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w0 = -1.01 ± 0.09 
wa = -0.22 ± 0.40 
FoM = 65.0

12 Scolnic et al.

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

where the sum is over the K systematics - each denoted
by S

k

, �
Sk is the magnitude of each systematic error, and

@µ is defined as the di↵erence in binned distance values
after changing one of the systematic parameters.
Given a vector of binned distance residuals of the SN

sample that may be expressed as �~µ = ~µ � ~µ
model

(as
shown in Fig. 11 (bottom)) where ~µ

model

is a vector of
distances from a cosmological model, then the �2 of the
model fit is expressed as

�2 = �~µT ·C�1 ·�~µ. (8)

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

ties.

5.1. Calibration

The ‘Supercal’ calibration of all the samples in this
analysis is presented in S15. S15 takes advantage of
the sub-1% relative calibration of PS1 (Schlafly et al.
2012) across 3⇡ steradians of sky to compare photome-
try of tertiary standards from each survey. S15 measures
percent-level discrepancies between the defined calibra-
tion of each survey by determining the measured bright-
ness di↵erences of stars observed by a single survey and
PS1 and comparing this with predicted brightness dif-
ferences of main sequence stars using a spectral library.
The largest calibration discrepancies found were in the B
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Figure 21. Confidence contours at 68% and 95% (including
systematic uncertainty for SNe) for the w and w

a

cosmolog-
ical parameters for the w0wa

CDM model. Constraints from
BAO+CMB (blue), SN+CMB (red), SN+CMB+BAO (yellow) and
SN+CMB+BAO+HST (black) are shown.

the Low-z sample has redder SNe on average (by 0.03)
than each of the higher-z samples, the MW extinction
at the location of the SNe is higher (by 0.05) on aver-
age than in the higher-z samples, the selection e↵ects are
more di�cult to model because there is uncertainty in
whether the selection was volume or magnitude-limited,
and the calibration uncertainties are 2⇥ as large as the
high-z samples.
While there are some Low-z data samples not included

here (e.g., Ganeshalingam et al. 2013), other low-z sam-
ples face similar issues and will likely not improve the
cosmological constraint without improving the system-
atic uncertainties. The most helpful Low-z sample would
be one which was based o↵ a rolling survey so that selec-
tion e↵ects are well understood and the color distribution
is similar to that of the high-z samples, and one in which
the calibration of the sample is on the level of the high-
z samples. This can be expected from the Foundation
SN sample (Foley et al. submitted), which uses the PS1
telescope to follow-up SNe discovered by rolling surveys.
Other possible low-z samples based on rolling surveys,
like ATLAS (Tonry 2011), may further help this issue.

7.2. Comparison of BBC method with older methods

There’s a fundamental di↵ference in the approach of
applying bias corrections between this analysis and that
of B14 and S14. Both B14 and S14 use a redshift-
dependent distance bias correction as shown in Fig. 12,
though both these analyses use inaccurate underlying c
and x

1

populations for their simulations (see SK16 for
a review). KS17 showed that with very large statistics
and the same underlying populations, only very slight
mmag-level di↵erences are expected between a redshift-
dependent distance bias correction and the more complex
BBC method if ↵ and � are known a priori. However,
using incorrect ↵ and � introduces small biases in the
method of B14 and S14 because ↵ and � are not solved

simultaneously when measuring the distance biases.
Both B14 and S14 consider the G10 and C11 scatter

models, though while S14 and our analysis average the
two, B14 chooses the G10 scatter model for its base-
line analysis. We do not choose one model or the other
as there is insu�cient empirical evidence to favor either
model. Somewhat implicit in the choice of scatter model
is the assumption of a single �

int

value. Both B14 and
S14 determine separate �

int

values for the high-z and low-
z sample, but we find a single value characterizes the full
sample. This is likely due to our higher value of the pe-
culiar velocity uncertainty used in our analysis (S14 and
B14 used 150 km/s, we use 250 km/s) and that the BBC
method corrects for the overestimation of the fit param-
eter errors which has led to an incorrect assessment of
�
int

in past analyses (Kessler & Scolnic 2017).
All of these analyses are still limited in measurements

of the evolution of standardization parameters. In this
analysis, we find a 1� signal for evolution of the � pa-
rameter. Interestingly, the analysis of Jones et al. (in
prep) finds � evolution of �1.28 ± 0.49 with a sample
3⇥ larger (though with its own systematic uncertainties
from contamination). PS1 is not ideal for determining
this evolution because its maximum redshift is ⇠ 0.6.
Additionally, we find 2� evolution of the � parameter. If
the BBC method is not applied, we recover a measured
slope of (�0.060± 0.050), which is only a 1� e↵ect. B14
saw no evidence of evolution.
New releases from SNLS and DES should help set-

tle this question of parameter evolution. High-z SNe
observed by HST should provide excellent leverage to
determine evolution of the hyperparameters. However,
there is currently not enough data at high-z to provide
tight constraints. There is a similar issue in trying to use
HST SNe for constraining w

0

� w
a

(Riess et al. submit-
ted). However, WFIRST (Hounsell et al. 2017; Spergel
et al. 2015) should provide sub-percent level distance con-
straints of SNe at z ⇠ 1.5 and significantly improve con-
straints on both evolution systematics and dark energy
models.

7.3. Further Examples of Population Drift

There could be further evolution in the mean of the
color variation of the intrinsic scatter model; for both
C11 and G10 scatter models, the color scatter is centered
around c = 0 and this is assumed to not change with
redshift. Various analyses (Foley & Kasen 2011; Mandel
et al. 2014) have hypothesized evolution of the mean of
the color scatter may be possible, however it is unclear
with what significance and how well current data already
constrain it. It is not included as a systematic here,
but studies like the one by Mandel et al. (2016) may be
able to isolate the e↵ect so that we can put it into our
simulations.
A related evolution uncertainty is due to a possible

bimodal population of SNe when considering their UV
flux (Milne et al. 2015). If the relative fractions of the
di↵erent UV subclasses changes with redshift, it would
propagate to systematic biases in the recovery of SN color
with redshift which would itself propagate to errors in the
recovered cosmology. Cinabro et al. (2016) simulated
simplistic models of di↵erent UV subclasses of SNe in-
ferred from Milne et al. (2015) and compared the output
light-curves real SDSS and SNLS samples and did not



Why NIR?   (1) Dust

OpticalNear Infrared



Smaller Extinction (and Errors) in IR 

The Astrophysical Journal, 731:120 (26pp), 2011 April 20 Mandel, Narayan, & Kirshner

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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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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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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Table 2. Description of the three tier SN survey as outlined in the SDT report.

Survey
Tier

Redshift
Range

Area
(deg2)

Discovery
Filters

Depth per
Exposure (mag)

Total Depth
(mag)

Shallow 0.1  z < 0.4 27.44 Y, J 22.2, 22.3 24.9, 24.9
Medium 0.4  z < 0.8 8.96 J, H 25.0, 24.9 27.7, 27.6
Deep 0.8  z  1.7 5.04 J, H 26.3, 26.0 29.0, 28.2

Table 3. Exposure times (t
exp

) and number of pointings (Np) for
each filter within each redshift tier of the survey. The exposure
times listed here do not include the 42 second slew.

