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SNe Ia Are Exploding White Dwarfs

White Dwarf in 
Binary System 

Accretes Matter 
Until ~1.4 times 
the Mass of the 
Sun 

Explodes and is 
Very, Very 
Luminous



Standard Candles and Distances

D = (L/4πF)1/2Obs:
D = f(z, Ω, w(z), etc)Theory:



SNe Ia are NOT Standard Candles!



Calibrating the Nearly Standard Candle
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σ = 0.44 
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σ = 0.18 
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Accelerating Universe!

Riess et al. 1998
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FIG. 6.ÈJoint conÐdence intervals for from SNe Ia. The solid()
M

, )
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)
contours are results from the MLCS method applied to well-observed SNe
Ia light curves together with the snapshot method et al.(Riess 1998b)
applied to incomplete SNe Ia light curves. The dotted contours are for the
same objects excluding the unclassiÐed SN 1997ck (z\ 0.97). Regions rep-
resenting speciÐc cosmological scenarios are illustrated. Contours are
closed by their intersection with the line )

M
\ 0.

The normalized PDF comes from dividing this relative
PDF by its sum over all possible states,
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neglecting the unphysical regions. The most likely values for
the cosmological parameters and preferred regions of
parameter space are located where is mini-equation (4)
mized or, alternately, is maximized.equation (10)

The Hubble constants as derived from the MLCS
method, 65.2 ^ 1.3 km s~1 Mpc~1, and from the template-
Ðtting approach, 63.8 ^ 1.3 km s~1 Mpc~1, are extremely
robust and attest to the consistency of the methods. These
determinations include only the statistical component of
error resulting from the point-to-point variance of the mea-
sured Hubble Ñow and do not include any uncertainty in
the absolute magnitude of SN Ia. From three photoelec-
trically observed SNe Ia, SN 1972E, SN 1981B, and SN
1990N (Saha et al. the SN Ia absolute magni-1994, 1997),
tude was calibrated from observations of Cepheids in the
host galaxies. The calibration of the SN Ia magnitude from
only three objects adds an additional 5% uncertainty to the
Hubble constant, independent of the uncertainty in the zero
point of the distance scale. The uncertainty in the Cepheid

distance scale adds an uncertainty of D10% to the derived
Hubble constant & Walker(Feast 1987 ; Kochanek 1997 ;

& Freedman A realistic determination of theMadore 1998).
Hubble constant from SNe Ia would give 65 ^ 7 km s~1
Mpc~1, with the uncertainty dominated by the systematic
uncertainties in the calibration of the SN Ia absolute magni-
tude. These determinations of the Hubble constant employ
the Cepheid distance scale of & FreedmanMadore (1991),
which uses a distance modulus to the Large Magellanic
Cloud (LMC) of 18.50 mag. Parallax measurements by the
Hipparcos satellite indicate that the LMC distance could be
greater, and hence our inferred Hubble constant smaller, by
5% to 10% though not all agree with the inter-(Reid 1997),
pretation of these parallaxes & Freedman(Madore 1998).
All subsequent indications in this paper for the cosmo-
logical parameters and are independent of the value)

M
)

"for the Hubble constant or the calibration of the SN Ia
absolute magnitude.
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, H0,found by reducing our three-dimensional PDF to two
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FIG. 7.ÈJoint conÐdence intervals for from SNe Ia. The solid()
M
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)
contours are results from the template-Ðtting method applied to well-
observed SNe Ia light curves together with the snapshot method et(Riess
al. applied to incomplete SNe Ia light curves. The dotted contours1998b)
are for the same objects excluding the unclassiÐed SN 1997ck (z\ 0.97).
Regions representing speciÐc cosmological scenarios are illustrated. Con-
tours are closed by their intersection with the line )

M
\ 0.
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FIG. 7.ÈBest-Ðt conÐdence regions in the plane for our primary)
M

-)"analysis, Ðt C. The 68%, 90%, 95%, and 99% statistical conÐdence regions
in the plane are shown, after integrating the four-dimensional Ðt)

