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Standard Candles And Distances

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



SNe Ia are NOT Standard Candles!
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Systematics Dominate SN Cosmology

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 e!ort (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 a!ect 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
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Figure 2. Example sample paths of Markov Chain Monte Carlo (MCMC) chains
generated by the BayeSN MCMC sampling code. The full chain stochastically
samples the parameter space of all individual SNe in the set, and the populations
of SN Ia light curves and the dust. This plot focuses on the coordinates of
the chain concerning the visual extinction AV to particular SN. Each color
represents an independent chain starting from a randomized initial guess. The
chains explore the full parameter space and converge within a few hundred
iterations upon the same global posterior distribution. The posterior uncertainty
in the estimate is reflected in the distribution (variability) of the chain samples
upon convergence. The plot depicts the simultaneous convergence of the chains,
both for the estimate of a single SN and for estimates of the ensemble of SNe,
ensuring the attainment of a consistent global solution for the SN population.
Each color represents one of the four independent chains. For example, the blue
line in each panel is a different coordinate (projection) of the same MCMC
chain.
(A color version of this figure is available in the online journal.)

thinned out the chains by recording only every 40th value. This
reduces the autocorrelation between successive recorded sam-
ples and saves memory. To assess convergence, we computed
the Gelman–Rubin (G-R) statistic (Gelman & Rubin 1992) for
each parameter in the chain to compare the coverages of the
independent chains. We considered a maximum G-R ratio less
than 1.10 to indicate convergence. We discarded the first 20%
of each chain as burn-in, and the chains were concatenated for
analysis.

5. RESULTS: POSTERIOR INFERENCES

In this section, we report the posterior inferences of light
curves and the population when the training set consists of all
the SNe and their redshifts (D,Z). We report the posterior
inference obtained when adopting Case 5 (m = 1) for the
(AV , rV ) population model, which models linear trends between
the dust slope rV and the dust extinction AV . Posterior inferences
can be described in terms of light curve fits and dust estimates
for individual SNe, intrinsic covariances in the population of SN
light curves, and the population distribution and correlations of
host galaxy dust properties.

5.1. Individual Supernovae

Optical and NIR light curve fits in the rest frame are shown
for one SN, SN 2005eq, in Figure 3. The points are the
measured magnitudes in the observer frame minus the estimated
K-corrections and Milky Way extinction in each passband.
The black curves represent the fitted apparent light curves in
each rest-frame passband, with each light curve represented by
the differential decline rates model (Appendix A). The peak
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Figure 3. Top: optical (CfA3; Hicken et al. 2009a) and NIR (PAIRITEL; WV08)
observations of nearby SN Ia 2005eq are fitted with a multi-band light curve
model. The points are the observed magnitudes in each filter minus estimated
K-corrections and Milky Way extinction. Bottom: optical and NIR light curves
of SN 2005eq are used to infer the host galaxy dust extinction properties. The
hierarchical model enables coherent inference of host galaxy dust properties
(AV , RV ) (assuming a CCM dust law), while marginalizing over the posterior
uncertainties in the dust and SN light curve populations. The cross indicates the
marginal bivariate mode, and the two black contours contain 68% and 95% of
the posterior probability. The inferred NIR extinction AH is much smaller than
the optical extinction AV and has much smaller uncertainty. This SN exhibits
moderate extinction and reddening due to host galaxy dust.
(A color version of this figure is available in the online journal.)

apparent magnitudes for each SN and the decline rate !m15(B)
are listed in Table 4.

We also depict the posterior inferences of the dust properties:
the visual extinction AV , the NIR extinction, AH , and the slope of
the extinction law rV ! R"1

V . The bivariate marginal probability
densities were estimated from the MCMC samples using kernel
density estimation. The marginal distributions integrate over
the posterior uncertainties in individual light curve fits and the
population distribution. For SN 2005eq, we find a moderate
amount of visual extinction, AV # 0.3 mag. We can see from the
side-by-side comparison that not only is the H-band extinction
about five times smaller, but its uncertainty is also much smaller.

Since dust extinction is nonnegative, AV ! 0, the posterior
probability densities of the dust parameters is highly non-
Gaussian for SNe with low extinction. For example, from
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Smaller Extinction Errors in IR



were considered (Fig. 9). These results further testify to the ro-
bustness of SN Ia NIR light curves as standard candles.

Our model light curves may also suggest further refinements
to cosmology studies in the NIR. The J-band light curves, for ex-
ample, show almost zero intrinsic dispersion at the local minimum
occurring between the first and secondarymaximum (about 15 days
after B-band maximum; see Fig. 10). Even when the subluminous
models are considered, the magnitude variations at this epoch
are small. It would be interesting to check whether observed
SNe Ia exhibit a similar behavior. As it turns out, Meikle (2000)
chose to study the J-bandmagnitudes of SNe Iameasured 14 days
after B-band maximum (as derived from fits to the Elias et al.
(1985) templates). He found that the dispersion in M14 (J ) was
small, although not necessarily minimal.

The low peak magnitude dispersion in the NIR follows from
the dependence of the model colors on the bolometric luminosity.
The dimmer SNe also have lower temperatures and radiate a greater
percentage of the energy at redder wavelengths. This acts as a
regulating mechanism that maintains a nearly constant peak
magnitude in the NIR bands, regardless of the 56Ni mass. On the
other hand, the dispersion in ultraviolet andU-band magnitudes
is reciprocally intensified, exceeding that of the bolometric light
curves.

8. DISCUSSION AND CONCLUSION

We have modeled the far-red and NIR light curves of SNe Ia
and given a detailed explanation of the characteristic secondary
maximum.Our syntheticmodel light curveswere calculated using
parameterized 1D ejecta configurations and the time-dependent
multigroup radiative transfer code SEDONA. The model light
curves displayed distinct and conspicuous secondary maxima and
provided favorable fits to the NIR observations of the normal
Type Ia SN 2001el. By varying the mass of 56Ni, the models also
reproduced the observed trend that brighter SNe Ia have later
and more prominent secondary maxima.

We trace the origin of the secondary maximum directly to the
ionization evolution of iron group elements in the ejecta. Spe-
cifically, the NIR emissivity of iron/cobalt gas peaks sharply at
a temperature T21 ! 7000 K, marking the transition between the
singly and doubly ionized states. The recombination of iron-rich
gas from 2 ! 1 thus leads to enhanced redistribution of radiation
from blue to NIR. Interestingly, as the supernova cools, the global

ionization evolution takes the form of a 2 ! 1 ‘‘recombination
wave’’ gradually receding deeper into the ejecta. The onset and
propagation of this wave through the iron-rich layers marks the
rise and fall the secondary maximum. Because the ejecta are
transparent at longer wavelengths during these epochs, the NIR
observations allow us to watch directly as the recombination
wave scans through progressively deeper layers of ejecta.
While the models considered in this paper captured the es-

sential aspects of SN Ia NIR light curves, they also highlighted
several outstanding issues for the radiative transfer calculations.
First, the use of a complete and accurate atomic line list proved
critical in modeling the NIR bands. Further improvement of the
currently available atomic data is likely needed to accurately model
the H- and K-band light curves. Second, nonthermal ionization
effects from radioactive gamma rays become significant for texp k
70 days, when LTE predicts neutrality, and thus likely have a
dramatic impact on the NIR light curves at these late epochs.
Third, a proper treatment of Ca ii IR triplet line source function
is crucial in synthesizing accurate I-band model light curves, as
the assumption of purely absorbing lines leads to unrealistic
results. Future advances in the SEDONA code will permit more
detailed studies of these and other important effects. However,
one does not expect the technical developments to change the
general NIR light curve trends and dependencies explained in
this paper.
In this paper, we studied the dependence of theNIR light curves

on a number of important physical parameters, which highlighted
the many ways in which NIR light curves offer valuable diag-
nostics of the ejecta properties and powerful constraints on ex-
plosion models. First, the double-peaked morphology of the NIR
light curves can be taken as a direct consequence of the abun-
dance stratification in SNe Ia, in particular, the concentration of
iron group elements in the central regions. This confirms pre-
vious inferences based on postmaximum and nebular spectra
(e.g., Branch et al. 1985; Höflich et al. 2002; Kozma et al. 2005).
Abundance stratification is generic to certain classes of explosion
models, for example, the delayed-detonation models (Khokhlov
1991) and the detonation-from-failed-detonation models (Plewa
et al. 2004). In contrast, models characterized by large-scale mix-
ing, such as published three-dimensional deflagration models
(Gamezo et al. 2003; Reinecke et al. 2002), are likely inconsistent
with the double-peaked behavior in the NIR light curves. Fur-
ther NIR observations, coupled with the transfer models, should
be useful in constraining the exact degree of 56Nimixing in SNe Ia
and thus in testing current and future explosion paradigms.
Second, the luminosity of the secondary maximum provides a

measure of the amount of iron group elements (both stable and
radioactive) synthesized in the explosion. The observed corre-
lation between the B-band decline rate and the luminosity of the
secondary maximum provides strong evidence that slower de-
clining SNe Ia have (on average) a larger production of iron group
elements. This conclusion coincides with several other inferences
to the same (Contardo et al. 2000; Mazzali et al. 1998; Stritzinger
et al. 2006).
Third, the NIR secondary maximum is sensitive to the amount

of stable iron group elements produced in the explosion and hence
the progenitor metallicity. Timmes et al. (2003) has suggested that
metallicity variations may lead to 25% variations in 56Ni. We find
that the NIR signature of this variation is distinct from that of
varying 56Ni independently. Our predicted correlation arising
from metallicity variations is that the earlier secondary maxima
will be as bright as or brighter than the later ones. This conflicts
with the primary observed trend and suggests that the metallicity
is likely a subdominant cause of SN Ia luminosity variations. This