Survey Y-band J-band H-band Np t
tot

Tier t
exp

(sec) t
exp

(sec) t
exp

(sec) (hours)
Shallow 13 13 0 98 3.0
Medium 0 67 67 32 2.0
Deep 0 265 265 18 3.0

Table 4. Short, medium, and long exposure times (t
exp

) per 0.1
redshift bin for the WFIRST IFC-S component. The far right-
hand column lists the total time (t

tot

) spent observing a SN within
a given 0.1 redshift bin (not including the template host-galaxy
spectrum).

Mean
Redshift

Bin

Short
t
exp

(s)
Medium
t
exp

(s)
Long
t
exp

(s)
t
tot

(s)

0.15 27.39 36.98 49.30 278.00
0.25 58.22 78.60 104.80 590.96
0.35 103.11 139.20 185.60 1046.58
0.45 170.28 229.88 306.50 1728.32
0.55 255.44 344.85 459.80 2592.76
0.65 303.50 409.73 546.30 3080.53
0.75 354.22 478.20 637.60 3595.36
0.85 397.72 536.93 715.90 4036.88
0.95 482.11 650.85 867.80 4893.43
1.05 605.11 816.90 1089.20 6141.88
1.15 722.39 975.23 1300.30 7332.25
1.25 872.11 1177.35 1569.80 8851.93
1.35 1043.67 1408.95 1878.60 10593.22
1.45 1200.11 1620.15 2160.20 12181.13
1.55 1350.33 1822.95 2430.60 13705.88
1.65 1422.33 1920.15 2560.20 14436.68

3.1 SDT Detection and Classification

The detection and selection of SNe Ia for follow-up ob-
servations as outlined in the SDT report is a complex pro-
cess, influenced by the costliness of single-object follow-up
observations with the IFC-S. The process starts with all pos-
sible SNe, both SNe Ia and CC SNe, and then progressively
removes SNe which do not satisfy certain conditions. The
first part of this selection procedure involves a SNR require-
ment. Although it is not clear within the SDT report if this
requirement is based on image subtracted data, we assume
for this paper that it is. Note also that pre-existing spectro-
scopic redshifts for all host-galaxies are assumed by the SDT
report, thus enabling the classification procedure outlined.
At each stage of the selection process SNe are removed, and
cannot re-enter. Therefore, each step in the selection process
is considered a set of selection cuts, which we list below.

• Cut 0: Objects are “detected” if they have a SNR � 4

in both imaging discovery bands (Y+J or J+H), within a
single epoch (the exact origin of this SNR value is ambigu-

ous). SNe which do not satisfy this SNR requirement are not
considered for follow-up observations. Those SNe which are
“detected” are then subject to further constraints.
• Cut 1: Objects that have discovery-epoch colours in-

consistent with being a SN Ia at their host-galaxy redshift
are removed. All remaining objects are scheduled for a short
IFC-S spectrum during the next visit to the SN field.
• Cut 2: Objects that do not brighten between the first

and second epochs, or present colours that are consistent
with a SN Ia at the assumed redshift are removed. All re-
maining objects are scheduled for a medium IFC-S spec-
trum.
• Cut 3: After obtaining the medium spectrum, an ob-

ject that does not continue to rise, have consistent colours,
nor present a spectrum consistent with that of a SN Ia, is re-
moved from the sample. All remaining objects are scheduled
for a long IFC-S spectrum.
• Cut 4: An object that is not confirmed as a SN Ia with

the long IFC-S spectrum is removed. Remaining objects are
scheduled for follow-up observations and are included in the
final cosmology sample.

3.2 SDT Statistical and Systematic Uncertainties

The survey strategy presented by the SDT report is de-
signed such that statistical uncertainties match the assumed
“optimistic” systematic uncertainty budget. This means that
the assumptions about systematic uncertainties set the pa-
rameters of the entire project, as they dictate the desired
sample size, which in turn sets the required discovery rate
and redshift distribution. The final distribution of SNe Ia per
0.1 redshift bin, as expected by the SDT report, is shown in
Figure 3 (left panel).

The systematic uncertainties presented in the SDT re-
port for the WFIRST SN survey follow the description of
distance modulus uncertainties used for the SNAP design
outlined by Kim et al. (2004) (see also Perlmutter & Schmidt
2003; Frieman et al. 2003). In the SDT report, the magni-
tude of the uncertainties was reduced roughly by a factor
of two compared to the SNAP design. The formulation as-
sumes that the systematic uncertainties are uncorrelated on
scales larger than �z = 0.1 and can be treated equivalently
to statistical uncertainties. The total systematic uncertainty
is assumed to increase with redshift, following

�
sys

=
0.01(1 + z)

1.8
(mag). (5)

However, there are known systematics which contradict this
assumption. Specifically uncertainties related to calibration
and SN colour are correlated across a wide redshift range.
The SDT systematic model (Equation 5) is overly simplistic
and not used for our analysis. The SDT functional form for
the systematic uncertainty model also drives the broad, flat
redshift distribution seen in Figure 3 (right panel).
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Table 2. Description of the three tier SN survey as outlined in the SDT report.

Survey
Tier

Redshift
Range

Area
(deg2)

Discovery
Filters

Depth per
Exposure (mag)

Total Depth
(mag)

Shallow 0.1  z < 0.4 27.44 Y, J 22.2, 22.3 24.9, 24.9
Medium 0.4  z < 0.8 8.96 J, H 25.0, 24.9 27.7, 27.6
Deep 0.8  z  1.7 5.04 J, H 26.3, 26.0 29.0, 28.2

Table 3. Exposure times (t
exp

) and number of pointings (Np) for
each filter within each redshift tier of the survey. The exposure
times listed here do not include the 42 second slew.

Survey Y-band J-band H-band Np t
tot

Tier t
exp

(sec) t
exp

(sec) t
exp

(sec) (hours)
Shallow 13 13 0 98 3.0
Medium 0 67 67 32 2.0
Deep 0 265 265 18 3.0

Table 4. Short, medium, and long exposure times (t
exp

) per 0.1
redshift bin for the WFIRST IFC-S component. The far right-
hand column lists the total time (t

tot

) spent observing a SN within
a given 0.1 redshift bin (not including the template host-galaxy
spectrum).

Mean
Redshift

Bin

Short
t
exp

(s)
Medium
t
exp

(s)
Long
t
exp

(s)
t
tot

(s)

0.15 27.39 36.98 49.30 278.00
0.25 58.22 78.60 104.80 590.96
0.35 103.11 139.20 185.60 1046.58
0.45 170.28 229.88 306.50 1728.32
0.55 255.44 344.85 459.80 2592.76
0.65 303.50 409.73 546.30 3080.53
0.75 354.22 478.20 637.60 3595.36
0.85 397.72 536.93 715.90 4036.88
0.95 482.11 650.85 867.80 4893.43
1.05 605.11 816.90 1089.20 6141.88
1.15 722.39 975.23 1300.30 7332.25
1.25 872.11 1177.35 1569.80 8851.93
1.35 1043.67 1408.95 1878.60 10593.22
1.45 1200.11 1620.15 2160.20 12181.13
1.55 1350.33 1822.95 2430.60 13705.88
1.65 1422.33 1920.15 2560.20 14436.68

3.1 SDT Detection and Classification

The detection and selection of SNe Ia for follow-up ob-
servations as outlined in the SDT report is a complex pro-
cess, influenced by the costliness of single-object follow-up
observations with the IFC-S. The process starts with all pos-
sible SNe, both SNe Ia and CC SNe, and then progressively
removes SNe which do not satisfy certain conditions. The
first part of this selection procedure involves a SNR require-
ment. Although it is not clear within the SDT report if this
requirement is based on image subtracted data, we assume
for this paper that it is. Note also that pre-existing spectro-
scopic redshifts for all host-galaxies are assumed by the SDT
report, thus enabling the classification procedure outlined.
At each stage of the selection process SNe are removed, and
cannot re-enter. Therefore, each step in the selection process
is considered a set of selection cuts, which we list below.

