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We study the impact of the calibration uncertainties, parametrized on one side as random
errors in the zeropoint of each filter (δzp’s) and on the other as shifts in wavelength of each
filter (δλ’s), on the accuracy of the cosmological constraints that will be extracted from
LSST SN survey. We perform a set of simulations of a typical LSST SNe Ia survey. The
standardization of the SNe Ia, their spectrophotometric evolution, the cosmology and the
calibration parameters are fitted at the same time to capture all possible interactions be-
tween the parameters. We show that, when all parameters are left free, a nearly complete
degeneracy remains between zero points and cosmology, which can only be lifted by ac-
curate external constraints on the flux scale. We show that an accuracy of the zeropoint
determination better than 1mmag is required to extract most of the statistical information
LSST supernova sample. In the same way we show that an accuracy of the filter mean
positions better than 1Å is required.

This LSST DESC Note was generated on: June 19, 2018

1. Introduction

Our current knowledge of the dark energy is constrained by SN Ia surveys and their anal-
ysis. The most recent and best constraints come from the analysis of the SN light curves
from the Pantheon Sample (Scolnic et al. (2017)). It gives the most precise measurement



of dark energy to date with w = −1.031±0.040 in a wCDM model and w0 = −1.011±0.087

and wa = −0.215± 0.402 for the w0waCDM model.

While these uncertainties are dominated by statistics, uncertainty on the photometric color
calibration of the SNe Ia, currently of the order of 5 mmag over 7000Å, remains one
important source of systematic errors.

With LSST, the statistics will increase by a factor between 10 and 30, putting again strin-
gent constraints on calibration accuracy.

In this context the goal of this work is to study the impact of the calibration uncertainties on
the performances of a LSST-like survey. We simulate a typical LSST SNe Ia dataset using
the lightweight simulation framework SnSim (DESC note in prep.) with a light curve gen-
eration based on the SALT2 model (Guy et al. (2007)). Then we perform a Fisher analysis
with a model including the Supernova standardization parameters, its spectrophotometric
evolution, the cosmological and the calibration parameters at the same time, allowing us
to compute the covariance matrix of all these parameters. The performances are evalu-
ated by computing the Figure of Merit (FoM ) as a function of a priori knowledge on the
calibration parameters.

In section 2 we describe the dataset simulation we use in this forecast. We present
our analysis model for the simulated dataset and the way we perform a Fisher analysis
to compute the FoM with given calibration uncertainties in §3. We present our results
concerning the performances of the survey for different calibration strategies in section
§4. In §5 we discuss the results and we conclude concerning the calibration minimal
specifications in §6.

2. Simulated dataset

2.1. Cadence

We assume that the LSST SN survey will be split into two layers:
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Table 1. Nominal scenarii for the WFD component that allows to build a SN sample complete up
to z ∼ 0.4. The two cadences given in each column are for the rolling/standard cadences.

g r i z

Texp 30 30 30 30
m5σ (limitting mag per visit) 24.83 24.35 23.88 23.30
cadence [days] 7.7 / 13.6 2.9 / 5.6 4.3 / 8.2 3.3 / 6.7

Table 2. A nominal scenario for the DDF component that allows to build a SN sample complete
up to z ∼ 0.75.

r i z y

Texp 600 600 720 600
m5σ (limitting mag per visit) 26.05 25.56 25.06 24.08
cadence [days] 5 days

• A Wide Fast Deep (WFD) component that will be composed of short exposures
(Texp = 2 × 15s) over a large fraction of the sky using a rolling cadence as currently
studied within DESC and LSST Project ( SNWG & Cadence Task Force). This
survey will allow to discover a large number of nearby SNe Ia (z < 0.4).

• A Deep Drilling Field (DDF) component in which a smaller number of fields will be
observed with longer visits (Texp ∼ 600s) to provide distant SNe Ia (0.1 < z < 1).