Fig. 15.—Dispersion in peak magnitude (measured at the first light curve
maximum) as a function of wavelength band for the models of Fig. 10 with 56Ni
masses between 0.4 and 0.9M". [See the electronic edition of the Journal for a
color version of this figure.]
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Theory Points to the IR for Cosmology
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Figure 4. Left: post-maximum optical decline rate !m15(B) vs. posterior
estimates of the inferred optical absolute magnitudes MB (black points) and the
extinguished magnitudes B0 ! µ (red points). Each black point maps to a red
point through optical dust extinction in the host galaxy. The intrinsic light-curve-
width–luminosity Phillips relation is reflected in the trend of the black points,
indicating that SNe brighter in B have slower decline rates. The blue line is the
linear trend of Phillips et al. (1999). Right: inferred absolute magnitudes and
extinguished magnitudes in the near-infrared H band. The extinction correction,
depicted by the difference between red and black points, is much smaller in H
than in B. The absolute magnitudes MH have no correlation with !m15(B). The
standard deviation of peak absolute magnitudes is also much smaller for MH
compared to MB.
(A color version of this figure is available in the online journal.)

Table 4, we infer that SN 2006ax has little host galaxy dust
extinction with the most likely value being AV = 0.01 mag.
However, it is uncertain enough that AV = 0.12 still lies within
68% highest posterior density (HPD) contour. By contrast, the
AH estimate is near zero, and the 68% contour lies within
AH < 0.03. Even SNe with low extinction benefit from
observations in the H-band by reducing the uncertainty in the
dust estimate. Table 4 lists summary statistics of the marginal
posterior distribution of each host galaxy dust parameter for
each SN, obtained from the MCMC samples.

5.2. Intrinsic Correlation Structure of SN Ia Light
Curves in the Optical–NIR

We use the hierarchical model to infer the intrinsic corre-
lation structure of the absolute SN Ia light curves. This cor-
relation structure captures the statistical relationships between
peak absolute magnitudes and decline rates of light curves in
multiple filters at different wavelengths and phases. We summa-
rize inferences about light curve shape and luminosity across the
optical and near-infrared filters; a more detailed analysis of the
intrinsic correlation structure of colors, luminosities, and light
curve shapes will be presented elsewhere.

5.2.1. Intrinsic Scatter Plots

The hierarchical model fits the individual light curves with
the differential decline rates model and infers the absolute
magnitudes in multiple passbands, corrected for host galaxy
dust extinction. For each individual SN light curve, we can use
the inferred local decline rates dF to compute the !m15(F ) of
the light curve in each filter. In the left panel of Figure 4, we
plot the posterior estimate of the peak absolute magnitude MB
versus its canonical !m15(B) decline rate with black points.
The error bars reflect measurement errors and the marginal
uncertainties from the distance and inferred dust extinction.
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Figure 5. Inferred absolute magnitudes MF (blue points) and the extinguished
magnitudes F0!µ (red points) vs. colors relative to NIR H (intrinsic: blue points;
apparent: red points). Only SNe with complete BVRIJH data are plotted. The
intrinsically optically bright SNe tend to be intrinsically bluer in the optical–NIR
color. The H-band absolute magnitudes have no trend with intrinsic J ! H colors,
which have a comparatively narrow distribution. Note that the magnitude and
color axes have the same scale in each panel.
(A color version of this figure is available in the online journal.)

This set of points describes the well-known intrinsic light curve
decline rate versus luminosity relationship (Phillips 1993). We
also show the mean linear relation between MB and !m15(B)
found by Phillips et al. (1999), who analyzed a smaller sample
of SNe Ia. The statistical trend found by our model is consistent
with that analysis. The red points are simply the peak apparent
magnitudes minus the distance moduli, B0 ! µ, which are the
extinguished peak absolute magnitudes MB + AB . Whereas the
range of extinguished magnitudes spans "3 mag, the intrinsic
absolute magnitudes lie along a narrow, roughly linear trend
with !m15(B).

In the right panel, we plot the intrinsic and extinguished ab-
solute magnitudes of SNe Ia in the H band. In contrast to the left
panel, the differences between the intrinsic absolute magnitudes
and the extinguished magnitudes are nearly negligible. Notably,
there is no correlation between the intrinsic MH in the NIR and
optical !m15(B). This was noted previously by Krisciunas et al.
(2004a) and WV08. The standard deviation of absolute magni-
tudes is much smaller in H than in B, demonstrating that the NIR
SN Ia light curves are good standard candles (Krisciunas et al.
2004a, 2004c; WV08; Mandel et al. 2009). Theoretical models
of Kasen (2006) indicate that NIR peak absolute magnitudes
have relatively weak sensitivity to the input progenitor 56Ni
mass, with a dispersion of "0.2 mag in J and K, and "0.1 mag
in H over models ranging from 0.4 to 0.9 solar masses of 56Ni.
The physical explanation may be traced to the ionization evolu-
tion of the iron group elements in the SN atmosphere.

These scatter plots convey some aspects of the population
correlation structure of optical and near-infrared light curves
that is captured by the hierarchical model. In the next section,
we further discuss the multi-band luminosity and light curve
shape correlation structure in terms of the estimated correlation
matrices.

Figure 5 shows scatter plots of optical–near-infrared colors
(B ! H,V ! H,R ! H, J ! H ) versus absolute magnitude
(MB,MV ,MR,MH ) at peak. The blue points are the posterior
estimates of the inferred peak intrinsic colors and absolute
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Figure 1: Left: Histogram of spectroscopically confirmed SN Ia discovered by Pan-STARRS. 247 SN Ia have
been spectroscopically confirmed. The distribution peaks at 0.3 < z < 0.4, the target redshift range for
RAISIN. Right: Histogram of the predictive 1! errors of the distance moduli for low-z SN Ia. The error in
the estimated distance modulus incorporates errors in the dust extinction and the light-curve fit. The SN
with optical and NIR light curve measurements (bottom) typically have smaller estimated distance errors
(!0.10 mag) than those with only optical data (!0.15 mag) (top).

Figure 2: Cosmological inferences for (w, !M ) based on a simulated sample of 25 SN Ia observed in rest-frame
optical at z = 0.35 with an average extinction "AV # = 0.3 mag and a true RV = 2.5. The BAO likelihood
constraints from Percival et al. (2010) are shown (green). Left: Constraints from the SN Ia distance-redshift
likelihood are shown as thin red (fitting when assuming a wrong RV = 3.1), thin blue (assuming the true
RV = 2.5), or thin magenta (assuming a wrong RV = 1.7) curves. The 1-! combined likelihood contours are
depicted as thick red, blue, or magenta ellipses. A mistake in the assumed dust law causes a large systematic
error in cosmological inference. Right: Constraints from the SN Ia distance-redshift likelihood at z = 0.35
are shown as thin blue (optical only) or thin red (optical+J) curves. The 1-! combined likelihood contours
are depicted as thick blue and red, and having NIR data reduced the size of the optical-only ellipse by a
factor of 1.63!
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Rest frame IR measurements of z~1 supernovae are not possible 
from the ground 

Go as far into the IR as technically feasible!
Sky is very bright in NIR: >100x brighter than in space
Sky is not transparent in NIR: absorption due to water is very 

strong and extremely variable

IR is Hard!  (From the Ground)
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WFIRST SDT SN Survey Characteristics

“WFIRST-2.4: What Every Astronomer Should Know”; arXiv:1305.5425
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WFIRST-2.4 Design Reference Mission Capabilities 
Imaging Capability 0.281 deg2 0.11 arcsec/pix 0.6 – 2.0 µm 
Filters Z087 Y106 J129 H158 F184 W149 