• Cut 0: Objects are “detected” if they have a SNR � 4

in both imaging discovery bands (Y+J or J+H), within a
single epoch (the exact origin of this SNR value is ambigu-

ous). SNe which do not satisfy this SNR requirement are not
considered for follow-up observations. Those SNe which are
“detected” are then subject to further constraints.
• Cut 1: Objects that have discovery-epoch colours in-

consistent with being a SN Ia at their host-galaxy redshift
are removed. All remaining objects are scheduled for a short
IFC-S spectrum during the next visit to the SN field.
• Cut 2: Objects that do not brighten between the first

and second epochs, or present colours that are consistent
with a SN Ia at the assumed redshift are removed. All re-
maining objects are scheduled for a medium IFC-S spec-
trum.
• Cut 3: After obtaining the medium spectrum, an ob-

ject that does not continue to rise, have consistent colours,
nor present a spectrum consistent with that of a SN Ia, is re-
moved from the sample. All remaining objects are scheduled
for a long IFC-S spectrum.
• Cut 4: An object that is not confirmed as a SN Ia with

the long IFC-S spectrum is removed. Remaining objects are
scheduled for follow-up observations and are included in the
final cosmology sample.

3.2 SDT Statistical and Systematic Uncertainties

The survey strategy presented by the SDT report is de-
signed such that statistical uncertainties match the assumed
“optimistic” systematic uncertainty budget. This means that
the assumptions about systematic uncertainties set the pa-
rameters of the entire project, as they dictate the desired
sample size, which in turn sets the required discovery rate
and redshift distribution. The final distribution of SNe Ia per
0.1 redshift bin, as expected by the SDT report, is shown in
Figure 3 (left panel).

The systematic uncertainties presented in the SDT re-
port for the WFIRST SN survey follow the description of
distance modulus uncertainties used for the SNAP design
outlined by Kim et al. (2004) (see also Perlmutter & Schmidt
2003; Frieman et al. 2003). In the SDT report, the magni-
tude of the uncertainties was reduced roughly by a factor
of two compared to the SNAP design. The formulation as-
sumes that the systematic uncertainties are uncorrelated on
scales larger than �z = 0.1 and can be treated equivalently
to statistical uncertainties. The total systematic uncertainty
is assumed to increase with redshift, following

�
sys

=
0.01(1 + z)

1.8
(mag). (5)

However, there are known systematics which contradict this
assumption. Specifically uncertainties related to calibration
and SN colour are correlated across a wide redshift range.
The SDT systematic model (Equation 5) is overly simplistic
and not used for our analysis. The SDT functional form for
the systematic uncertainty model also drives the broad, flat
redshift distribution seen in Figure 3 (right panel).
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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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Table 3. Description of the three tier SN survey as outlined in the SDT report.

Survey
Tier

Redshift
Range

FoV
(deg2)

Discovery
Filters

Depth per
Exposure (mag)

Total Depth
(mag)

Shallow 0.1  z < 0.4 27.44 Y, J 22.2, 22.3 24.9, 24.9
Medium 0.4  z < 0.8 8.96 J, H 25.0, 24.9 27.7, 27.6
Deep 0.8  z  1.7 5.04 J, H 26.3, 26.0 29.0, 28.2

Figure 3. Left: Assumed number of Type Ia SNe to be followed per 0.1 redshift bin, as outlined in the SDT report. Right: Fractional
uncertainties in distance (mag) per 0.1 redshift bin. Statistical (black line), systematic (red dot dashed line), and combined (blue dashed
line) uncertainty budgets are as assumed in the SDT report.

Table 4. Exposure times (t
exp

) and number of pointings (Np) for
each filter within each redshift tier of the survey. The exposure
times listed here do not include the 42 second slew.

Survey Y-band J-band H-band Np t
tot

Tier t
exp

(sec) t
exp

(sec) t
exp

(sec) (hrs

Shallow 13 13 0 98 3
Medium 0 67 67 32 2
Deep 0 265 265 18 3

per SN is assumed to be �
meas

= 0.08 mag. This value is
a constant since the SDT strategy adjusts the exposure
time for each SN observation based on redshift such that
all SNe have approximately the same distance uncertainty.
The intrinsic scatter in corrected SN Ia distances is set to
be �

int

= 0.09 mag (compared to 0.10+ 0.033z mag from the
previous Green et al. 2012, report) and the lensing uncer-
tainty is modeled as �

lens

= 0.07⇥z mag. The total statistical
uncertainty for a given redshift bin is therefore given in the
SDT report as

�
stat

=
(�2

meas

+ �2

int

+ �2

lens

)1/2

N1/2
SN

(mag), (6)

Where N
SN

is the number of SNe Ia in a given redshift bin.
The statistical, systematic, and combined uncertainty bud-
gets of the SDT reports SN survey are illustrated in Figure 3
(right panel). Note that the redshift distribution of SNe was

Table 5. Short, medium, and long exposure times (t
exp

) per 0.1
redshift bin for the WFIRST IFC-S component. The far right-
hand column lists the total time (t

tot

) spent observing a SN within
a given 0.1 redshift bin (not including the template host-galaxy
spectrum).

Mean
Redshift

Bin

Short
t
exp

(s)
Medium
t
exp

(s)
Long
t
exp

(s)
t
tot

(s)

0.15 27.39 36.98 49.30 278.00
0.25 58.22 78.60 104.80 590.96
0.35 103.11 139.20 185.60 1046.58
0.45 170.28 229.88 306.50 1728.32
0.55 255.44 344.85 459.80 2592.76
0.65 303.50 409.73 546.30 3080.53
0.75 354.22 478.20 637.60 3595.36
0.85 397.72 536.93 715.90 4036.88
0.95 482.11 650.85 867.80 4893.43
1.05 605.11 816.90 1089.20 6141.88
1.15 722.39 975.23 1300.30 7332.25
1.25 872.11 1177.35 1569.80 8851.93
1.35 1043.67 1408.95 1878.60 10593.22
1.45 1200.11 1620.15 2160.20 12181.13
1.55 1350.33 1822.95 2430.60 13705.88
1.65 1422.33 1920.15 2560.20 14436.68

designed such that the statistical and systematic uncertain-
ties are roughly equivalent for a given redshift.

MNRAS 000, 1–25 (2016)
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Figure 5. Example WFIRST broadband (ZYJHF) simulated light curves (black circles) and best-fit light-curves (smooth curve) for
SNe at redshifts ⇠0.5, 0.9, 1.3, and 1.7.

Table 7. HST WFC3 filters included within WFIRST SN simu-
lations: Zero-points and average PSF FWHM values are listed

Filter Zero-Point (AB) PSF FWHM (pixel)
F425W (B) 24.75 1.62
F555W (V) 25.72 1.62
F625W (R) 25.44 1.63
F814W (I) 25.03 1.67

applied to these results along with an inter-pixel capacitance
e↵ect on the order of ⇠2%. As PSF FWHM values change
slightly between each tier, resultant average values are pre-
sented in Table 7.