Observations of a same field in a same filter will be performed with a given period (ca-
dence). The cadence that will be implemented for the WFD component and the DDF
component of the survey is still in discussion. The goal of this work is to evaluate the im-
pact of calibration systematics on the cosmological measurements, performed with SNe
and not to study the impact of the effective cadence and observing conditions. For this
reason we have adopted two nominated scenarii, taken from the current proposed ca-
dences (see Tables 1 & 2). We also have deliberately simplified the light-curve generation
by defining an average cadence in each filter. This average cadence corresponds to what
is delivered by the Altsched & Altsched-rolling nominal requirements for well sampled
light-curves. We expect a total of 2000 spectroscopically confirmed SNe Ia per year in the
WFD component and 1500 in the DDF.
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We build our forecast upon those two nominal scenarii, assuming respectively 30s and
1800s exporures in 4 bands with a regular cadence of 3 days and without loss due to
weather. Exact numbers are given in Table 1 and 2. This study will be updated as work
on the rolling cadence progresses.

2.2. Instrument Model and Observing conditions

We use the most recent model from Jones (2016) (SMTN-002). The previous model,
described in Ivezic et al. (2010) (LSE-40) has been revised and the new troughput is 40%
lower in SMTN-002. We use median observing conditions (same for all epoch) for each
filter in Figure 1.

2.3. Simulated SNe

We use SnSim (DESC note in prep.) to produce the observed SNe Ia and their light curves
with the cadence and observing conditions detailed in the previous sections. Our study is
performed for 1, 5 and 10 years of the LSST SN-survey. The distribution in redshift of the
simulated SNe Ia is shown in Figure 2. Our datasets are redshift limited at z = 0.4 for the
WFD component and z = 0.8 for the DDF component to ensure their completeness.

In Figure 3 we show that in two extreme cases of SNe Ia, one from the WFD component
at z = 0.15 and one from the DDF component at z = 0.71, the light curves we obtain are
well sampled in time with always a measurement at less than 2 days from max luminosity
and more than 10 measurements in each band for the light curves (except in g band). The
uncertainty associated to each flux measurement is also reasonably low compared to the
light curve amplitude.

Finally, we show in Figure 4 that in each layer the color c uncertainty is always below
30mmag in both components and for all SNe Ia in the considered redshift range. Also time
of maximum luminosity t0 uncertainty is below 0.5 days and the stretch of the simulated
SN Ia X1 uncertainty is below 0.5, which are the threshold of Betoule et al. (2014) for SNe
Ia to be included in the training sample.
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Figure 1. Parameters of the survey simulation : from left to right and top to bottom we have
: zero-points, median seeing, brightness of the background sky (dark time) and survey limiting
magnitudes, this Figure is reproduced from Gris & Regnault (in prep.) in each grizy band.

3. Analysis Model

We now describe how we evaluate the analysis of the SNe Ia data as it is likely to be
performed in 2020+. We have developed a pipeline that implements : (1) Light curves
fit, (2) training of a spectrophotometric model, (3) standardization of the SNe Ia and (4) a
cosmology.

3.1. Model details

5



0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
z

0

1000

2000

3000

4000

5000

6000

7000

#
 S

N
e
 I
a
 (

fu
ll 

su
rv

e
y
)

WFD-Altsched
DDF

Figure 2. Redshift distribution of the SNe Ia simulated for the full survey in the WFD (green) and
the DDF (blue) components for a total of 35000 SNe Ia.

We want our model to be representative of a real analysis, while avoiding the complexity
and numerical clumsiness of a complete spectroscopic model. In order to avoid the need
of including spectra in our simulation, we will mimick their effect on broadband quantities.
Calibration uncertainties induce redshift dependent errors on magnitude and color as SNe
at different redshifts are observed in different bands. It is thus of primary importance to
account for the fact that the SN spectrophotometric model will be trained on the data, and
not considered as known. On the contrary, the SN light-curve shape (stretch) is expected
to be well constrained thanks to the good sampling (2.3), and calibration uncertainties do
not strongly impact shapes (e.g. Betoule et al. (2014) Figure 6). We thus can simplify
our model by neglecting the time evolution of the SNe Ia, only modeling the flux of each
measured SN Ia in each used band considered, interpolated at the day of maximum
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Figure 3. Light curves for a SN Ia measured in the WFD component at z = 0.15 in griz bands
(left) and a SN Ia measured in the DDF component at z = 0.71 in rizy bands (right).