M
È)"over and a. (See footnote 11 for a link to the table of this two-M

Bdimensional probability distribution.) See Fig. 5e for limits on the small
shifts in these contours due to identiÐed systematic uncertainties. Note that
the spatial curvature of the universeÈopen, Ñat, or closedÈis not determi-
native of the future of the universeÏs expansion, indicated by the near-
horizontal solid line. In cosmologies above this near-horizontal line the
universe will expand forever, while below this line the expansion of the
universe will eventually come to a halt and recollapse. This line is not quite
horizontal, because at very high mass density there is a region where the
mass density can bring the expansion to a halt before the scale of the
universe is big enough that the mass density is dilute with respect to the
cosmological constant energy density. The upper-left shaded region,
labeled ““ no big bang,ÏÏ represents ““ bouncing universe ÏÏ cosmologies with
no big bang in the past (see Carroll et al. 1992). The lower right shaded
region corresponds to a universe that is younger than the oldest heavy
elements (Schramm 1990) for any value of km s~1 Mpc~1.H0 º 50

on that day : the distribution, abundances, excitations, and
velocities of the elements that the photons encounter as they
leave the expanding photosphere all imprint on the spectra.
So far, the high-redshift supernovae that have been studied
have light-curve shapes just like those of low-redshift super-
novae (see Goldhaber et al. 1999), and their spectra show
the same features on the same day of the light curve as their
low-redshift counterparts having comparable light-curve
width. This is true all the way out to the z \ 0.83 limit of the
current sample (Perlmutter et al. 1998b). We take this as a
strong indication that the physical parameters of the super-
nova explosions are not evolving signiÐcantly over this time
span.

Theoretically, evolutionary e†ects might be caused by
changes in progenitor populations or environments. For

example, lower metallicity and more massive SN Ia-
progenitor binary systems should be found in younger
stellar populations. For the redshifts that we are consider-
ing, z \ 0.85, the change in average progenitor masses may
be small (Ruiz-Lapuente, Canal, & Burkert 1997 ; Ruiz-
Lapuente 1998). However, such progenitor mass di†erences
or di†erences in typical progenitor metallicity are expected
to lead to di†erences in the Ðnal C/O ratio in the exploding
white dwarf and hence a†ect the energetics of the explosion.
The primary concern here would be if this changed the
zero-point of the width-luminosity relation. We can look for
such changes by comparing light curve rise times between
low- and high-redshift supernova samples, since this is a
sensitive indicator of explosion energetics. Preliminary indi-
cations suggest that no signiÐcant rise-time change is seen,
with an upper limit of day for our sample (see forth-[1
coming high-redshift studies of Goldhaber et al. 1999 and
Nugent et al. 1998 and low-redshift bounds from Vacca &
Leibundgut 1996, Leibundgut et al. 1996b, and Marvin &
Perlmutter 1989). This tight a constraint on rise-time
change would theoretically limit the zero-point change to
less than D0.1 mag (see Nugent et al. 1995 ; Ho" Ñich,
Wheeler, & Thielemann 1998).

A change in typical C/O ratio can also a†ect the ignition
density of the explosion and the propagation characteristics
of the burning front. Such changes would be expected to
appear as di†erences in light-curve timescales before and
after maximum & Khokhlov 1996). Preliminary(Ho" Ñich
indications of consistency between such low- and high-
redshift light-curve timescales suggest that this is probably
not a major e†ect for our supernova samples (Goldhaber et
al. 1999).

Changes in typical progenitor metallicity should also
directly cause some di†erences in SN Ia spectral features

et al. 1998). Spectral di†erences big enough to(Ho" Ñich
a†ect the B- and V -band light curves (see, e.g., the extreme
mixing models presented in Fig. 9 of et al. 1998)Ho" Ñich
should be clearly visible for the best signal-to-noise ratio
spectra we have obtained for our distant supernovae, yet
they are not seen (Filippenko et al. 1998 ; Hook et al. 1998).
The consistency of slopes in the light-curve width-
luminosity relation for the low- and high-redshift super-
novae can also constrain the possibility of a strong
metallicity e†ect of the type that et al. (1998)Ho" Ñich
describes.

An additional concern might be that even small changes
in spectral features with metallicity could in turn a†ect the
calculations of K-corrections and reddening corrections.
This e†ect, too, is very small, less than 0.01 mag, for photo-
metric observations of SNe Ia conducted in the rest-frame B
or V bands (see Figs. 8 and 10 of et al. 1998), as isHo" Ñich
the case for almost all of our supernovae. (Only two of our
supernovae have primary observations that are sensitive to
the rest-frame U band, where the magnitude can change by
D0.05 mag, and these are the two supernovae with the
lowest weights in our Ðts, as shown by the error bars of Fig.
2. In general the I-band observations, which are mostly
sensitive to the rest-frame B band, provide the primary light
curve at redshifts above 0.7.)