Within each imaging-only strategy we use no more than
six broadband filters, corresponding to the six slots on the
filter wheel currently dedicated to imaging (see Section 2).
We allow these six filters to be any combination of the
“WFIRST” defined filters, or our bluer WFC3 like filters.
We have not yet investigated the e↵ect of adding filters red-
der than the F-band.

In the current SDT strategy, a set number of SNe in
the 0.1 < z  1.7 range are followed-up with the IFC-S
(2726 SNe). For imaging-only strategies, there is no need to
fix the number of SNe or the redshift range. We therefore
allow the redshift range to extend from 0.01 to 2.99. How-
ever, additional selection criteria as mentioned in Section 4
are implemented, and when combined with typical cuts on
the colour and stretch of the SN light curves the photomet-
ric classification purity is determined to be >99%. Because
purity is not 100%, contamination of the SN Ia sample is
included as a systematic uncertainty within our work. Note
that host-galaxy redshifts in an imaging-only survey could
be collected after the WFIRST survey is completed, since
they are not needed to define the SN follow-up observational
sequence (as is the case for the SDT survey).

The design of each survey strategy is discussed below.

5.1 The SDT and SDT* Strategies

Here we present the simulated SDT survey strategy (see
Section 3). We also present a slight modification to the SDT
strategy to significantly improve e�ciency (the SDT* strat-
egy). These strategies use both WFI channels: the WFC
imager and IFC-S.

The number of generated SNe is set by the volumetric
rates, survey area, depth, and duration; they are reported in
Table 9 and do not include selection requirements. Within
the appropriate redshift ranges a total of 25,214 SNe are gen-
erated, 4268 of which are SNe Ia, with the remaining 20,946
being CC SNe. The initial SDT SNR requirement described
in Section 3.1, reduces the total to 7,951 “detectable” events
(4116 of which are SNe Ia, see Table 10). For these detectable
events, 3,106 pass all of the photometric cuts specified within
the SDT report (listed in Section 3.1). A breakdown of the
number of SNe to pass each cut is given in Table 10.

Each medium- and long-exposure SN spectrum (which
are obtained for SNe that pass the photometric parts of Cuts
2 and 3, respectively) is compared to a library of real SN
spectra using SNID (Blondin & Tonry 2007). The number
of SNe passing these additional spectroscopic selection cri-
teria (see Section 3.1) are reported in Table 11. As is done
with all current cosmological analyses, we apply additional
colour, light-curve shape constraints, which further reduces
the number of SNe in the cosmological sample. After apply-
ing all criteria, the final sample consists of 2,214 of the 4,116
detected SNe Ia, resulting in an e�ciency of only 54%.

After applying the initial photometric selection criteria
(Cuts 0, 1, & 2), the sample has a SN Ia purity of ⇠78%.
Of the ⇠22% CC SN contaminants, ⇠59% are SNe Ib/c and
⇠41% are SNe II. The SNe Ib/c that make up the major-
ity of the contaminants are also the objects that are most
spectroscopically similar to SNe Ia, and therefore the most
di�cult to remove with low-SNR spectra. Example spectra
of a SN Ia that passes all cuts, a SN Ia that is excluded based
on its long-exposure spectrum, and a CC SN (SN Ic) that
passes all cuts and is included in the cosmology sample are
illustrated in Figure 6. This figure demonstrates the di�-
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Full Simulated SamplesThe First Simulations of the WFIRST SN Survey 11

Figure 6. Left Column: The redshift distributions for each WFIRST SN survey examined. For comparison the SDT required distribution is presented as a grey
histogram, with the actual SDT* values obtained given as a blue histogram and triangles. The triangles represent the possible number of SNe that could be
detected, where as the histogram is cut to fit the desired distribution at high z as outlined in the SDT report. Right Column: Statistical uncertainties for each
WFIRST SN survey examined as a function of redshift (on a logarithmic plot). For comparison the assumed SDT uncertainties are plotted as the thick black
line (see Section 3.2), with the actual uncertainties from SDT* given as blue triangles.

MNRAS 000, 1–22 (2016)

The First Simulations of the WFIRST SN Survey 11

Figure 6. Left Column: The redshift distributions for each WFIRST SN survey examined. For comparison the SDT required distribution is presented as a grey
histogram, with the actual SDT* values obtained given as a blue histogram and triangles. The triangles represent the possible number of SNe that could be
detected, where as the histogram is cut to fit the desired distribution at high z as outlined in the SDT report. Right Column: Statistical uncertainties for each
WFIRST SN survey examined as a function of redshift (on a logarithmic plot). For comparison the assumed SDT uncertainties are plotted as the thick black
line (see Section 3.2), with the actual uncertainties from SDT* given as blue triangles.

MNRAS 000, 1–22 (2016)



Alternative StrategiesThe First Simulations of the WFIRST SN Survey 11

Figure 6. Left Column: The redshift distributions for each WFIRST SN survey examined. For comparison the SDT required distribution is presented as a grey
histogram, with the actual SDT* values obtained given as a blue histogram and triangles. The triangles represent the possible number of SNe that could be
detected, where as the histogram is cut to fit the desired distribution at high z as outlined in the SDT report. Right Column: Statistical uncertainties for each
WFIRST SN survey examined as a function of redshift (on a logarithmic plot). For comparison the assumed SDT uncertainties are plotted as the thick black
line (see Section 3.2), with the actual uncertainties from SDT* given as blue triangles.
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Figure 6. Left Column: The redshift distributions for each WFIRST SN survey examined. For comparison the SDT required distribution is presented as a grey
histogram, with the actual SDT* values obtained given as a blue histogram and triangles. The triangles represent the possible number of SNe that could be
detected, where as the histogram is cut to fit the desired distribution at high z as outlined in the SDT report. Right Column: Statistical uncertainties for each
WFIRST SN survey examined as a function of redshift (on a logarithmic plot). For comparison the assumed SDT uncertainties are plotted as the thick black
line (see Section 3.2), with the actual uncertainties from SDT* given as blue triangles.
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bers presented in Table 8 are limited (where applicable)
to the maximum number of SNe per 0.1 redshift bin as
outlined in the SDT report. In addition, the modified
selection criteria (Section 5.1) are implemented.
The SDT version of selection criteria were also applied

to this simulation, but as in the previous SDT* scenario
our modified selection yields a larger statistical sample.
The results of this strategy can be seen in Figure 7b and
7g. The redistribution of time to the medium tier results
in 24% more SNe Ia within the final classified sample in
comparison to the SDT* results.

5.3. SDT Imaging

This simulation is based on a worst-case scenario
where the SDT strategy is executed, but after the fact
it is determined that the IFC-S data is unusable, result-
ing in exclusive use of the existing WFC imaging data.
Presumably this analysis can happen even if the IFC-S
works perfectly. There is no increase in the areas of this
strategy as it is exploring the idea of data obtained when
an instrument is “faulty”. There are also no SN selec-
tion criteria as outlined in Section 3.1 as there are no
spectra. Purity of the resulting SN Ia sample is imple-
mented via the aforementioned SNR requirements made
on fitting (see Section 4). The results of this simulated
survey are presented in Figure 7c and 7h.
While number of SNe Ia obtained within the simula-

tion is a factor of ⇠1.24 more then the final possible
sample within our SDT* strategy, only ⇠76% of these
have 0.1  z  1.7, the rest are spread over higher-z. In
addition only two SN Ia are detected at z < 0.5. This
issue can again be attributed to the insu�cient SNR of
the low-z SNe in the shallow tier of the survey.
As stated above this SDT Imaging strategy is a worst-

case scenario and un-likely to happen. The strat-
egy does, however, indicate the usefulness of limited
imaging-only data. We do not consider the case where
discovery filters in the WFC were to fail as the mission
would no longer be self-reliant for SN discovery.

