Measure the Hubble Constant!

• Improve accuracy of SN Ia distances



Image: Kelly et al. 2015 (Science)

supernova

Depends on 
lens mass 

distribution
A unique cosmology 

distance probe

Strong lensing creates multiple images.

If the source is variable, then time delays 
between the images can measured. This is a 
dimensional measurement, so we can 
measure H0 (Refsdal 1964). We can also 
measure dark energy (Linder 2004, 2011). 

Riess 16
Planck15+LCDM

Projected LSN Ia 
(ideal lens model)



Seize the Day
Two very recent papers:  

• Discovery of the first multiply lensed SN Ia – Goobar et al. (Science 2017)  
• Novel method for increasing the discovery rate by an order of magnitude – 

Goldstein & Nugent (ApJL 2017)

Lens @ z=0.2
SN Ia @ z=0.4



Opportunities for New 
Researchers in the Field

• Improve accuracy of SN Ia distances and reduce 
systematic uncertainties from SN luminosity model 

• Supernova cosmology beyond the Hubble Diagram 

• Improve flux calibration of our observations 

• Calibrate of optical path tied to absolute flux 
standards



Relative SN Distances 
Require Color Calibration 

Distances based on common 
optical restframe wavelengths 

…  
different observer wavelengths 

for different redshifts
Observer optical

Observer infrared



Improved Calibration 
Needed

• Flux calibration one of the top limiting uncertainties for 
SN cosmology 

• Precision SN cosmology needs <1% calibration over 
optical wavelengths 

• Current flux calibration tied to modeling of white dwarfs 
— currently faced with limiting sources of uncertainty 

• Goal: Tie next generation experiments to laboratory-
calibrated standards



NIST-calibrated

Kusters et al. SPIE 9908, 99084, 2016 
Lombardo et al. A&A accepted 

see also Juramy et al. SPIE 7014, 701451, 2013

NIST-based calibration of 
UH-88” telescope

 36

Systematics

Stepping through all components and how they perform.
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Conclusions

• Type Ia Supernovae are and will remain a leading 
probe of dark energy 

• Many challenges to overcome in order to realize 
improved constraints —> research opportunities