Wavelength (µm) 0.760-0.977 0.927-1.192 1.131-1.454 1.380-1.774 1.683-2.000 0.927-2.000 
PSF EE50 (arcsec) 0.11 0.12 0.12 0.14 0.14 0.13 

Spectroscopic 
Capability 

Grism (0.281 deg2) IFU (3.00 x 3.15 arcsec) 
1.35 – 1.95 µm, R = 550-800 0.6 – 2.0 µm, R = ~100 

Baseline Survey Characteristics 
Survey Bandpass Area (deg2) Depth Duration Cadence 
Exoplanet 
Microlensing 

Z, W 2.81 n/a 6 x 72 days 
 

W: 15 min 
Z: 12 hrs 

HLS Imaging Y, J, H, F184 2000 Y = 26.7, J = 26.9 
H = 26.7, F184 = 26.2 1.3 years n/a 

HLS 
Spectroscopy 

1.35 – 1.95 µm 2000 0.5x10-16 erg/s/cm2 
@ 1.65 µm 0.6 years n/a 

SN Survey    0.5 years 
(in a 2-yr interval) 

5 days 
Wide Y, J 27.44 Y = 27.1, J = 27.5 

Medium J, H 8.96 J = 27.6, H = 28.1 
Deep J, H 5.04 J = 29.3, H = 29.4 

IFU Spec 7 exposures with S/N=3/pix, 1 near peak with S/N=10/pix, 1 post-SN reference with S/N=6/pix 
Parallel imaging during deep tier IFU spectroscopy: Z, Y, J, H ~29.5, F184 ~29.0 

Guest Observer Capabilities 
1.4 years of the 5 year prime mission 

 Z087 Y106 J129 H158 F184 W149 
Imaging depth in 
1000 seconds (mAB) 

27.15 27.13 27.14 27.12 26.15 27.67 

texp for σread = σsky 
(secs) 

200 190 180 180 240 90 

Grism depth in 1000 
sec 

S/N=10 per R=~600 element at AB=20.4 (1.45 µm) or 20.5 (1.75 µm) 
texp for σread = σsky: 170 secs 

IFU depth in 1000 
sec 

S/N=10 per R~100 element at AB=24.2 (1.5 µm) 

Slew and settle time chip gap step: 13 sec, full field step: 61 sec, 10 deg step: 178 sec 
Optional Coronagraph Capabilities 

1 year in addition to the 5-year primary mission, interspersed, for a 6-year total mission 
Field of view Annular region around star, with 0.2 to 2.0 arcsec inner and outer radii 
Sensitivity Able to detect gas-giant planets and bright debris disks at the 1 ppb brightness level 
Wavelength range 400 to 1000 nm 
Image mode Images of full annular region with sequential 10% bandpass filters 
Spectroscopy mode Spectra of full annular region with spectral resolution of 70 
Polarization mode Imaging in 10% filters with full Stokes polarization 
Stretch goals 0.1 arcsec inner annulus radius, and super-Earth planets 

Table 1: WFIRST-2.4 design reference mission observing program. The quoted magnitude/flux limits are for point 
sources, 5σ  for imaging, 7σ  for HLS spectroscopy. 

2 Components: Imaging and Spectroscopy

3 Tiers of Imaging

~30,000 IFU Spectra
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Polarization mode Imaging in 10% filters with full Stokes polarization 
Stretch goals 0.1 arcsec inner annulus radius, and super-Earth planets 

Table 1: WFIRST-2.4 design reference mission observing program. The quoted magnitude/flux limits are for point 
sources, 5σ  for imaging, 7σ  for HLS spectroscopy. 
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WFIRST-2.4 Design Reference Mission Capabilities 
Imaging Capability 0.281 deg2 0.11 arcsec/pix 0.6 – 2.0 µm 
Filters Z087 Y106 J129 H158 F184 W149 

Wavelength (µm) 0.760-0.977 0.927-1.192 1.131-1.454 1.380-1.774 1.683-2.000 0.927-2.000 
PSF EE50 (arcsec) 0.11 0.12 0.12 0.14 0.14 0.13 

Spectroscopic 
Capability 

Grism (0.281 deg2) IFU (3.00 x 3.15 arcsec) 
1.35 – 1.95 µm, R = 550-800 0.6 – 2.0 µm, R = ~100 

Baseline Survey Characteristics 
Survey Bandpass Area (deg2) Depth Duration Cadence 
Exoplanet 
Microlensing 

Z, W 2.81 n/a 6 x 72 days 
 

W: 15 min 
Z: 12 hrs 

HLS Imaging Y, J, H, F184 2000 Y = 26.7, J = 26.9 
H = 26.7, F184 = 26.2 1.3 years n/a 

HLS 
Spectroscopy 

1.35 – 1.95 µm 2000 0.5x10-16 erg/s/cm2 
@ 1.65 µm 0.6 years n/a 

SN Survey    0.5 years 
(in a 2-yr interval) 

5 days 
Wide Y, J 27.44 Y = 27.1, J = 27.5 

Medium J, H 8.96 J = 27.6, H = 28.1 
Deep J, H 5.04 J = 29.3, H = 29.4 

IFU Spec 7 exposures with S/N=3/pix, 1 near peak with S/N=10/pix, 1 post-SN reference with S/N=6/pix 
Parallel imaging during deep tier IFU spectroscopy: Z, Y, J, H ~29.5, F184 ~29.0 

Guest Observer Capabilities 
1.4 years of the 5 year prime mission 

 Z087 Y106 J129 H158 F184 W149 
Imaging depth in 
1000 seconds (mAB) 

27.15 27.13 27.14 27.12 26.15 27.67 

texp for σread = σsky 
(secs) 

200 190 180 180 240 90 

Grism depth in 1000 
sec 

S/N=10 per R=~600 element at AB=20.4 (1.45 µm) or 20.5 (1.75 µm) 
texp for σread = σsky: 170 secs 

IFU depth in 1000 
sec 

S/N=10 per R~100 element at AB=24.2 (1.5 µm) 

Slew and settle time chip gap step: 13 sec, full field step: 61 sec, 10 deg step: 178 sec 
Optional Coronagraph Capabilities 

1 year in addition to the 5-year primary mission, interspersed, for a 6-year total mission 
Field of view Annular region around star, with 0.2 to 2.0 arcsec inner and outer radii 
Sensitivity Able to detect gas-giant planets and bright debris disks at the 1 ppb brightness level 
Wavelength range 400 to 1000 nm 
Image mode Images of full annular region with sequential 10% bandpass filters 
Spectroscopy mode Spectra of full annular region with spectral resolution of 70 
Polarization mode Imaging in 10% filters with full Stokes polarization 
Stretch goals 0.1 arcsec inner annulus radius, and super-Earth planets 

Table 1: WFIRST-2.4 design reference mission observing program. The quoted magnitude/flux limits are for point 
sources, 5σ  for imaging, 7σ  for HLS spectroscopy. 
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(in a 2-yr interval) 

5 days 
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Medium J, H 8.96 J = 27.6, H = 28.1 
Deep J, H 5.04 J = 29.3, H = 29.4 

IFU Spec 7 exposures with S/N=3/pix, 1 near peak with S/N=10/pix, 1 post-SN reference with S/N=6/pix 
Parallel imaging during deep tier IFU spectroscopy: Z, Y, J, H ~29.5, F184 ~29.0 

Guest Observer Capabilities 
1.4 years of the 5 year prime mission 
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Imaging depth in 
1000 seconds (mAB) 

27.15 27.13 27.14 27.12 26.15 27.67 

texp for σread = σsky 
(secs) 
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Grism depth in 1000 
sec 

S/N=10 per R=~600 element at AB=20.4 (1.45 µm) or 20.5 (1.75 µm) 
texp for σread = σsky: 170 secs 

IFU depth in 1000 
sec 

S/N=10 per R~100 element at AB=24.2 (1.5 µm) 

Slew and settle time chip gap step: 13 sec, full field step: 61 sec, 10 deg step: 178 sec 
Optional Coronagraph Capabilities 

1 year in addition to the 5-year primary mission, interspersed, for a 6-year total mission 
Field of view Annular region around star, with 0.2 to 2.0 arcsec inner and outer radii 
Sensitivity Able to detect gas-giant planets and bright debris disks at the 1 ppb brightness level 
Wavelength range 400 to 1000 nm 
Image mode Images of full annular region with sequential 10% bandpass filters 
Spectroscopy mode Spectra of full annular region with spectral resolution of 70 
Polarization mode Imaging in 10% filters with full Stokes polarization 
Stretch goals 0.1 arcsec inner annulus radius, and super-Earth planets 

Table 1: WFIRST-2.4 design reference mission observing program. The quoted magnitude/flux limits are for point 
sources, 5σ  for imaging, 7σ  for HLS spectroscopy. 