5.4. Imaging:Allz

This simulated WFC imaging-only survey uses all
three SDT tiers, but four broad-band filters instead of
two. The four filters used are RZY J for the shallow and
medium tiers, and Y JHF for the deep tier. To account
for removing the IFC-S component and increasing the
number of filters, the areas have been adjusted by fac-
tors of ⇠1.8, 2.2, and 1.8 for the shallow, medium and
deep tiers, respectively. These filters are chosen to span
the rest-frame optical and NIR wavelength range, where
our spectral models are defined.
The redistribution of IFC-S time, lack of IFC selec-

tion criteria, and additional filter selection, results in a
factor of ⇠4.7 increase in the final SN sample over the
possible SDT*. See Figure 7c and 7h for the results of
this strategy. This is the first scenario for which the

Figure 8. BBC-fitted Hubble diagram of the simulated

WFIRST SDT* sample (black points), and Imaging:Allz

sample (blue points). The red lines represent the ⇤CDM

model used to generate the simulation. Gold lines show a

wCDM model with w = �1.05. The bottom panel displays

binned Hubble residuals, relative to the ⇤CDM model, for

SDT* (black triangles) and Imaging:Allz (blue squares).

number of SNe Ia in each 0.1 redshift bin has exceeded
the requirements set by the SDT.
After selection requirements and the BBC fit, we

present a Hubble diagram for the Imaging:Allz and
SDT* SN surveys in Figure 8.
The SDT* survey covers 0.1  z  1.7, while the

Imaging:Allz data set covers 0.0  z  3.0. Within the
0.1  z  1.7 range, the SDT* distance uncertainties
are on average at least factor of two worse than those
from the Imaging:Allz. By contrast, the uncertainties
within the high-z end (z > 2.0) of the Imaging:Allz sim-
ulation are on average ⇠ 2.5⇥ worse than the average
uncertainty within the 0.1  z  1.7 range for the SDT*
survey. To illustrate the sensitivity ofWFIRST, the gold
lines show a wCDM model with w = �1.05.

5.5. Imaging:Lowz

We simulated a WFC imaging-only survey that con-
sists of the shallow and medium tiers only, and the use
of the two SDT discovery filters (Y+J and J+H). The
SDT* time from the deep-imaging and IFC-S are use to
increase the area of the shallow tier by a factor of ⇠ 5.2
and the medium tier by ⇠ 7.5.
This scenario results in a factor of ⇠ 1.6 increase in the

number of SNe Ia compared to the final possible sample
in the SDT* scenario (see Figure 7d and 7i). There are
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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 effects as
a function of redshift for the simulated WFIRST SN survey. Overplotted are the distance
modulus differences between two possible cosmologies (w0, wa) = (−1.05, 0) (solid line) and
(−1.2, 0.6) (dashed line) relative to ΛCDM (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 β 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 different rest-frame wavelengths for SN at different
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,

7
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Figure 13. w
0

–wa 68% and 95% confidence contours for the simulated SDT, SDT*, and SDT* Highz WFIRST SN surveys

(left panel) and the SDT, Imaging:Allz, and Imaging:Highz* WFIRST SN surveys (right panel). Each contour represents

total (statistical plus optimistic systematic uncertainties) SN Ia constraints combined with CMB and BAO constraints. For

comparison we have included the confidence contours created using CMB+BAO data only.

Figure 14. The contribution to the median distance modulus uncertainty per SNe within a 0.1 redshift bin, from the statistical

(red squares), intrinsic scatter (green diamonds), and lensing (purple circles) components for both the IFC-focused SDT (left)

and Imaging:Allz (right) strategies. The blue triangles show the combined uncertainties added in quadrature.

are clearly less precise than other strategies since their
FoMtot,opt values are close to or below the FoMtot,curr

values of most other surveys. These strategies are clearly
inferior to other options.
Excluding the SDT Imaging and Imaging:Lowz strate-

gies, IFC-focused strategies are the least successful.
Since the SDT and SDT* strategies are equivalent ex-
cept in classification, the final systematic uncertainty for
either strategy would be essentially equivalent. There-
fore, the SDT* strategy is superior to that of the SDT re-
port. Of the IFC-focused strategies however, the SDT*
Highz survey is the most successful.

For the remaining strategies, it is di�cult to assign
a clear ranking. The e↵ectiveness of each strategy has
di↵erent dependencies on specific improvements in sys-
tematic uncertainties. The FoMtot,curr value for many
WFC-focused strategies are comparable, an e↵ect that
can likely be attributed to the fact that at this point we
are becoming systematics limited.
Our simulations provide important information about

where to focus e↵orts. Considering the FoMtot,opt

values, the top 3 strategies are Imaging:Allz, Imag-
ing:Highz*, and Imaging:Highz+, which all have similar
FoMtot,opt values. There is no obvious optimal strat-
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Figure 12. Predicted dark energy FoMs for the simulated WFIRST SN survey strategies outlined in Section 5. IFC-focused

and WFC-focused strategies are presented in the top and bottom panels, respectively. The gradients for each strategy represent

the range of FoMs from FoM
tot,curr (dotted lines) to FoM

tot,opt. The thick black lines represent FoM
stat

. The red dashed vertical

line indicates the current FoM value of 32.6 (Alam et al. 2016).

Table 13. FoM values and cosmological parameter uncertainties for each strategy.

Strategya

Statistical Current Optimistic

FoM �(w
0

) �(wa) FoM �(w
0

) �(wa) FoM �(w
0

) �(wa)

SDT 223 0.053 0.26 101 0.067 0.30 158 0.061 0.28

SDT* 309 0.042 0.20 137 0.058 0.26 216 0.050 0.22

SDT* Highz 347 0.037 0.18 118 0.060 0.28 234 0.049 0.20

SDT Imaging 211 0.059 0.29 86 0.071 0.27 105 0.068 0.25

Imaging:Allz 622 0.024 0.12 169 0.061 0.25 388 0.035 0.16

Imaging:Lowz 212 0.057 0.29 93 0.078 0.33 133 0.067 0.31

Imaging:Lowz* 555 0.027 0.13 156 0.066 0.28 317 0.042 0.19

Imaging:Lowz+ 513 0.029 0.14 168 0.063 0.27 314 0.043 0.19

Imaging:Lowz-Blue 465 0.031 0.15 147 0.067 0.27 293 0.044 0.19

Imaging:Highz* 704 0.022 0.11 148 0.069 0.29 352 0.039 0.17

Imaging:Highz+ 608 0.024 0.12 159 0.063 0.27 351 0.035 0.16

aThe ordering of this table follows the ordering in Section 5. Strategy names in bold have the

highest FoM
tot,opt values.