(a) wide (b) deep

Figure 4. Uncertainty of the color, the time of maximum luminosity and the stretch of each SN
Ia (from top to bottom) in the wide (left) and the deep (right) layers. The horizontal red line corre-
sponds to σc = 0.03 which is the threshold on the accuracy on the color of a well measured SN
Ia
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luminosity in the restframe B band (hereafter t0). The flux of a given SN Ia measured at
t0 in a band b (in e−/s/cm2) can be modeled as follows:

ϕb =
1

1 + z
× 10−10

d2
L(z, θc)

×
∫

10−10λ

hc
S

(
λ

1 + z

)
Tb(λ)dλ , (1)

where z and dL are respectively the redshift and the luminosity distance (in Mpc) of the
given supernova, θc is the vector of the cosmological parameters (depending on the model
we choose to use), S

(
λ

1+z

)
is the SED of a standard SN Ia (in erg/s/Å/cm2) at 10 pc and

Tb(λ) is the transmission of the detector in a band b (in e−/phot). Translating equation 1
into magnitudes:

mb =µ(z, θc) + 25 + 2.5 log10(1 + z)

− 2.5 log10

∫
10−10λ

hc
S

(
λ

1 + z

)
Tb(λ)dλ ,

(2)

where µ(z, θc) is the SN distance modulus (µ(z, θc) = 5 log10(dL)).

We assume SN spectrum to be smooth enough to perform a Taylor expansion at the first
order around a given wavelength λ̄b over the wavelength range of each observer-frame
filter, so that:∫

λS

(
λ

1 + z

)
Tb(λ)dλ ≈

∫ (
S̄

(
λ̄b

1 + z

)
+ (λ− λ̄b)

∂S̄

∂λ

(
λ̄b

1 + z

))
× λTb(λ)dλ . (3)

By choosing λ̄b as λ̄b =
∫
λ2Tb(λ)dλ∫
λTb(λ)dλ

, we set the integration of the first order term to 0, so that
we have:

∫
λS

(
λ

1 + z

)
Tb(λ)dλ ≈ S̄(

λ̄b
1 + z

)×
∫
λTb(λ)dλ . (4)

We note that it will be possible to modelize the restframe SN spectrum because we are
observing a large number of SNe Ia at multiple redshifts, each in four restframe bands.

Eq. 2 becomes:

mb = µ(z, θc) + 25 + 2.5 log10(1 + z)− 2.5 log10 S̄(λ̄b) + Zb , (5)

8



where Zb = −2.5 log
∫

10−10λ
hc

Tb(λ)dλ is the band zeropoint.

As we will show later, care must be taken while modeling the SED of the supernovae and
its characterization shall remain free to evolve with the input data. We emulate a SALT2

parametrization and write:

−2.5 log10 S(λ̄b) = MX + P (
λ̄b

1 + z
) + cQ(

λ̄b
1 + z

) + cβ , (6)

where P ( λ̄b
1+z

) plays the role of the mean restframe spectrum of a ”standard” SN Ia, MX

is a normalization factor accounting for the restframe absolute luminosity of each SN,
Q( λ̄b

1+z
) is a color law accounting for the color variation of each SN around the mean SN

spectrum and β is the brighter-bluer parameter that relates flux variation to SNe color. We
also introduce here the SALT2-like color c of each SN. We decompose the mean spectrum
over a B-spline basis of degree 2, and the color law over a polynomial of fourth degree.

β plays the role of the degree 0 in Q(λ). We fix it in Q(λ) by imposing Q(λB) = 0 and
Q(λV ) = −1, λB and λV being respectively Johnson’s B and V band mean wavelengths.
We also fix P ( λ̄b

1+z
) normalization and its color to cut degeneracies with respectively MX

and Q( λ̄b
1+z

).

Incorporated to the model it gives:

mb =MX + 25 + µ(z, θc) + 2.5 log10(1 + z)

+ P (
λ̄b

1 + z
) + cQ(

λ̄b
1 + z

) + cβ + Zb .
(7)

At this stage some degeneracies appear between these different parameters. The way to
handle these degeneracies is to add priors to our model. If J is the matrix of the deriva-
tives of our model with respect to all free parameters (columns) for all light curve ampli-
tudes measured (lines), we can vertically add matrices to J for each prior, corresponding
to one or more ”additionnal” measurements:

J =

 J

Jpriors

 (8)
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In parallel, if C is the covariance matrix of our measurements, we add diagonally the
covariance matrix of the prior to C:

C =

C 0

0 Cpriors

 . (9)

In our case we add the following priors:

• We fix all the MX ’s at a same value to cut degeneracies with the distance moduli
but with a dispersion of 10% to account for the intrinsic dispersion of the SNe Ia
absolute maximum luminosity that has been observed in previous SN Ia analyses.