The above analyses constrain only the e†ect of
progenitor-environment evolution on SN Ia intrinsic lumi-
nosity ; however, the extinction of the supernova light could
also be a†ected, if the amount or character of the dust
evolves, e.g., with host galaxy age. In ° 4.1, we limited the

Perlmutter et al. 1999



What is Dark Energy?
Look at Equation of  State: w = P/(ρc2) 
Need w ≤ -1/3 for acceleration 
w = -1 for cosmological constant

Look at Equation of  State: w = P/(ρc2) 
Need w ≤ -1/3 for acceleration 
w = -1 for cosmological constant 
Several Problems with 
Cosmological Constant: 
1. Simple theory suggests Λ should 
be much larger 
2. Why is ΩΛ ≈ Ωm? 
3. Already another period of  
accelerated expansion without 
cosmological constant (inflation)



Jones et al., 2018
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Figure 13. Discrepant constraints on H0 from CMB, BAO, and local measurements assuming ⇤CDM. SNe Ia disfavor a scenario in which
exotic dark energy can resolve these conflicts.

Figure 14. Constraints on w and ⌦M from PS1+low-z SNe in conjunction with other probes.

Figure 15. Constraints on w0 and wa from PS1+low-z SNe,
Planck, BAO, and H0.

SNe, Planck and H0. This choice of priors gives 3� ev-
idence for positive curvature, but the result is entirely

due to the local/CMB H0 discrepancy and becomes in-
significant when BAO constraints are added.
As shown from the H0 measurements in Table 7,

PS1+low-z SNe and the non-⇤CDM models considered
here do not explain the local/CMB H0 discrepancy.
When H0 priors are omitted, all measurements of H0 are
inconsistent with Riess et al. (2016) at the ⇠2-3� level
and would also be inconsistent with other local measure-
ments of H0 (Bonvin et al. 2017; Jang & Lee 2017). When
only CMB and H0 priors are included, we measure val-
ues of H0 that are consistent with Riess et al. (2016)
only when allowing for positive curvature or evolving w.
When we combine with CMB, H0 and BAO priors, all
measurements of H0 are inconsistent with Riess et al.
(2016) at the 2.6� to 2.8� level even though H0 priors
are included. Therefore, SNe Ia and the models consid-
ered here do not favor a non-⇤CDM universe and disfa-
vor a scenario where the H0 discrepancy is due to non-
cosmological constant dark energy.

7.1. Consistency with JLA and Pantheon Results
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As shown from the H0 measurements in Table 7,

PS1+low-z SNe and the non-⇤CDM models considered
here do not explain the local/CMB H0 discrepancy.
When H0 priors are omitted, all measurements of H0 are
inconsistent with Riess et al. (2016) at the ⇠2-3� level
and would also be inconsistent with other local measure-
ments of H0 (Bonvin et al. 2017; Jang & Lee 2017). When
only CMB and H0 priors are included, we measure val-
ues of H0 that are consistent with Riess et al. (2016)
only when allowing for positive curvature or evolving w.
When we combine with CMB, H0 and BAO priors, all
measurements of H0 are inconsistent with Riess et al.
(2016) at the 2.6� to 2.8� level even though H0 priors
are included. Therefore, SNe Ia and the models consid-
ered here do not favor a non-⇤CDM universe and disfa-
vor a scenario where the H0 discrepancy is due to non-
cosmological constant dark energy.

7.1. Consistency with JLA and Pantheon Results

w = -1.040 ± 0.046 | w0 = -0.97 ± 0.10; wa = -0.38 ± 0.45



Blanco 4-m telescope Dark Energy Camera

DES is a 5-year survey to probe the 
dark energy using galaxy clusters, 
weak lensing, large-scale structure, 
and type Ia supernovae.



wErr (stat+sys) #SNe SURVEY

0.054 740 JLA-Spec (2014)

0.040 1049 PANTHEON-Spec (2018)

0.058 ~1000 PS1-Phot (2017)

? 334   DES3YR-Spec (2018)

How Does DESSN Stack Up?                  

8
Days From Peak Brightness Days From Peak Brightness
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F
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DESSN Pan-STARRS1 (Scolnic et al. 2018)



Difference Imaging      → SNe Candidates

Spectra               → Type & redshift

Photometry      → Light Curves → Distances

Calibration         → Relative Distance between all SNe

Simulations        → Distance Bias Corrections

Systematics     → Covariance Matrix

CosmoMC          → wCDM fit with SNeIa + Planck 2015

 18

The Ingredients for Supernova Cosmology



BLINDED

    (
unblinded December 22nd, 2017)



36*equally STAT and SYS dominated

Preliminary RESULTS!             (flat wCDM)                   

wErr (stat+sys) #SNe SURVEY

0.054 740 JLA-Spec (2014)