Final FoM Estimates
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Fig. 1.— Spectrum of g005 at z = 0.20 compared to SN 1998es,
a SN 1991T-like SN Ia, at t = 1.8 d relative to B-band maxi-
mum. Differences in the continuum shape are ignored by SNID,
which removes a pseudo-continuum from the spectra before cross-
correlation.
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Fig. 2.— Spectrum of g043 at z = 0.187 compared to SN 1999em,
a SN II-P. Differences in the continuum shape are ignored by SNID,
which attempts to remove a pseudo-continuum by fitting a low-
order polynomial to the spectra before cross-correlation.
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Fig. 3.— Spectrum of g046 at z = 0.184. The spectrum is
dominated by galaxy light with no detectable amount of light from
a transient object.
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Fig. 4.— Spectrum of g120 at z = 0.51 compared to SN 1999aw,
a SN Ia, at t = 4.8 d relative to B maximum. We were unable
to determine a subtype for g120. Differences in the continuum
shape are ignored by SNID, which attempts to remove a pseudo-
continuum by fitting a low-order polynomial to the spectra before
cross-correlation.
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Fig. 5.— Spectrum of m010 at z = 0.216 compared to SN 1996cb,
a SN IIb. Differences in the continuum shape are ignored by SNID,
which attempts to remove a pseudo-continuum by fitting a low-
order polynomial to the spectra before cross-correlation.
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Fig. 6.— Spectrum of p534 at z = 0.621 after galaxy subtraction
from the superfit routine compared to SN 2003du, a SN Ia. Differ-
ences in the continuum shape are ignored by SNID, which removes
a pseudo-continuum from the spectra before cross-correlation. Ad-
ditional figures for all objects listed in Table 3 can be found in the
online edition.
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Figure 6. Intrinsic correlation structure of optical–near-infrared peak absolute magnitudes MF and decline rates ∆m15(F ). The color scale encodes the strength of the
correlation between any two intrinsic quantities. The marginal mode for each correlation coefficient is depicted, integrating over the uncertainties of individual SNe.
The posterior uncertainties in the correlations are computed but not shown. Top left: correlations between the peak intrinsic absolute magnitude and decline rate. Top
right: correlations between decline rates for each pair of passbands. Bottom: correlations between peak intrinsic absolute magnitudes for each pair of filters.
(A color version of this figure is available in the online journal.)

magnitudes of the SN, along with their marginal uncertainties.
Red points are the peak apparent colors and extinguished
absolute magnitudes, including host galaxy dust extinction and
reddening. These plots show correlations between the peak
optical–near-infrared colors and peak optical luminosity, in the
direction of intrinsically brighter SNe having bluer peak colors.
In contrast, the intrinsic J − H colors have a relatively narrow
distribution, and the near-infrared absolute magnitude MH is
uncorrelated with intrinsic J − H color.

5.2.2. Intrinsic Correlation Matrices

Using the hierarchical model, we compute posterior infer-
ences of the population correlations between the different com-
ponents of the absolute light curves of SNe Ia. This includes
population correlations between peak absolute magnitudes in
different filters, ρ(MF ,MF ′ ), correlations between the peak ab-
solute magnitudes and light curve shape parameters (differential
decline rates) in different filters, ρ(MF , dF ′

), and the correla-
tions between light curve shape parameters in different filters,
ρ(dF , dF ′

). They also imply correlations between these quanti-
ties and intrinsic colors. This information and its uncertainty are
captured in the posterior inference of the population covariance
matrix !ψ of the absolute light curve parameters {ψ s}. The pos-
terior estimate of the absolute light curve population integrates
over the posterior uncertainties in the individual light curves and
the host galaxy dust estimates.

In Figure 6, we have distilled some of the information in
this intrinsic covariance matrix to show the inferred intrinsic
correlations. For brevity, instead of depicting correlations with
every differential decline rate dF

t , we only show correlations
with the canonical 15 day post-maximum decline rate in each
filter, ∆m15(F ). The correlations range from −1 to 1 and are
color coded according to strength. The joint uncertainties of the
correlations are computed but not shown. The bottom matrix

shows the posterior inferences of the correlation matrix of peak
absolute magnitudes. The optical luminosities and light curve
shapes are strongly correlated with each other, but not with
the NIR. The J and H luminosities are strongly correlated with
each other, but not with the optical. Since the NIR luminosities
have low intrinsic correlation with the optical luminosities, they
provide independent information on the distance.

The top left matrix shows the posterior inferences of the
correlation matrix of the ∆m15 decline rates and the peak
absolute magnitudes in each filter. The decline rates ∆m15
in BVR exhibit strong correlations with peak optical absolute
magnitudes, but they show low correlation with peak NIR
absolute magnitudes in J and H. The decline rates ∆m15 in IJH
exhibit little correlation with luminosities in any of the optical
or near-infrared filters.

The top right matrix shows the posterior estimates of the
correlations between the ∆m15 light curve decline rates in
each filter. The correlation matrix exhibits a band structure,
with the largest correlations neighboring the diagonal. The
decline rate ∆m15 in a particular filter is typically most strongly
correlated with the ∆m15 in filters at neighboring wavelengths.
This can be seen by examining each row of the correlation
matrix. The optical decline rates in B and V are strongly or
moderately correlated with each other, but have low correlation
with NIR decline rates. Similarly, the decline rates in IJH show
strong or moderate correlation with each other, but have lower
correlation with the decline rates in B,V . The lack of strong
correlation across the whole matrix indicates that the light curve
shapes across optical and NIR wavelengths are unlikely to be
adequately modeled with one degree of freedom.

These matrix plots depict some of the salient population
correlation information of the SN Ia absolute light curves
captured by the hierarchical model. This inferred correlation
structure is used by the model to estimate luminosities from the
light curves and to make distance predictions.
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Host Redshifts
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Figure 49. Histogram of reliable redshifts in each field. The histogram including
only Q = 4 redshifts is shown in dark gray; Q = 3 redshifts are shown in light
gray.

independently for each CFHT pointing, we provide one file per
pointing. For the EGS, we provide one file describing the selec-
tion function over the entire field. In order to produce random
catalogs for calculating correlation functions, one should use
the value of the selection function at a given position as the
probability of keeping an object (between 0 and 1) at that loca-
tion within the catalog. We note that for some measurements, it
may also be necessary to correct for the dependence of selection
probability on source density at small scales (cf. Section 8); in
DEEP2 science papers, this has been done with mock galaxy
catalogs (e.g., Yan et al. 2004).

15. TRENDS WITH REDSHIFT

We conclude this overview of the DEEP2 survey by illustrat-
ing certain major trends in the data as a function of redshift,
summarizing properties of the DEEP2 data set.

Figure 49 shows redshift histograms for each of the four
fields, using only objects with reliable (Q = 3 and Q = 4)
redshifts. These figures illustrate graphically that, fractionally,
the contribution of Q = 3 (>95% reliable) redshifts is rather
small; the great majority (83%) of secure redshifts have Q = 4
(>99% reliable). Field 1 (EGS) is well sampled at all redshifts,
whereas our BRI color pre-selection has efficiently eliminated
foreground galaxies in Fields 2–4. As expected, strong peaks
due to large-scale structure are evident, which differ in detail
from field to field, demonstrating the need for statistically
independent samples to beat down cosmic variance.

Figure 49 also sheds light on whether a significant number
of redshifts are lost when important spectral features fall on
atmospheric absorption bands (e.g., the A band of O2 at 7620 Å).
The [O ii] λ3727 emission line should fall on the A band for
objects at z = 1.045. There is no depression in the diagrams at
that redshift, indicating that any loss is small.