“WFIRST-2.4: What Every Astronomer Should Know”; arXiv:1305.5425
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ing the effects of field distortions on the tiling solution, 
the slew and settle times to the next field (including 
slews on all 3 axes, the reaction wheel torque and 
angular momentum allocations, and the observatory 
moment of inertia tensor). The HLS footprint is dis-
played in Figure 3-55. All HLS science forecasts as-
sume that 3.3% of the observations are lost due to 
miscellaneous factors and are not recovered.  
 The exposure times in the high-latitude survey 
are 32 frames (173.5 s) or 64 frames (347.1 s) for the 
imaging and spectroscopy exposures, respectively.  
 
Microlensing 
 WFIRST carries out its microlensing program 
during 72-day “seasons” when the Galactic Bulge is 
between 54° and 126° from the Sun (hence accessi-
ble with WFIRST). Each season is interrupted only 
when the Moon passes near the Galactic Bulge, 
which occurs for ~5 days each month in geosynchro-
nous orbit. The 6 microlensing seasons have a total 
length of 0.98 years (1.18 years of Sun angle acces-
sibility for 6 seasons, minus a total of 0.20 years of 
lunar interruptions). The microlensing footprint is dis-
played in Figure 3-55 and in more detail in Figure 
2-29.  
  The initial RAAN of the orbit is chosen to place 
the orbit normal within 48° of the Galactic Bulge, 
thereby guaranteeing 24-hour coverage of the Bulge 
region with no daily Earth viewing cutouts. The orbit 

remains favorably oriented for microlensing for 12 
years following launch, and is thus acceptable for the 
6-year primary mission.  
 The microlensing program observes 10 fields in 
the Galactic Bulge (although the final number and se-
lection are still being optimized). Most observations 
are carried out in the wide (W149) filter, cycling 
through each field in sequence with 52 s observa-
tions. Every 12 hours, a cycle (one observation of 
each field) will be carried out with a bluer filter (Z087) 
and a longer exposure time (290 s) to provide color 
information on microlensed sources. Because of the 
layout of the detectors in the focal plane, ~85% of the 
survey footprint is observed for the full time while the 
remaining 15% is observed only in either the Spring 
or Fall seasons. 
 
Supernovae 

The time allocated to the supernova search in 
this ”existence proof” operations plan is a total of ap-
proximately six months. The plan is to run the super-
nova survey for a 2-year period, using a 30-hour visit 
every 5 days for a total of 146 visits. The strategy is to 
use the Wide-Field Imager in two filter bands to dis-
cover the supernovae and to use the IFU spectrome-
ter to take spectra to identify and type the supernova 
candidates, to obtain points on the light curves, take a 
deep spectrum near peak brightness for redshift 
measurements and to measure detailed spectral fea-

Figure 3-55: The footprint observed during the WFIRST-AFTA DRM. The red area indicates the high-latitude survey. 
The magenta spot indicates the microlensing fields. The blue spots denote the proposed supernova survey fields. Imbedded in HLS

>30 deg from Galactic Plane

>55 deg from Ecliptic

Far Enough North for Ground-based Telescopes
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there will also be another observation of the candidate 
xwith the imager, as part of the ongoing regular search 
cadence. Candidates whose brightnesses have then 
increased since their discovery 5 days before, and 
whose color differences are consistent with a Type Ia 
supernova at the host-galaxy redshift, will be scheduled 
for an SN-typing spectrum during the next visit (IFU Vis-
it 2), when the supernova is yet brighter. This spectrum 
and the two-band photometry will be used to screen out 
most of the remaining non-Type Ia supernovae and to 
sharpen the photo-z (or grism) redshift estimate; the 
observing time budget allows for twice as many of the-
se screening spectra as there are Type Ia supernovae 

that will then continue to be followed. The selected su-
pernovae will almost all be Type Ia, and these will then 
be scheduled for a deep IFU spectrum (IFU Visit 3). 
Both the typing spectrum and the deep spectrum will be 
near peak SN brightness, and together they will (1) con-
firm the Type Ia classification and remove any possible 
small remaining contamination of non-Type Ia superno-
vae, (2) provide spectral diagnostics that can help dis-
tinguish intrinsic color variations from the effects of dust 
extinction (Chotard et al. 2011, Mandel et al. 2014), and 
(3) match high and low-redshift SNe with similar proper-
ties to suppress evolutionary effects in the mix of su-
pernovae.       
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Figure 2-4: An example WFIRST-AFTA observing sequence for discovering and studying SNe Ia across the range of 
redshifts between z = 0.2 and 1.7, demonstrating an observing plan that meets WFIRST-AFTA science objectives. The 
left panels show an example sequence for SNe discovered at z ~ 0.5, and the right panels are for SNe discovered at z ~ 
1.5. The upper panel shows the cadence of the broad-band filter observations that will, over 2 years, find the superno-
vae and provide continuous broad-band photometry with two observer-frame filters. At the specific redshifts of the su-
pernovae, these observer-frame filters will be sampling points on the SN lightcurve with a “blue-shifted” restframe filter 
(indicated schematically by the color of the scheduled points). The supernova discoveries will be “triggered” before 
peak brightness (as shown by the grey line and red-arrow connecting to the bottom panel) and then the IFU follow-up 
spectrophotometry Visits will begin on one of the next 5-day-observer-frame cadences. These Visits are shown sche-
matically in the bottom panel, along with their visit number and S/N per 2-pixel resolution element. Photometry points 
calculated from the IFU spectrophotometry integrated over synthetic-filter bandpasses are shown in the middle panel, 
plotted as a function of the rest-frame days for this panel (to be compared with the observer-frame days of the top and 
bottom panels). The same restframe B, V, and R filters are used for both the z=0.5 and 1.5 example supernovae to show 
the similar observations available at the full range of redshifts. 

Optimizing the WFIRST Type Ia Supernova Survey
Observations of Type Ia supernovae (SN Ia) led to the discovery that the Universe’s expansion is
currently accelerating (Riess et al., 1998; Perlmutter et al., 1999). SN Ia are our most mature dark
energy probe (e.g., Sullivan et al., 2011; Suzuki et al., 2012; Betoule et al., 2014; Rest et al., 2014),
and further observations of SN Ia will be critical to improved understanding of the nature of dark
energy, perhaps the most puzzling open problem in all of physics.

WFIRST-AFTA is well positioned to provide a generation-defining measurement of the nature of
dark energy through its multiple probes. While measurements with some probes can be immediately
improved by observing higher redshift objects, having better angular resolution, simply increasing
the data volume, etc., SN Ia require improved knowledge of systematic uncertainties to make
significant leaps in our understanding of dark energy. Nonetheless, it is worth noting that for
conservative assumptions, the WFIRST SN survey is projected to have twice the impact as its other
probes. Considering that Euclid will only have a minimal SN survey, but strong programs for other
dark energy probes, the WFIRST SN survey is unique and important. Our Science Investigation
team (SIT) has been designed to treat it as such and perform a full investigation of the most
optimal survey strategy while further improving our understanding of systematic uncertainties.

Here we present a comprehensive plan to investigate multiple strategies for both optimization
and risk mitigation. We have built a simulation framework for these evaluations at no cost to
this program. The minimal investigations presented in this proposal indicate that the SN survey
suggested by the Science Definition Team (SDT) report can be significantly improved. Our SIT
will carefully optimize all aspects of the SN survey, resulting in a solid, informed observing program
and performance requirements. As information on systematics are improved, we will update our
simulations and re-evaluate all possible choices.

Our team will also build tools to obtain, calibrate, reduce, and analyze WFIRST SN data. We
will use data challenges to engage the community, other SITs, and NASA for improvements of our
survey optimizations and software tools. As part of the WFIRST Formulation Science Working
Group, we will interact with other SITs, adjutant scientists, and program o!cers.

Our well-balanced team includes SN observers, cosmology theorists, and calibration specialists.
Multiple team members were also members of the teams that originally discovered the accelerating
expansion of the Universe. We are the combination of two of the three teams awarded WFIRST

SN preparatory science grants and represent the key scientific expertise for the most current and
precise SN cosmology results (JLA and Pan-STARRS). Our team has worked together on many
projects and have complementary skills, allowing us to be e!cient and productive. Our team is
primarily composed of early-career scientists who will devote significant manpower to this project
and will still be active well past the end of the mission. Selecting our team will provide a seamless
connection from the original discovery of dark energy to the current leaders of the field to the best
measurements of dark energy with WFIRST.