• Since we use a w0wa cosmology, θc = {Ωm, Ωk, w0, wa, H0, Ωbh
2}, we add a Planck

prior from Planck Collaboration (2015), which brings us the information on H0 and
Ωk we would not get with the SNe Ia only.

3.2. Calibration parameters

The core of this work is about the way we handle the calibration errors and incorporate
them in 7. We describe them with two different parameter subsets:

• δzp’s, that takes into account the error we make on the normalization of the trans-
mission in each band. There is one associated to each filter we use.

• δλ’s, which is the error made in observer frame on the mean wavelength position of
each filter.

The model (hereafterM) finally becomes :

mb =MX + 25 + µ(z, θc) + 2.5 log10(1 + z) + Zb

+ P (
λ̄b + δλb

1 + z
) + cQ(

λ̄b + δλb
1 + z

) + cβ + δzpb .
(10)

3.3. Structure of the Calibration covariance matrix
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These calibration parameters are associated to a calibration covariance matrix Cs. The
structure of Cs depends on the calibration strategy. In particular it is generally non diag-
onal because of the interplay between zp and filter positions. The state of the art con-
cerning SNe Ia flux measurements consists in comparing their flux directly with calibrated
astrophysical standards. We assume that the zeropoint of a band b is obtained using the
flux measurement of a calibrated astrophysical standard, which is modeled as:

zpb =

∫
Tb(λ)Sstd(λ)dλ+ ezpb , (11)

where T is the transmission of the instrument, Sstd is the spectrum of the astrophysical
standard and ezpb is a random noise with cov(ezpb) = σ2

zpb
. This way of measuring flux

implies that if we make an error on the wavelength position of the filters, the flux integration
of the standard will not be what we expect, which in turn leads to an error on the zeropoint
of the band.

zpb =

∫
T̄b(λ)Sstd(λ)dλ+ ezpb +

∂
∫
Tb(λ)S(λ)dλ

∂λ̄b
δλ̄b

= z̄pb + ezpb +
∂zpb
∂λ̄b

δλ̄b

(12)

We then have: zp
λ̄b

 =

1 ∂zp
∂λ

0 1

ezpb
δλ̄b

+

ẑp̂̄λb
 (13)

We define ∂zp
∂λ

as the change in zeropoint for 1Å of filter position error, obtained by com-
paring the integrated flux of an astrophysical standard (P330E in this case) in a reference
filter and in a shifted filter. We have:

Cs = cov

zp
λ̄b

 =

1 ∂zp
∂λ

0 1

σ2
zp 0

0 σ2
λ

 1 0

∂zp
∂λ

1

 . (14)

We put the values in Table 3, then Cs becomes :

Cs =


σ2
zpg + (σλg

∂zpg
∂λg

)2 0 ∂zpg
∂λg

σ2
λg

0

0
. . . 0

. . .
∂zpg
∂λg

σ2
λg

0 σ2
λg

0

0
. . . 0

. . .

 . (15)

11



Table 3. δzp’s derivatives with δλ’s computed using P330E spectrum.

g r i z y
∂δzp
∂δλ [mmag/Å] 0.026 0.18 0.24 0.23 0.22

Table 4. Summary of our model free parameters

Free parameters MX θc θP θQ c β Z δzp δλ

# parameters N 6 31 5 N 1 5 5 5

3.4. Error propagation

The modelM do take into account simultaneously all Table 3.4 parameters. Because of
the high number of parameters, to ensure a quicker execution and avoid memory issues
we work with sparse matrices.

The χ2 associated to the modelM is:

χ2 =
∑
sb

[msb −M(s, b, ~θ)]2

σ2
sb

. (16)

In order to easily propagate the errors, we linearize M around the maximum likelihood,
using the SN parameters that have been put into the dataset simulation in order to produce
the light curves.