Figure 50 plots apparent magnitudes and colors versus red-
shift. The top row is for Field 1 (EGS); the bottom row com-
bines all objects in Fields 2–4. The most striking feature of

these diagrams is the clear bimodality visible in the color plots.
The lower, densely populated sequence consists of blue-cloud
galaxies, while the more thinly populated upper trace is the red
sequence. The latter fades out near z ∼ 1, due partly to a real
reduction in numbers there (Bell et al. 2004; Willmer et al. 2006;
Faber et al. 2007) and partly because the survey begins to lose
red galaxies rapidly at that redshift. This is a combined effect
of such objects having difficulty meeting the DEEP2 magnitude
limit (as the 4000 Å break moves redward of the CFHT R band at
z > 1) and poorer redshift success for faint red objects without
emission lines (cf. the discussion of color–magnitude diagrams
below).

Also notable are the two small islands of very blue, z ∼ 0.15
galaxies visible in Fields 2–4. These reside in the blue corner of
the BRI color–color diagram where the colors of low-redshift,
high star-formation rate galaxies overlap those of more distant
blue galaxies (cf. Figure 13); as a result, a BRI color pre-
selection cannot reject them cleanly without also rejecting
real high-redshift galaxies. Some of these are exceedingly
low in luminosity, with MB as low as −14 (see below), and
likely present an interesting population of objects for follow-up
studies.

The vertical striping visible in these figures (especially for
Field 1) is a consequence of cosmic variance: redshifts where
the density in our fields are higher than average will have more
objects of all colors and magnitudes, and those with low density
will have few. The stripes correspond directly to the features
visible in the redshift histograms in Figure 49. In Fields 2–4,
the impact of large-scale structure is much reduced, as we
are effectively averaging the properties of three statistically
independent regions of the universe. A significant dearth of
galaxies near z = 1.15 is nevertheless still visible, despite
combining roughly 22,000 galaxies in three widely separated
fields, illustrating how difficult it is to reduce cosmic variance to
a small error at every redshift (at z = 1.15, [O ii] λ3727 overlaps
with one of the cleanest regions in the night sky spectrum,
eliminating sky subtraction errors as a possible culprit). The
impact of cosmic variance increases the smaller the redshift bins
(δz) considered. As a result, we find no detectable correlation
between the DEEP2 redshift histogram and the DEIMOS-
measured night sky spectrum (evaluated either at the central
wavelength of [O ii] or at the wavelength of either doublet
component). Variations in the DEEP2 redshift success rate on
the scale of the width of a night skyline, if they exist at all,
are completely swamped by the large cosmic variance on those
scales.

Figure 51 plots absolute B magnitude and restframe (U −B)0
color versus redshift. These are calculated from the CFHT 12K
BRI photometry using the methods of Willmer et al. (2006);
we use the subscript 0 to indicate that restframe passbands are
used (no correction for dust internal to DEEP2 galaxies has
been applied). The color bimodality and the low-redshift blue
galaxies are again evident. The most interesting aspect of this
figure is the curved locus in (U − B)0 versus z traced out by
blue-cloud galaxies. The solid line shows the median color of
blue cloud galaxies (defined as having ((U − B)0 < 1.0)) as a
function of z, while the dotted and dashed lines show quintiles
of the distribution. Figure 52 suggests that this curvature is
not due to errors in the K-correction procedure for restframe
(U − B)0 but is instead caused by the interaction of the
fixed RAB = 24.1 magnitude limit with the color–magnitude
distribution of galaxies in the blue cloud (see below), combined
with the impact of any color evolution (Blanton 2006).
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Page 13 of 32! WFIRST(STScI(TR1506!

expected!to!pin(down!the!cosmic!distance!scale!and!expansion!rate!at!look(back!
times!of!8(11!billion!years!(z=1(3)!with!precision!of!0.1(0.5%.!The!Galaxy!Redshift!
Survey!(GRS)!conducted!for!BAO!will!also!measure!redshift!space!distortions!(RSD)!
which!will!constrain!the!clustering!amplitude!and!the!growth!rate!of!matter!
clustering!over!the!same!period,!thereby!complementing!weak(lensing!
observations.!The!baseline!strategy!for!slitless!spectroscopy,!as!described!above,!
covers!2227!deg2!area,!the!same!as!the!imaging!survey,!to!a!7(σ!limiting!flux!of!
1.2x10(16!erg!s(1!cm(2!(for!an!extended!source!of!effective!radius!0.3!arcsec!at!z=1.5)!
at!spectral!resolution!given!by!R~600.!!The!primary!goal!of!the!survey!is!to!map!the!
distribution!of!emission!line!galaxies!using!Hα!!(0.6563!μm)!emission!at!
1.05<z<1.88,!and!using![OIII]!emission!(0.5007!μm)!to!extend!out!to!z=2.77.!For!the!
WFIRST(AFTA!sensitivity!and!at!70%!completeness,!the!HLS!spectroscopy!is!
expected!to!provide!galaxy!redshifts!for!16.4!million!H(alpha!emitters!at!z=1(2,!and!
1.4!million![OIII]!emitters!at!1.88<z<2.77!(Spergel!et!al!2015).!!In!fact,!over!the!
range!1.66<z<1.88,!both![OIII]!and!Hα emissions!fall!within!the!GRS!range,!and!thus!
dual(line!emitters!can!be!potentially!detected.!!The!actual!completeness!that!will!be!
achieved!has!to!be!refined!based!on!simulations,!by!using!the!optimal!grism!
parameters,!noise!levels!(including!the!background!and!detector),!and!the!adopted!
observing!strategies.!!

!
Figure'3:'The!expected!number!of!sources!per!unit!redshift!interval!per!square!degree!in!the!High(
Latitude!Spectroscopic!Survey.!!The!Survey!is!sensitive!to!Ha!emission!(blue)!up!to!z=1.88,!and!to!
[OIII]!emission!(red)!up!to!z=2.77.!From!Table!2(3!of!the!SDT!Report!(2015).!
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Figure 16. This plot illustrates the e↵ect on FoM
stat

if the

redshift range of the Imaging:Allz survey is modified. The

red line shows the ratio with a high-z cut and minimum

redshift z ' 0.02. The blue line shows the ratio with a

low-z cut and maximum redshift z ' 3. The green line is

similar to the blue line except that the low-z cut applies

only to the WFIRST component of the survey such that the

“Foundation-like” (0.01 < z < 0.1) data always remain.