1 Understanding the Problem: A Full WFIRST SN Simulation
The WFIRST SDT final report (Spergel et al., 2015) presents a SN survey strategy, which we
will use as our baseline. The survey was designed such that statistical uncertainties match an
assumed “optimistic” systematic uncertainty budget. That is, the systematic uncertainties set the
parameters of the entire project. However, the SDT report does not perform any investigation to
determine how big the systematic uncertainties will be. Instead, they use the decade-old Kim et al.
(2004) description of distance modulus systematic uncertainties used for the SNAP design (first
presented, but not described, by Perlmutter & Schmidt 2003) and further reduced the size of the
uncertainties by a factor of two,

!sys = 0.01(1 + z)/1.8 mag, (1)

1
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Multiple team members were also members of the teams that originally discovered the accelerating
expansion of the Universe. We are the combination of two of the three teams awarded WFIRST
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precise SN cosmology results (JLA and Pan-STARRS). Our team has worked together on many
projects and have complementary skills, allowing us to be e!cient and productive. Our team is
primarily composed of early-career scientists who will devote significant manpower to this project
and will still be active well past the end of the mission. Selecting our team will provide a seamless
connection from the original discovery of dark energy to the current leaders of the field to the best
measurements of dark energy with WFIRST.

1 Understanding the Problem: A Full WFIRST SN Simulation
The WFIRST SDT final report (Spergel et al., 2015) presents a SN survey strategy, which we
will use as our baseline. The survey was designed such that statistical uncertainties match an
assumed “optimistic” systematic uncertainty budget. That is, the systematic uncertainties set the
parameters of the entire project. However, the SDT report does not perform any investigation to
determine how big the systematic uncertainties will be. Instead, they use the decade-old Kim et al.
(2004) description of distance modulus systematic uncertainties used for the SNAP design (first
presented, but not described, by Perlmutter & Schmidt 2003) and further reduced the size of the
uncertainties by a factor of two,
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there will also be another observation of the candidate 
xwith the imager, as part of the ongoing regular search 
cadence. Candidates whose brightnesses have then 
increased since their discovery 5 days before, and 
whose color differences are consistent with a Type Ia 
supernova at the host-galaxy redshift, will be scheduled 
for an SN-typing spectrum during the next visit (IFU Vis-
it 2), when the supernova is yet brighter. This spectrum 
and the two-band photometry will be used to screen out 
most of the remaining non-Type Ia supernovae and to 
sharpen the photo-z (or grism) redshift estimate; the 
observing time budget allows for twice as many of the-
se screening spectra as there are Type Ia supernovae 

that will then continue to be followed. The selected su-
pernovae will almost all be Type Ia, and these will then 
be scheduled for a deep IFU spectrum (IFU Visit 3). 
Both the typing spectrum and the deep spectrum will be 
near peak SN brightness, and together they will (1) con-
firm the Type Ia classification and remove any possible 
small remaining contamination of non-Type Ia superno-
vae, (2) provide spectral diagnostics that can help dis-
tinguish intrinsic color variations from the effects of dust 
extinction (Chotard et al. 2011, Mandel et al. 2014), and 
(3) match high and low-redshift SNe with similar proper-
ties to suppress evolutionary effects in the mix of su-
pernovae.       
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Figure 2-4: An example WFIRST-AFTA observing sequence for discovering and studying SNe Ia across the range of 
redshifts between z = 0.2 and 1.7, demonstrating an observing plan that meets WFIRST-AFTA science objectives. The 
left panels show an example sequence for SNe discovered at z ~ 0.5, and the right panels are for SNe discovered at z ~ 
1.5. The upper panel shows the cadence of the broad-band filter observations that will, over 2 years, find the superno-
vae and provide continuous broad-band photometry with two observer-frame filters. At the specific redshifts of the su-
pernovae, these observer-frame filters will be sampling points on the SN lightcurve with a “blue-shifted” restframe filter 
(indicated schematically by the color of the scheduled points). The supernova discoveries will be “triggered” before 
peak brightness (as shown by the grey line and red-arrow connecting to the bottom panel) and then the IFU follow-up 
spectrophotometry Visits will begin on one of the next 5-day-observer-frame cadences. These Visits are shown sche-
matically in the bottom panel, along with their visit number and S/N per 2-pixel resolution element. Photometry points 
calculated from the IFU spectrophotometry integrated over synthetic-filter bandpasses are shown in the middle panel, 
plotted as a function of the rest-frame days for this panel (to be compared with the observer-frame days of the top and 
bottom panels). The same restframe B, V, and R filters are used for both the z=0.5 and 1.5 example supernovae to show 
the similar observations available at the full range of redshifts. 
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WFIRST-2.4 Design Reference Mission Capabilities 
Imaging Capability 0.281 deg2 0.11 arcsec/pix 0.6 – 2.0 µm 
Filters Z087 Y106 J129 H158 F184 W149 

Wavelength (µm) 0.760-0.977 0.927-1.192 1.131-1.454 1.380-1.774 1.683-2.000 0.927-2.000 
PSF EE50 (arcsec) 0.11 0.12 0.12 0.14 0.14 0.13 

Spectroscopic 
Capability 

Grism (0.281 deg2) IFU (3.00 x 3.15 arcsec) 
1.35 – 1.95 µm, R = 550-800 0.6 – 2.0 µm, R = ~100 

Baseline Survey Characteristics 
Survey Bandpass Area (deg2) Depth Duration Cadence 
Exoplanet 
Microlensing 

Z, W 2.81 n/a 6 x 72 days 
 

W: 15 min 
Z: 12 hrs 

HLS Imaging Y, J, H, F184 2000 Y = 26.7, J = 26.9 
H = 26.7, F184 = 26.2 1.3 years n/a 

HLS 
Spectroscopy 

1.35 – 1.95 µm 2000 0.5x10-16 erg/s/cm2 
@ 1.65 µm 0.6 years n/a 

SN Survey    0.5 years 
(in a 2-yr interval) 

5 days 
Wide Y, J 27.44 Y = 27.1, J = 27.5 

Medium J, H 8.96 J = 27.6, H = 28.1 
Deep J, H 5.04 J = 29.3, H = 29.4 

IFU Spec 7 exposures with S/N=3/pix, 1 near peak with S/N=10/pix, 1 post-SN reference with S/N=6/pix 
Parallel imaging during deep tier IFU spectroscopy: Z, Y, J, H ~29.5, F184 ~29.0 

Guest Observer Capabilities 
1.4 years of the 5 year prime mission 

 Z087 Y106 J129 H158 F184 W149 
Imaging depth in 
1000 seconds (mAB) 

27.15 27.13 27.14 27.12 26.15 27.67 

texp for σread = σsky 
(secs) 

200 190 180 180 240 90 

Grism depth in 1000 
sec 

S/N=10 per R=~600 element at AB=20.4 (1.45 µm) or 20.5 (1.75 µm) 
texp for σread = σsky: 170 secs 

IFU depth in 1000 
sec 

S/N=10 per R~100 element at AB=24.2 (1.5 µm) 

Slew and settle time chip gap step: 13 sec, full field step: 61 sec, 10 deg step: 178 sec 
Optional Coronagraph Capabilities 

1 year in addition to the 5-year primary mission, interspersed, for a 6-year total mission 
Field of view Annular region around star, with 0.2 to 2.0 arcsec inner and outer radii 
Sensitivity Able to detect gas-giant planets and bright debris disks at the 1 ppb brightness level 
Wavelength range 400 to 1000 nm 
Image mode Images of full annular region with sequential 10% bandpass filters 
Spectroscopy mode Spectra of full annular region with spectral resolution of 70 
Polarization mode Imaging in 10% filters with full Stokes polarization 
Stretch goals 0.1 arcsec inner annulus radius, and super-Earth planets 

Table 1: WFIRST-2.4 design reference mission observing program. The quoted magnitude/flux limits are for point 
sources, 5σ  for imaging, 7σ  for HLS spectroscopy. 