0.040 1049 PANTHEON-Spec (2018)

0.058 ~1000 PS1-Phot (2017)

0.057* 334   DES3YR-Spec (2018)



Preliminary RESULTS!             (flat wCDM)                   
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wErr (stat+sys) #SNe SURVEY

0.054 740 JLA-Spec (2014)

0.040 1049 PANTHEON-Spec (2018)

0.058 ~1000 PS1-Phot (2017)

0.057 334   DES3YR-Spec (2018)

? ~500      DES5YR-Spec (future)

? ~2000      DES5YR-Phot (future)
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Where do we go from here?
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Systematics Dominate

Scolnic et al. 2014

Table 1: SN Uncertainties for w

Source dw
Total Uncertainty 0.072
Statistical Uncertainty 0.050
Systematic Uncertainty 0.052

Photometric calibration 0.045
SN color model 0.023
Host galaxy dependence 0.015
MW extinction 0.013
Selection Bias 0.012
Coherent Flows 0.007

Statistical and systematic sources of uncertainty for SN (+CMB+BAO+H0) measurements
of w (Scolnic et al., 2014a). The statistical and systematic uncertainties are currently similar
in size. We also list the individual major sources of systematic uncertainty (which combine to
make the total systematic uncertainty). The largest, by far, individual systematic uncertainty
is photometric calibration. The Foundation survey will reduce the calibration uncertainty to
the point where it is no longer dominant in the overall error budget.

A New Foundation for SN Cosmology
Cosmological constraints from SNe Ia are derived by comparing the distances of low- to high-z

SNe, with the low-z sample providing an ‘anchor’ to the high-z sample. Our constraints are only
as good as either sample. Because of significant effort (and telescope time) put into performing
precise, systematic high-z SN surveys, the high-z samples are now both larger (about 800 compared
to 200) and better calibrated than their low-z counterparts. Currently, the low-z SN Ia sample
is a larger source of uncertainty than the high-z samples. Any work on high-z samples will
have a marginal affect on w until we improve the low-z sample.

PI Foley is leading a team that includes Armin Rest (STScI) and Dan Scolnic (KICP fellow, U
Chicago) that will replace the old, poorly calibrated low-z sample with a modern sample with the

same telescope used to measure high-z SNe Ia. Through the PS1 collaboration, we have observed
roughly 400 spectroscopically confirmed SNe Ia and roughly 3000 photometrically classified SNe Ia.
We can use this same system (site/telescope/filters/detectors) to measure a large, homogeneous
sample of low-z SNe. We call this the “Foundation” sample.

Foley is purchasing PS1 telescope time to observe 400 low-z SNe Ia over two years starting
around March 2015, with the exact start date depending on when current PS1 programs end. The
money for the PS1 time is already secured and this project is guaranteed a set amount of open-
shutter time — there is no weather loss for this project. SNe will be discovered by other sources
such as the Catalina Sky Survey (Drake et al., 2009), SkyMapper (Keller et al., 2007), Palomar
Transient Factory (Law et al., 2009), ASAS-SN, the La Silla-Quest Survey (Baltay et al., 2013),
amateur astronomers, and many other sources. Our requirements are simply that the SNe are
spectroscopically confirmed, pre-maximum brightness, low to moderately reddened SNe Ia either
in a potential Cepheid galaxy or in the Hubble flow.

We have also applied for 10 nights of NOAO follow-up time on the Mayall and SOAR 4-m

3



Dust Makes Things Fainter/Redder

Dust 



Dust Makes Things Fainter/Redder

RV =      / E(B-V) AV 
µ = m - M - AV 
   = m - M - E(B-V) RV



Dust Makes Things Fainter/Redder

Dust 

AV = E(B-V) RV 



Samples of  SNe Ia have Low RV

RV = 
AV/E(B-V) 

Foley & Kasen 2011



Dust Makes Things Fainter/Redder

Dust 



Different Intrinsic Colors

Dust 

Dust Makes Things Fainter/Redder



Optical Spectrum to Measure Velocity
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Measuring Silicon Velocity
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Samples of  SNe Ia have Low RV

RV = 
AV/E(B-V) 

Foley & Kasen 2011



Intrinsic Color Depends on SN Velocity

Foley & Kasen 2011

also Foley 2012; Foley, Sanders, & Kirshner 2011; Mandel, Foley, & Kirshner 2014

High Velocity
Low Velocity

RV = 
AV/E(B-V) 



Low Velocity High Velocity 

Ejecta Velocity is the 
“Next Parameter” 
Velocity Improves 
Precision by 2.4x 
and Reduces Bias 



Intrinsic Color Depends on SN Velocity

Mandel, Foley, & Kirshner 2014

Research Proposal Ryan J. Foley 3

peak absolute magnitude of Tycho’s SN to MV = −19.16 ± 0.16 mag (Foley et al., in prep.). Additionally, we
can measure Tycho’s ejecta velocity, which correlates with several properties such as intrinsic color (see below;
Foley & Kasen, 2011) and the SN progenitor system (see above; Foley et al., 2012d).
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Figure 2: High-quality Keck LE spectrum of Tycho’s SN. The

continuum of the SN is affected by both scattering and reddening.