spectrophotometric calibration between the two surveys.2137

In addition, if SN classifications can be obtained using2138

ground-based 8–30 m telescopes (e.g., Gemini, TMT),2139

then low-z IFC-S spectra are no longer required (assum-2140

ing that the relative calibration between the facilities is2141

well known) and additional time can be spent observing2142

SNe with z � 0.8.2143

For imaging-driven strategies, the inclusion of LSST2144

data would remove the shallow imaging tier, allowing2145

more time to be dedicated to SNe at high z. Alterna-2146

tively, a series of short WFIRST WFC exposures similar2147

to that of LSST might enable the reduction of calibra-2148

tion systematics (including variable seeing, extended pe-2149

riods of bad weather a↵ecting cadence, etc., for ground-2150

based data) between the two surveys, providing a nec-2151

essary template between ground-based and space-based2152

datasets. Future simulations will examine the possibility2153

of multiple scenarios for using ground-based observato-2154

ries to enhance the WFIRST SN survey.2155

The use of the grism has not yet been fully explored2156

or simulated. We performed preliminary simulations,2157

finding that grism spectroscopy would be e↵ective for2158

classification, but only with longer exposure times than2159

for the IFC-focused strategies (see Jones et al. 2013, for2160

a detailed examination of the HST WFC3 grism for this2161

purpose). More extensive simulations are necessary to2162

determine if the grism is useful for the SN survey.2163

Usage of both the IFC-S and WFC imaging compo-2164

nents with their current 5 day cadence would require2165

considerable resources for scheduling.2166

Within 5 days, data would have to be downloaded,2167

processed, searched for transients, objects fit and se-2168

lected, IFC-S follow-up observation schedules built and2169

sent, and finally the instrument set to observing again.2170

A longer cadence of 7 days, or even a flexible cadence,2171

may simplify some of the scheduling issues and have2172

little to no scientific impact on the mission. Modified2173

cadence investigations are needed for strategies using2174

the IFC-S.2175

The idea of using parallel observing for the IFC-S and2176

WFC must also be considered. Parallel observing would2177

allow WFIRST to operate both the WFC and IFC-S at2178

the same time. Preliminary calculations suggest that2179

given the huge number of IFC-S observations, the WFC2180

imaging fields will be almost completely covered. How-2181

ever, within this basic calculation we have ignored the2182

possibility of selecting particular roll angles, or the likely2183

correlations between angles for a given SN. This means2184

that there will be di↵erent cadences for each SN, and2185

thus patchy and incomplete imaging of that SN.2186

A WFC imaging-focused survey which utilizes par-2187

allelization to obtain IFC-S spectra during deep H or2188

F -band observations (required to obtain SNe at high z2189

with SNR � 10) could, however, be an important hy-2190

brid strategy. Obtaining even a small fraction (10–15%)2191

of SN Ia spectra may provide data vital to the analysis;2192

such as improving the underlying SALT2 SED model,2193

obtaining detailed information about the host-galaxy2194

environment, allowing characterization of systematic ef-2195

fects like population drift, and helping us to potentially2196

explore the e↵ects of unknown systematics. Future work2197

will include the use of parallel fields within our simula-2198

tions and the creation of such hybrid strategies.2199

An important limitation in our analysis is the training2200

sample used to determine the underlying SED model.2201

As described by Astier et al. (2014), the SN model2202

uncertainty can be reduced by using the same rest-2203

frame wavelength range at all redshifts. For a rest-2204

frame wavelength range of 2000–25000 Å, correspond-2205

ing to the current extended SALT2 spectral model (the2206

nominal model is 2800–7000 Å), the mean e↵ective wave-2207

length for RZY JHF filters will fall in redshift ranges2208

of z < 2.10, z < 3.35, z < 4.45, z < 5.5, z < 7.00, and2209

z < 8.4, respectively (for the nominal case the redshift2210

ranges are z < 1.21, 0.24 < z < 2.11, 0.56 < z < 2.89,2211

0.86 < z < 3.64, 1.29 < z < 4.71, and 1.69 < z < 5.712212

for the RZY JHF filters, respectively).2213

There have been several e↵orts to obtain NIR SN Ia2214

data (e.g., Krisciunas et al. 2004; Wood-Vasey et al.2215

2008; Stritzinger et al. 2011; Friedman et al. 2015; Con-2216

treras et al. 2010; Krisciunas et al. 2017). In total, there2217
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Figure 14. The contribution to the median distance modulus uncertainty per SN within a 0.1 redshift bin, from the statistical

(red squares), intrinsic scatter (green diamonds), and lensing (purple circles) components for both the IFC-focused SDT (left)

and Imaging:Allz (right) strategies. The blue triangles show the combined uncertainties added in quadrature.

The wavelength dependent calibration uncertainty for2028

the IFC-S system is currently large enough to signif-2029

icantly hamper the e↵ectiveness of any IFC-focused2030

strategy. We have optimistically assumed that by launch2031

it will improve by a factor of 17 (see Figure 11). How-2032

ever, since no clear path has been presented for this2033

improvement, we have also investigated how factors of 52034

and 10 improvement (i.e., 25 and 5 mmag per 7000 Å)2035

a↵ect the final FoM values of the SDT* strategy. For im-2036

provement factors of 1 (no improvement; current value),2037

5, 10, and 17 (optimistic value), we find FoMtot =166,2038

171, 209, and 216, respectively. For these calculations,2039

the values of the other systematic uncertainties (i.e.,2040

nonlinearity, host-mass evolution, population drift, and2041

intrinsic scatter) are set to their optimistic values. It is2042

clear that a precision of at least 5 mmag per 7000 Å is2043

required for optimal implementation of an IFC-focused2044

strategy.2045

In addition, imaging-only strategies like Imaging:Allz2046

and Highz* may have an advantage because their data2047

can be divided into subsamples for further systematic2048

studies, including high and low-z host-mass and high2049

and low-z Galactic extinction studies. If new e↵ects2050

are found such as �(z) or a better host-mass function,2051

then imaging-only strategies with superior statistics will2052

prove better for measuring these additional parameters.2053

8. DISCUSSION AND FUTURE WORK2054

The strategies outlined in this paper illustrate how2055

the WFIRST SN survey can be modified to increase the2056

number of SNe Ia and to increase the redshift range over2057

which they are found. These strategies are intended as2058

reference options that can be updated and expanded2059

upon to perform more rigorous optimizations.2060

Future optimization of the survey may include trading2061

depth or area and adjusting the cadence of the light2062

curves. In addition, the current redshift distribution2063

proposed by the SDT report could be further optimized2064

with relatively small modifications to the survey. Below2065

we discuss in more detail some of the ways in which the2066

survey could be optimized.2067

Our analysis currently assumes that the redshift of2068

each SN or its host galaxy is perfectly known. In reality,2069

we will know the redshift of the SN with varying levels2070

of accuracy based on how well it is determined. The ac-2071

curacy of the redshift a↵ects observation choices such as2072

exposure times, the precision of classification routines,2073

and potential biases that propagate to the Hubble dia-2074

gram. Meanwhile, the uncertainty in the redshift prop-2075

agates directly to constraining cosmological parameters.2076

To obtain redshifts the WFIRST strategy will likely2077

use a combination of high-resolution spectroscopic host-2078

galaxy redshifts, lower-resolution WFIRST grism host-2079

galaxy redshifts, SN+galaxy photometric redshifts, and2080

spectroscopic redshifts from the SNe themselves. Fur-2081

ther complicating the issue, the redshifts (and their un-2082

certainties) will be updated and improved during the2083

course of the survey.2084

If redshifts were to be obtained primarily via photome-2085

try of the SN Ia and its host galaxy (i.e., photo-z), then2086

it is important to understand how well these photo-z2087

values can be determined.2088

The photometric redshift noise, �z/(1 + z), scales2089

roughly as SNR�1, and at some point a “degeneracy2090



Host Photo-z’s Good at High z

Including SN measurement noise, intrinsic scatter, lensing

Photo-z calibration error , subdominant systematic at high-z

WFIRST+LSST Expectation:



NIR Spectral Series



Conclusions
• WFIRST will be Transformative for SN 

Cosmology 
• Full Public Simulations Performed and Available 
• Cadence/Depth of  SN Fields Will Enable 

Significant Ancillary Science 
• Plenty More to Do!  Better Simulations, More 

Physical Understanding, More Preparatory 
Data, etc 

• Subaru can be Helpful, but Details Depend on 
Field Selection