5-Day Cadence is Overkill for Deep Survey

Will Likely Make Cadence Longer
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WFIRST-2.4 Design Reference Mission Capabilities 
Imaging Capability 0.281 deg2 0.11 arcsec/pix 0.6 – 2.0 µm 
Filters Z087 Y106 J129 H158 F184 W149 

Wavelength (µm) 0.760-0.977 0.927-1.192 1.131-1.454 1.380-1.774 1.683-2.000 0.927-2.000 
PSF EE50 (arcsec) 0.11 0.12 0.12 0.14 0.14 0.13 

Spectroscopic 
Capability 

Grism (0.281 deg2) IFU (3.00 x 3.15 arcsec) 
1.35 – 1.95 µm, R = 550-800 0.6 – 2.0 µm, R = ~100 

Baseline Survey Characteristics 
Survey Bandpass Area (deg2) Depth Duration Cadence 
Exoplanet 
Microlensing 

Z, W 2.81 n/a 6 x 72 days 
 

W: 15 min 
Z: 12 hrs 

HLS Imaging Y, J, H, F184 2000 Y = 26.7, J = 26.9 
H = 26.7, F184 = 26.2 1.3 years n/a 

HLS 
Spectroscopy 

1.35 – 1.95 µm 2000 0.5x10-16 erg/s/cm2 
@ 1.65 µm 0.6 years n/a 

SN Survey    0.5 years 
(in a 2-yr interval) 

5 days 
Wide Y, J 27.44 Y = 27.1, J = 27.5 

Medium J, H 8.96 J = 27.6, H = 28.1 
Deep J, H 5.04 J = 29.3, H = 29.4 

IFU Spec 7 exposures with S/N=3/pix, 1 near peak with S/N=10/pix, 1 post-SN reference with S/N=6/pix 
Parallel imaging during deep tier IFU spectroscopy: Z, Y, J, H ~29.5, F184 ~29.0 

Guest Observer Capabilities 
1.4 years of the 5 year prime mission 

 Z087 Y106 J129 H158 F184 W149 
Imaging depth in 
1000 seconds (mAB) 

27.15 27.13 27.14 27.12 26.15 27.67 

texp for σread = σsky 
(secs) 

200 190 180 180 240 90 

Grism depth in 1000 
sec 

S/N=10 per R=~600 element at AB=20.4 (1.45 µm) or 20.5 (1.75 µm) 
texp for σread = σsky: 170 secs 

IFU depth in 1000 
sec 

S/N=10 per R~100 element at AB=24.2 (1.5 µm) 

Slew and settle time chip gap step: 13 sec, full field step: 61 sec, 10 deg step: 178 sec 
Optional Coronagraph Capabilities 

1 year in addition to the 5-year primary mission, interspersed, for a 6-year total mission 
Field of view Annular region around star, with 0.2 to 2.0 arcsec inner and outer radii 
Sensitivity Able to detect gas-giant planets and bright debris disks at the 1 ppb brightness level 
Wavelength range 400 to 1000 nm 
Image mode Images of full annular region with sequential 10% bandpass filters 
Spectroscopy mode Spectra of full annular region with spectral resolution of 70 
Polarization mode Imaging in 10% filters with full Stokes polarization 
Stretch goals 0.1 arcsec inner annulus radius, and super-Earth planets 

Table 1: WFIRST-2.4 design reference mission observing program. The quoted magnitude/flux limits are for point 
sources, 5σ  for imaging, 7σ  for HLS spectroscopy. 

“WFIRST-2.4: What Every Astronomer Should Know”; arXiv:1305.5425
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there will also be another observation of the candidate 
xwith the imager, as part of the ongoing regular search 
cadence. Candidates whose brightnesses have then 
increased since their discovery 5 days before, and 
whose color differences are consistent with a Type Ia 
supernova at the host-galaxy redshift, will be scheduled 
for an SN-typing spectrum during the next visit (IFU Vis-
it 2), when the supernova is yet brighter. This spectrum 
and the two-band photometry will be used to screen out 
most of the remaining non-Type Ia supernovae and to 
sharpen the photo-z (or grism) redshift estimate; the 
observing time budget allows for twice as many of the-
se screening spectra as there are Type Ia supernovae 

that will then continue to be followed. The selected su-
pernovae will almost all be Type Ia, and these will then 
be scheduled for a deep IFU spectrum (IFU Visit 3). 
Both the typing spectrum and the deep spectrum will be 
near peak SN brightness, and together they will (1) con-
firm the Type Ia classification and remove any possible 
small remaining contamination of non-Type Ia superno-
vae, (2) provide spectral diagnostics that can help dis-
tinguish intrinsic color variations from the effects of dust 
extinction (Chotard et al. 2011, Mandel et al. 2014), and 
(3) match high and low-redshift SNe with similar proper-
ties to suppress evolutionary effects in the mix of su-
pernovae.       
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Figure 2-4: An example WFIRST-AFTA observing sequence for discovering and studying SNe Ia across the range of 
redshifts between z = 0.2 and 1.7, demonstrating an observing plan that meets WFIRST-AFTA science objectives. The 
left panels show an example sequence for SNe discovered at z ~ 0.5, and the right panels are for SNe discovered at z ~ 
1.5. The upper panel shows the cadence of the broad-band filter observations that will, over 2 years, find the superno-
vae and provide continuous broad-band photometry with two observer-frame filters. At the specific redshifts of the su-
pernovae, these observer-frame filters will be sampling points on the SN lightcurve with a “blue-shifted” restframe filter 
(indicated schematically by the color of the scheduled points). The supernova discoveries will be “triggered” before 
peak brightness (as shown by the grey line and red-arrow connecting to the bottom panel) and then the IFU follow-up 
spectrophotometry Visits will begin on one of the next 5-day-observer-frame cadences. These Visits are shown sche-
matically in the bottom panel, along with their visit number and S/N per 2-pixel resolution element. Photometry points 
calculated from the IFU spectrophotometry integrated over synthetic-filter bandpasses are shown in the middle panel, 
plotted as a function of the rest-frame days for this panel (to be compared with the observer-frame days of the top and 
bottom panels). The same restframe B, V, and R filters are used for both the z=0.5 and 1.5 example supernovae to show 
the similar observations available at the full range of redshifts. 
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WFIRST-2.4 Design Reference Mission Capabilities 
Imaging Capability 0.281 deg2 0.11 arcsec/pix 0.6 – 2.0 µm 
Filters Z087 Y106 J129 H158 F184 W149 

Wavelength (µm) 0.760-0.977 0.927-1.192 1.131-1.454 1.380-1.774 1.683-2.000 0.927-2.000 
PSF EE50 (arcsec) 0.11 0.12 0.12 0.14 0.14 0.13 

Spectroscopic 
Capability 

Grism (0.281 deg2) IFU (3.00 x 3.15 arcsec) 
1.35 – 1.95 µm, R = 550-800 0.6 – 2.0 µm, R = ~100 

Baseline Survey Characteristics 
Survey Bandpass Area (deg2) Depth Duration Cadence 
Exoplanet 
Microlensing 

Z, W 2.81 n/a 6 x 72 days 
 

W: 15 min 
Z: 12 hrs 

HLS Imaging Y, J, H, F184 2000 Y = 26.7, J = 26.9 
H = 26.7, F184 = 26.2 1.3 years n/a 

HLS 
Spectroscopy 

1.35 – 1.95 µm 2000 0.5x10-16 erg/s/cm2 
@ 1.65 µm 0.6 years n/a 

SN Survey    0.5 years 
(in a 2-yr interval) 

5 days 
Wide Y, J 27.44 Y = 27.1, J = 27.5 

Medium J, H 8.96 J = 27.6, H = 28.1 
Deep J, H 5.04 J = 29.3, H = 29.4 

IFU Spec 7 exposures with S/N=3/pix, 1 near peak with S/N=10/pix, 1 post-SN reference with S/N=6/pix 
Parallel imaging during deep tier IFU spectroscopy: Z, Y, J, H ~29.5, F184 ~29.0 

Guest Observer Capabilities 
1.4 years of the 5 year prime mission 

 Z087 Y106 J129 H158 F184 W149 
Imaging depth in 
1000 seconds (mAB) 

27.15 27.13 27.14 27.12 26.15 27.67 

texp for σread = σsky 
(secs) 

200 190 180 180 240 90 

Grism depth in 1000 
sec 

S/N=10 per R=~600 element at AB=20.4 (1.45 µm) or 20.5 (1.75 µm) 
texp for σread = σsky: 170 secs 

IFU depth in 1000 
sec 

S/N=10 per R~100 element at AB=24.2 (1.5 µm) 

Slew and settle time chip gap step: 13 sec, full field step: 61 sec, 10 deg step: 178 sec 
Optional Coronagraph Capabilities 

1 year in addition to the 5-year primary mission, interspersed, for a 6-year total mission 
Field of view Annular region around star, with 0.2 to 2.0 arcsec inner and outer radii 
Sensitivity Able to detect gas-giant planets and bright debris disks at the 1 ppb brightness level 
Wavelength range 400 to 1000 nm 
Image mode Images of full annular region with sequential 10% bandpass filters 
Spectroscopy mode Spectra of full annular region with spectral resolution of 70 
Polarization mode Imaging in 10% filters with full Stokes polarization 
Stretch goals 0.1 arcsec inner annulus radius, and super-Earth planets 

Table 1: WFIRST-2.4 design reference mission observing program. The quoted magnitude/flux limits are for point 
sources, 5σ  for imaging, 7σ  for HLS spectroscopy. 