The spectrum is binned to only 5 Å/pixel. The major features of

Si II λ6355 and the Ca NIR triplet are marked.

Observing LEs with different LoSs is equivalent to
observing different hemispheres of the photosphere,
providing direct observations of potential asymme-
tries in the SN explosion. For Tycho’s SN, we have
discovered ∼30 LE complexes in front and in the plane
of the SN, making it an ideal candidate for observing
the SN from many different LoSs. We have already
published similar observations of Cas A (Rest et al.,
2011a), where we found large asymmetries.

We would like to make similar measurements for
Tycho. Although SNe Ia are expected to be relatively
spherical, models indicate that Rayleigh-Taylor insta-
bilities in the burning front produce noticeable asym-
metries in the explosions (Gamezo et al., 2003; Kozma
et al., 2005). With LEs of Tycho’s SN, we can directly test the asymmetry of the explosion!

I plan to continue my LE spectroscopy program with Magellan and Keck (through NASA) to classify historic
SNe for the first time, measure intrinsic properties of the SNe, perform 3D spectral mapping, and connect
explosions to remnants. Eventually, GMT will be able to observe an order of magnitude more LEs than current
facilities, opening additional opportunities.

The Velocity-Color Relation
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Figure 3: Ejecta velocity as a function of the difference in indi-
vidual extinction estimates using a model which incorporates ve-
locity information to a model with a single intrinsic color, ∆AV ,
for the Foley et al. (2011b) sample. Bottom: histogram of ∆AV

for that sample. This is the bias in our current distance estimates.

In the optical, there is a clear relation be-
tween luminosity and light-curve shape (the “width-
luminosity” relation; Phillips, 1993) that standardizes
SN Ia luminosities, making them “standardizable can-
dles,” and provides the precise distances necessary to
make cosmological measurements. For almost two
decades, the SN community searched for a “second
parameter” to improve SN Ia distances beyond those
determined with only the width-luminosity relation.

I recently discovered this second parameter.
While SN Ia ejecta velocity and light-curve shape are
uncorrelated, there is a linear relation between ejecta
velocity and intrinsic color (Foley & Kasen 2011; Foley
et al. 2011b; Foley 2012; Mandel, Foley, & Kirshner
2014), with higher-velocity SNe Ia being intrinsically
redder. Because we can now determine their intrinsic
color, SNe Ia are “standardizable crayons.” Current techniques for measuring SN Ia distances assume that all
SNe Ia with the same light-curve shape have the same intrinsic color and any deviation from a nominal “zero-
reddening” color is attributed to dust extinction. Assuming an incorrect intrinsic color leads to an incorrect
estimate of the dust extinction, and therefore an incorrect distance — not accounting for this effect has reduced
the precision of SN Ia distance measurements and biased all previous SN Ia distances. This is currently the
largest non-calibration systematic uncertainty for SN cosmology. However, using velocity information, we are
able to improve the distance precision for SNe Ia from 8.5% to 5.5% — a factor of 2.4 improvement
in the statistical uncertainty — and are able to remove this systematic uncertainty.

A large part of my time will be devoted to improving our understanding of this effect and using it to make
the most precise distance measurements yet. While at the CfA, I amassed a very large sample of low- and high-z
SNe Ia with velocity data. This sample is about 2 and 4 times as large at low and high z than the current best
sample I published in Foley et al. (2011b) and Foley (2012), respectively. Over the next few years, my group
will exploit these data. These SNe will be the basis for a precise cosmological analysis that incorporates the
velocity-color relation. When this analysis is done, it will supersede all existing SN Ia cosmology results.

With DES, we have undertaken a spectroscopic strategy to take advantage of the velocity-color relation. We
will measure velocities for a representative sample across all redshifts to both test for any potential evolution



No Velocity Bias in Gemini Sample
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Calibrating SNe Ia 

Visit Santa Cruz

Enjoy the Local Attractions!
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