The linearized modelM′ describe the data as follows::

M′ = J × ~θ (17)

Where J contains the derivatives of our model with respect to all free parameters
(columns) for all light curve amplitude measured (lines) and ~θ the vector of all our free
parameters (details in Table 3.4).

The normal equation for this χ2 is:

JTC−1J = JTC−1y (18)
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where y and C are respectively our measurements and their covariance matrix.

Finally we add the calibration covariance matrix Cs (explicited in §3.2) as a prior to our
model (as in §3.1). For the moment we have to keep in mind that these value are not
fixed, and we are going to make this study for several examples of what would be the
calibration accuracy for the LSST SN survey.

Since we want to study the performances of the survey, we do not need to perform a fit. In
order to get the uncertainties of our model parameters, we compute the Fisher information
matrix, that we call H, around the maximum likelihood.

H = JTWJ (19)

where W = C−1.

According to Cramér–Rao theorem, the inverse of H is a lower bound on the covariance
matrix of all our free parameters, including cosmological parameters. So it allows us to
know which constraints a given dataset and a given calibration will put on the cosmological
parameters.

To ensure the consistency of our analysis and the way we propagate the calibration un-
certainties, we test our pipeline on the JLA data sample: instead of simulating an LSST
dataset, we use the real light curve amplitudes and SNR in each of the observed band
published in Betoule et al. (2014). The JLA calibration covariance matrix has a similar
design to the one considered here, including the zeropoint calibration errors, the filter po-
sition errors antd the correlation terms. We thus run our analysis pipeline on this dataset,
using the calibration covariance matrix (provided by Betoule et al. (2014)), and assuming
a ΛCDM cosmology. We obtain an uncertainty on w of 5.2% (stat+sys) when Betoule
et al. (2014) obtained 5.7%. In JLA, the statistic uncertainty as the systematics are both
4%. In our case, the statistic uncertainty is undervalued as we are at 3.4%, but we are
only wrong at 0.1% concerning the statistic uncertainty with 3.9% in our analysis. We thus
show that the impact of calibration on the performances of a SN survey is well reproduced
by our analysis.

4. Results
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We study the performances of a given survey on the determination of cosmological pa-
rameters through the Figure of Merit (FoM ), defined as:

FoM =
1√

det(cov(w0, wa))
. (20)

We then perform a block inversion of H. We modify the calibration strategy by changing
the σδλ’s and the σδzp’s in Cs (eq 15) which impact H through W . We compute the FoM

with σδzp = σzpg = σzpr = σzpi = σzpz = σzpy, and σδλ = σλg = σλr = σλi = σλz = σλy at
20 different values from σδzp = 10−5mag to σδzp = 1mag and σδλ = 10−2 Å to σδλ = 100nm.
With highly cadenced survey (Altsched-rolling with respect to Altsched), we obtain
higher SNR, but we do not observe any difference between the two sets of cadence
in the WFD component detailed in 2.1 in terms of performances on the cosmological
parameters knowledge. It shows that below a given cadence, the light curve amplitude
SNR is negligible with respect to the intrinsic dispersion of the SN Ia fluxes. We present
these results for one, five and ten years of survey in Figure 5 for the standard WFD
cadence.

We observe three distinct areas: a plateau on the lower left where the survey perfor-
mances saturate and are statistic dominated; an inflection region surrounding this plateau
where statistical and systematic errors have similar weight; and a surounding plateau of
low performances where the systematic errors dominate. In the statistically dominated
regime, the asymptotic FoM reaches 320 for a 5 year survey, and 680 for a 10 years
survey.

4.1. Zeropoints

Concerning the photometric calibration, with the current uncertainties on the δzp’s at
5mmag (Betoule et al. (2014)), we observe that for a 1 year survey we obtain a FoM

of ≈ 30, while improving it to 1mmag leads to a FoM of 60. For a 5 years survey, having
a photometric calibration between 1 and 2 mmag appears to be mandatory to extract at
least 50% of the performances the statistics could grant us. Finally we can see that a
calibration below the mmag level should be reached to make use of the full statistics of
the LSST SN-survey.