IFU S/N Is Really per Resolution Element (not pixel), 
for an unreddened SN Ia at peak with NO Galaxy 
Background or ANY Template Errors

Varying SN Flux with Time Means Lower S/N

Low S/N Template Means Lower S/N

Change SN SED Means Lower S/N
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WFIRST-2.4 Design Reference Mission Capabilities 
Imaging Capability 0.281 deg2 0.11 arcsec/pix 0.6 – 2.0 µm 
Filters Z087 Y106 J129 H158 F184 W149 

Wavelength (µm) 0.760-0.977 0.927-1.192 1.131-1.454 1.380-1.774 1.683-2.000 0.927-2.000 
PSF EE50 (arcsec) 0.11 0.12 0.12 0.14 0.14 0.13 

Spectroscopic 
Capability 

Grism (0.281 deg2) IFU (3.00 x 3.15 arcsec) 
1.35 – 1.95 µm, R = 550-800 0.6 – 2.0 µm, R = ~100 

Baseline Survey Characteristics 
Survey Bandpass Area (deg2) Depth Duration Cadence 
Exoplanet 
Microlensing 

Z, W 2.81 n/a 6 x 72 days 
 

W: 15 min 
Z: 12 hrs 

HLS Imaging Y, J, H, F184 2000 Y = 26.7, J = 26.9 
H = 26.7, F184 = 26.2 1.3 years n/a 

HLS 
Spectroscopy 

1.35 – 1.95 µm 2000 0.5x10-16 erg/s/cm2 
@ 1.65 µm 0.6 years n/a 

SN Survey    0.5 years 
(in a 2-yr interval) 

5 days 
Wide Y, J 27.44 Y = 27.1, J = 27.5 

Medium J, H 8.96 J = 27.6, H = 28.1 
Deep J, H 5.04 J = 29.3, H = 29.4 

IFU Spec 7 exposures with S/N=3/pix, 1 near peak with S/N=10/pix, 1 post-SN reference with S/N=6/pix 
Parallel imaging during deep tier IFU spectroscopy: Z, Y, J, H ~29.5, F184 ~29.0 

Guest Observer Capabilities 
1.4 years of the 5 year prime mission 

 Z087 Y106 J129 H158 F184 W149 
Imaging depth in 
1000 seconds (mAB) 

27.15 27.13 27.14 27.12 26.15 27.67 

texp for σread = σsky 
(secs) 

200 190 180 180 240 90 

Grism depth in 1000 
sec 

S/N=10 per R=~600 element at AB=20.4 (1.45 µm) or 20.5 (1.75 µm) 
texp for σread = σsky: 170 secs 

IFU depth in 1000 
sec 

S/N=10 per R~100 element at AB=24.2 (1.5 µm) 

Slew and settle time chip gap step: 13 sec, full field step: 61 sec, 10 deg step: 178 sec 
Optional Coronagraph Capabilities 

1 year in addition to the 5-year primary mission, interspersed, for a 6-year total mission 
Field of view Annular region around star, with 0.2 to 2.0 arcsec inner and outer radii 
Sensitivity Able to detect gas-giant planets and bright debris disks at the 1 ppb brightness level 
Wavelength range 400 to 1000 nm 
Image mode Images of full annular region with sequential 10% bandpass filters 
Spectroscopy mode Spectra of full annular region with spectral resolution of 70 
Polarization mode Imaging in 10% filters with full Stokes polarization 
Stretch goals 0.1 arcsec inner annulus radius, and super-Earth planets 

Table 1: WFIRST-2.4 design reference mission observing program. The quoted magnitude/flux limits are for point 
sources, 5σ  for imaging, 7σ  for HLS spectroscopy. 

“WFIRST-2.4: What Every Astronomer Should Know”; arXiv:1305.5425
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there will also be another observation of the candidate 
xwith the imager, as part of the ongoing regular search 
cadence. Candidates whose brightnesses have then 
increased since their discovery 5 days before, and 
whose color differences are consistent with a Type Ia 
supernova at the host-galaxy redshift, will be scheduled 
for an SN-typing spectrum during the next visit (IFU Vis-
it 2), when the supernova is yet brighter. This spectrum 
and the two-band photometry will be used to screen out 
most of the remaining non-Type Ia supernovae and to 
sharpen the photo-z (or grism) redshift estimate; the 
observing time budget allows for twice as many of the-
se screening spectra as there are Type Ia supernovae 

that will then continue to be followed. The selected su-
pernovae will almost all be Type Ia, and these will then 
be scheduled for a deep IFU spectrum (IFU Visit 3). 
Both the typing spectrum and the deep spectrum will be 
near peak SN brightness, and together they will (1) con-
firm the Type Ia classification and remove any possible 
small remaining contamination of non-Type Ia superno-
vae, (2) provide spectral diagnostics that can help dis-
tinguish intrinsic color variations from the effects of dust 
extinction (Chotard et al. 2011, Mandel et al. 2014), and 
(3) match high and low-redshift SNe with similar proper-
ties to suppress evolutionary effects in the mix of su-
pernovae.       
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Figure 2-4: An example WFIRST-AFTA observing sequence for discovering and studying SNe Ia across the range of 
redshifts between z = 0.2 and 1.7, demonstrating an observing plan that meets WFIRST-AFTA science objectives. The 
left panels show an example sequence for SNe discovered at z ~ 0.5, and the right panels are for SNe discovered at z ~ 
1.5. The upper panel shows the cadence of the broad-band filter observations that will, over 2 years, find the superno-
vae and provide continuous broad-band photometry with two observer-frame filters. At the specific redshifts of the su-
pernovae, these observer-frame filters will be sampling points on the SN lightcurve with a “blue-shifted” restframe filter 
(indicated schematically by the color of the scheduled points). The supernova discoveries will be “triggered” before 
peak brightness (as shown by the grey line and red-arrow connecting to the bottom panel) and then the IFU follow-up 
spectrophotometry Visits will begin on one of the next 5-day-observer-frame cadences. These Visits are shown sche-
matically in the bottom panel, along with their visit number and S/N per 2-pixel resolution element. Photometry points 
calculated from the IFU spectrophotometry integrated over synthetic-filter bandpasses are shown in the middle panel, 
plotted as a function of the rest-frame days for this panel (to be compared with the observer-frame days of the top and 
bottom panels). The same restframe B, V, and R filters are used for both the z=0.5 and 1.5 example supernovae to show 
the similar observations available at the full range of redshifts. 
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there will also be another observation of the candidate 
xwith the imager, as part of the ongoing regular search 
cadence. Candidates whose brightnesses have then 
increased since their discovery 5 days before, and 
whose color differences are consistent with a Type Ia 
supernova at the host-galaxy redshift, will be scheduled 
for an SN-typing spectrum during the next visit (IFU Vis-
it 2), when the supernova is yet brighter. This spectrum 
and the two-band photometry will be used to screen out 
most of the remaining non-Type Ia supernovae and to 
sharpen the photo-z (or grism) redshift estimate; the 
observing time budget allows for twice as many of the-
se screening spectra as there are Type Ia supernovae 

that will then continue to be followed. The selected su-
pernovae will almost all be Type Ia, and these will then 
be scheduled for a deep IFU spectrum (IFU Visit 3). 
Both the typing spectrum and the deep spectrum will be 
near peak SN brightness, and together they will (1) con-
firm the Type Ia classification and remove any possible 
small remaining contamination of non-Type Ia superno-
vae, (2) provide spectral diagnostics that can help dis-
tinguish intrinsic color variations from the effects of dust 
extinction (Chotard et al. 2011, Mandel et al. 2014), and 
(3) match high and low-redshift SNe with similar proper-
ties to suppress evolutionary effects in the mix of su-
pernovae.       
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Figure 2-4: An example WFIRST-AFTA observing sequence for discovering and studying SNe Ia across the range of 
redshifts between z = 0.2 and 1.7, demonstrating an observing plan that meets WFIRST-AFTA science objectives. The 
left panels show an example sequence for SNe discovered at z ~ 0.5, and the right panels are for SNe discovered at z ~ 
1.5. The upper panel shows the cadence of the broad-band filter observations that will, over 2 years, find the superno-
vae and provide continuous broad-band photometry with two observer-frame filters. At the specific redshifts of the su-
pernovae, these observer-frame filters will be sampling points on the SN lightcurve with a “blue-shifted” restframe filter 
(indicated schematically by the color of the scheduled points). The supernova discoveries will be “triggered” before 
peak brightness (as shown by the grey line and red-arrow connecting to the bottom panel) and then the IFU follow-up 
spectrophotometry Visits will begin on one of the next 5-day-observer-frame cadences. These Visits are shown sche-
matically in the bottom panel, along with their visit number and S/N per 2-pixel resolution element. Photometry points 
calculated from the IFU spectrophotometry integrated over synthetic-filter bandpasses are shown in the middle panel, 
plotted as a function of the rest-frame days for this panel (to be compared with the observer-frame days of the top and 
bottom panels). The same restframe B, V, and R filters are used for both the z=0.5 and 1.5 example supernovae to show 
the similar observations available at the full range of redshifts. 
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Figure 4: Left: Statistical uncertainties for the WFIRST SN survey as a function of redshift
(on a logarithmic plot). The assumed SDT uncertainties are plotted as the thick black line.
The actual uncertainties as measured from our simulations are plotted as red diamonds; the
actual uncertainties are similar to, but worse than the SDT assumed values. Alternative survey
scenarios (discussed in Section 3) are also plotted: the imaging sample from the SDT survey, a
low-z IFU survey, and an imaging-only survey are represented by blue squares, green triangles,
and gold circles, respectively. These alternative scenarios have significantly better statistical
uncertainties than the SDT design.

Figure 5: Right: Hubble diagram for the WFIRST/ SDT survey. The red and gold lines
represent !CDM and wCDM (with w = !1.05) models, respectively. The bottom panels shows
the residuals relative to the !CDM model. The blue points represent the binned residuals.

on the FoM from SN, which includes 800 z < 0.1 SN Ia as required by the SDT report from the
Foundation SN survey (Foley et al., in prep.), as well as combined with BAO (Anderson et al.,
2014) and CMB (Planck Collaboration et al., 2015) data.

2 Systematic Uncertainties
In addition to the statistical uncertainties examined above, we have also investigated several po-
tential sources of systematic uncertainty. Although our investigations are not complete, they are
the first attempt to quantify the systematic uncertainties of the WFIRST SN survey.

When considering systematic and statistical uncertainties, we determine a full covariance matrix
to describe the distance uncertainties such that C = Dstat + Csys. The first term is the purely
diagonal part of the statistical uncertainty given by Equation 2 and the systematic component can
be described for each systematic uncertainty Sk as

Csys, ij =
K
!

k=1

"

!µ i

!Sk

#"

!µ j

!Sk

#

("Sk)
2 . (3)

To calculate the systematic covariance matrix, we find the di#erence in distance for each SN after
changing each systematic uncertainty by 1". This approach captures the correlation between
various uncertainties and is more realistic than assuming uncorrelated systematic uncertainties.

We have examined several potential systematic uncertainties, although this is not an exhaustive
list, it is representative of the sorts of investigations we plan to continue with a fully funded program.

Calibration: Calibration uncertainty is currently the driving systematic uncertainty of all recent
ground-based SN analyses. The primary source of calibration error for space-based telescopes is
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Figure 6: Left: w0!wa 68% and 95% confidence contours for the simulatedWFIRST SDT SN
survey. The blue and red contours correspond to statistical-only and statistical plus systematic
uncertainties for the SN combined with CMB and BAO data (plotted as gray contours).

Figure 7: Right: Distance modulus bias (in magnitudes) from various systematic e!ects as
a function of redshift for the simulated WFIRST SN survey. Overplotted are the distance
modulus di!erences between two possible cosmologies (w0, wa) = (!1.05, 0) (solid line) and
(!1.2, 0.6) (dashed line) relative to "CDM (dotted line). Systematic biases can mimic dif-
ferences in cosmology. These plots assume current knowledge; after the conclusion of this
program, we expect the potential ! evolution bias to be reduced by a factor of 2, and the color
scatter and intrinsic color evolution to be completely removed. The potential calibration bias
should also be reduced by a factor of 2 before the launch of WFIRST.

the absolute calibration of the spectrophotometric system (e.g., Bohlin et al., 2014). For HST, the
Calspec system is accurate to <2% across OIR wavelengths. Zeropoints for each filter are known
to "1% for current surveys, and because of the color term in the SN distance equation, these
uncertainties yield roughly 3% uncertainties in distance moduli. Our nominal simulation uses the
current calibration uncertainties of the HST Calspec AB system (Bohlin, 2007), while we assume
that the uncertainties will be reduced by a factor of 2 by the time WFIRST is launched.

The wavelength dependence of this uncertainty is particularly problematic for SN analyses
because the observed wavelengths correspond to di!erent rest-frame wavelengths for SN at di!erent
z. For our simulations, we fix the WFIRST calibration uncertainty to have the same magnitude and
wavelength dependence as HST, as they are both space-based surveys. As shown in Fig. 7, these
small calibration uncertainties can cause large biases in the measured cosmological parameters and
represent "17% of the total systematic uncertainty.

Our team contains the leading experts in spectrophotometric calibration of space telescopes
and SN survey data. Using new HST observations, we will work to further improve the external
calibration uncertainty by a factor of 2 over the period of this grant. Further reductions of this
uncertainty will only increase the need to reduce the physical systematic uncertainties listed below.
We will incorporate all improvements (and projected improvements) into our full simulations to
produce the most accurate simulations.

In addition to the flux calibration, there are many other calibration issues for the imager and
IFU. Required instrumental characterizations include flat fields, astrometric mapping of detector to
the sky, wavelength vs. position, dynamic range, linearity over the dynamic range, and out-of-band
stray light. The instrument itself and routine operations must be designed to produce repeatability
on the same target to a level that does not significantly contribute to the error budget. On-orbit,
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1. SDT
2. SDT + Higher S/N Galaxy Template
3. SDT Imaging Only (IFU breaks or can’t calibrate)
4. IFU Survey for z < 0.8
5. Imaging Only (using 4 bands)
6. Imaging + High S/N IFU/grism at peak
7. Imaging Only for z < 0.8
8. SDT + LSST

Other WFIRST Strategies
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Figure 8: Left: Redshift distribution for di!erent WFIRST SN survey scenarios. The grey
and red histograms represent the required and actual SDT report distributions, respectively
(see Fig. 3). The imaging sample from the SDT survey, a low-z IFU survey, and an imaging-
only survey are represented by blue squares, green triangles, and gold circles, respectively.

Figure 9: Right: Predicted dark energy FoMs for various WFIRST SN survey strategies. The
black line represents the FoM from statistics only, while the gradients represent the range of
FoMs from our “optimistic” to current understanding of systematics. The dashed lines (for
SDT and “Max Imaging”) represent the statistical FoM when doubling the z < 0.1 sample.

have uncertainties similar to or better than the SDT strategy.
For our optimistic systematic uncertainty scenario, we find a FoM for the SDT report of 306. For

the SDT imaging, low-z IFU, and maximum-imaging scenarios, we find FoMs of 187, 236, and 338,
respectively. Based on our current understanding of systematic uncertainties and our predictions
for future improvements, we recommend maximizing the imaging time to achieve the highest FoM.

However, we have not optimized any of these surveys, and doing so may change this rec-
ommendation. Regardless, there are clear ways to improve the WFIRST SN survey beyond the
recommendations of the SDT. We have also identified next steps to make further improvements.
For instance, the low-z IFU survey required 66% more imaging time to detect enough SN at z < 0.8
for follow-up. However, the images are deep enough to find SN at z > 2. Trading depth for area
would free up time for IFU follow-up, significantly increasing the number of SN. Also, the IFU
overhead is significant for z < 0.4. As a result, the amount of follow-up time going to overhead
jumped from 10% to 21%. A di!erent redshift distribution would improve these numbers.

The imaging-only survey is so large that its statistical uncertainties are limited by the z < 0.1
sample. Including twice the SN at z < 0.1 (1600), the statistical FoM jumped from 487 to 654;
for the SDT survey, it only increased from 417 to 423. Moreover when defining this survey, we
simply scaled the SDT imaging survey parameters (and added filters). We did not optimize depth,
cadence, and area. The resulting redshift distribution is far from optimal, and one could easily
increase the FoM with relatively small tweaks to the survey.

We also found that grism spectroscopy would be extremely e!ective for classification and mea-
surement of spectral parameters. If we simply used the IFU time for grism spectroscopy, we could
get a spectrum of every detected SN every 5 observer-frame days. Because of multiplexing, this
results in longer exposures per SN, especially at high z. We simulated spectra finding that all SN
are properly classified at z < 1.2 using the grism, falling to 66% properly classified at z = 1.7.
But because of the multiplexing, we would have spectral time series of !3800 SN at 1 " z " 1.7.
Of course this campaign would provide an enormous contribution to other science and should be
considered as part of future strategies.
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All Simulations Public

jet.uchicago.edu/blogs/WFIRST/

https://jet.uchicago.edu/blogs/WFIRST/

WFIRST Website



What You Should Know about the 
WFIRST SN Survey

1. Take SDT Survey with Grain of Salt
2. All Images Shallower than Expected
3. Unlikely to Have Wide Survey
4. Will Try to Move SN Fields North
5. Cadence for Deep Survey Likely to Increase
6. All Spectra Lower S/N than Expected
7. Simulating Alternatives
8. All Simulations Public
9. More Input Wanted!