4.2. Filters
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Figure 5. (a), (b) & (c) : FoM that can be achieved at one, five and ten years (full SN-survey).
The FoM iso-countous are represented on a same color base for the 3 plots. Indicative iso-
contours are represented in dot-dashed lines at some given FoM . The x-axis represents the a
priori uncertainty on the filters zeropoint while the y-axis represents the uncertainty on the mean
filter position. Each small iso-contour is separated from the others by 20 points in the FoM .
(d) : Slices of (c) at σδλ = 1Å in blue, σδλ = 0.7Å in green and σδλ = 1nm in red.

Concerning the uncertainty on filter mean wavelength position : For a one year survey, we
need the filter mean position uncertainty to be at ≈ 1nm for for it not to be predominant
with respect to the statistics. At 5 years the transition occurs at 2Å < σδλ < 4Å. For a
full 10 years survey, we show that if the filter average wavelength is known to 10Å, as
the LSST Project requirements state, most of the statistical power of the dataset is lost.
In order for the sytematic and statistical errors to have an equivalent weight, we need a
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requirement ten times more stringent, i.e. a knowledge of the filter mean wavelength of
the order of 1AA or better. The main difference in behaviour compared to the photometric
calibration is that that the FoM seems to reach a non-zero plateau at low accuracy on the
filter mean position. It is due to an auto-calibration phenomenon of the uncertainty on δλ,
we come back to this in the next session.

5. Discussion

5.1. Impact of the model training

As a parallel work, we study the impact of the spectro-photometric supernova model train-
ing on the FoM estimate. By considering the θP parameters of the spectro-photometric
model as free, we decouple the supernova model training from the analysis, in particular
removing all covariances between the supernova model reconstruction and the color cal-
ibration of the survey. Figure 6 shows that, compared to what we obtain with the training,
we are making a large overestimation of the performances of the survey, that goes along
with an underestimation of the impact of photometric calibration. We also notice that the
FoM is different from 0 even when the a priori knowledge on the zero-points is minimal.
The higher a posteriori knowledge of the zeropoints is an artifact assuming a perfectly
calibrated SN model which calibrates our zeropoint.

5.2. Filter position auto calibration

In Figure 5 we observe that the FoM does not fall to 0 at very low filter knowledge. The
filter mean positions are calibrated by the SNe Ia in what we call an auto-calibration.
The a posteriori uncertainty the filter mean positions saturates at a value of ∼ 1\m while
increasing the a priori uncertainty at higher values. This phenomenon is possible because
our spectrophotometric model, trained on photometric data only, is slowly variating. We
also assume a perfectly known redshift, while taking into account redshift uncertainty into
account could prevent this phenomenon. In our model hypotheses we also parametrize
the filter uncertainties very simply as their mean wavelength positions, a more complexe
parametrization could have interesting results on this auto-calibration.
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Figure 6. Evolution of the FoM with respect to the filter position uncertainty and the filter zeropoint
as in Figure 5 but without training the spectrophotometric model. As the transition area is around
σzp = 1mma}, here it is at σzp = 100mma}.

Since we can already spot the area where statistics and systematics are equivalent, this
work still give us the main information on the requirements we should reach. A later
version of this work will take into account these cautions.

6. Conclusion

In this study, we implement a fast and realistic end to end simulation of a LSST SN sur-
vey. We take simultaneously into account the spectrophotometric evolution of the SNe
Ia, the cosmology and the calibration parameters. We have shown the necessity to take
into account the training of the spectrophotometric model over the dataset to obtain re-
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alistic results from this type of study. The exposed relation highlights the necessity to
calibrate the throughput of the LSST filters with a precision better than 10−3 level in or-
der to bring LSST statistical power above the systematic error floor. Finaly we found that
the uncertainty on the filters positions seem to have a lesser effect on the performances.
We explain this phenomenon by the fact that we are fitting together a smooth cosmology
and the SN spectrophotometric model, and the fact that the size and the quality of the
SN sample we have simulated is very high. This particular point will be investigated in
a second iteration of this work, in a first time by adding an uncertainty on the redshift of
each SN allowing for spatial inhomogeneities of filter passbands and in a second time
by adding the phase dimension of the spectrophotometric evolution of the SNe Ia. We
can finally see that we are in a good agreement with the DESC SRD v0.9 concerning the
calibration requirements.
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