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1 Introduction

1.1 Cosmological Overview

Cosmology is the study of the origins, history, and
evolution of our universe, as well as its components
and behavior at the largest scales possible. Our
current concordance cosmological model of the uni-
verse is the flat-ΛCDM model, where the Λ rep-
resents a cosmological constant and CDM is Cold
Dark Matter. In this model, the universe’s to-
tal matter-energy density consists of approximately
70% dark energy, 25% dark matter, and 5% regular
baryonic matter. The density parameter for each
component is typically defined as a fraction of the
total “critical density" ρc which is the density re-
quired for a flat universe, i.e. Ωi = ρi/ρc, where
i is Λ for dark energy and M for matter. Despite
the successes of the ΛCDM model, we still lack a
coherent physical explanation for the fundamental
nature of dark energy, the cause of the accelerated
expansion of the universe, which remains one of the
greatest unresolved scientific questions of our time.
Further, recent tensions in cosmology from inde-
pendent probes point to various discrepancies, ei-
ther in our treatment of systematic errors, or in the
ΛCDM model itself. Improved survey statistics, as
well as novel approaches to our distinct cosmolog-
ical probes, will bring us closer to understanding
the source of these tensions.

In order to gain a better understanding and re-
finement of our best cosmological models, we use
a variety of observational probes that are sensitive
to different scales, model parameters and periods
of cosmic time. One such probe that is particu-
larly sensitive to expansion history is Type Ia Su-
pernovae (SNe Ia), which were used in the discovery
of the accelerated expansion of the universe ([1] and
[2]). We can characterize dark energy by treating it
as a perfect fluid and constraining w, its equation-
of-state, defined as w = P/ρ (Pressure/density). If
dark energy is a cosmological constant, w = −1.

1.2 Type Ia Supernovae

To constrain dark energy, we require a method of
measuring distances of far away astrophysical ob-
jects. One such method is using standard candles;
if we understand the intrinsic luminosity of an ob-
ject and measure its apparent brightness, we can
obtain a measure of its distance from us. Type
Ia Supernovae are useful as standard candles both
because of our understanding of their consistent ex-
plosion mechanisms, as well as their high luminosi-
ties, which allows us to observe them out to high
redshifts and therefore probe dark energy at differ-
ent scales.

Supernovae are extremely energetic, transient,
astronomical events that can occur at the end of
the lifetime of a massive star. This explosion is
observed as a gradual brightening and then fading
in the sky, and the resulting light curve and infor-
mation about the change in luminosity over time
is home to large amounts of astronomical informa-
tion. Supernovae are typically classified by their
explosion mechanisms as Type Ia (thermonuclear
SNe), or core-collapse SNe (Types Ib, Ic, II). In
particular, they can be identified by the presence
(or lack thereof) of certain spectral features. For
instance, Type Ia supernovae show no hydrogen in
their spectra, but present a strong Si II line.

In particular, SNe Ia are theorized to form un-
der two models, one of which has single and the
other double progenitors. In the single degenerate
model, the more massive star in a close binary sys-
tem evolves into a giant, engulfing the secondary
star in gas. The primary star eventually evolves
into a white dwarf and the secondary star evolves
into a giant. The secondary then accretes mass
onto the white dwarf as they inspiral. If the white
dwarf’s mass reaches the Chandrasekhar limit, the
mass at which gravity overcomes electron degen-
eracy pressure, it explodes as a supernova. In the
double degenerate model, two orbiting white dwarfs
merge and their combined mass exceeds the Chan-
drasekhar limit, triggering the SNIa.
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SNe Ia are frequently referred to as standard can-
dles due to their consistent peak luminosity (due to
the mechanisms that trigger their explosions). Our
understanding of the intrinsic luminosity of SNe Ia
(absolute peak magnitude ∼ −19.5) allows us to
obtain a measure of their distance upon measur-
ing their apparent magnitude. SNe Ia are some-
times emphasized as “standardizable candles” due
to the fact that in reality their absolute magni-
tudes are not perfectly uniform, with a dispersion
of ∼ 0.8 mag at peak in the B band. However, the
small variation in peak magnitude can be corrected
for using correlations between the peak brightness
and different fit properties of the light-curve. Af-
ter standardization, the scatter can be reduced to
∼ 0.01 mag, which corresponds to ∼ 5% in dis-
tances.

2 SNIa Cosmology

2.1 Hubble Diagram

To appropriately standardize the SN brightnesses
and estimate their distances, we must use a light-
curve model to fit the light-curve properties. One
model used to fit light-curves is the SALT2 model
[3, 4], which is parametrized by an overall flux
normalization (x0), a shape-related parameter (x1,
or “stretch”) and a color parameter (c). We de-
fine the distance modulus µ, which is proportional
to the logarithm of the luminosity distance µ =
5× log(dL/10parsec) or µ = m−M (apparent mag-
nitude - absolute magnitude). After fitting light-
curve parameters, the distance modulus can be es-
timated using the Tripp estimator [5, 6]:

µ = mB + αx1 − βc−M0 + δµbias (1)

where M0 is the SNIa absolute magnitude, mB =
−2.5 log(x0), α and β are coefficients parametriz-
ing the relationship between stretch, color, and lu-
minosity, and δµbias is the distance bias correction
which will be described below.

With the estimated distances, along with red-
shifts, we can construct a Hubble Diagram (dis-
tance vs. redshift). To constrain cosmological pa-
rameters, we compare estimated distance moduli
with theoretical distance moduli, which are com-
puted with a given cosmological model with param-
eters C. This difference between observed and the-
oretical distances is called a Hubble residual (∆µ),
which can be used in a χ2 fit to determine the best
fit cosmological model parameters. Figure 1 shows
the Hubble Diagram from the original [1] result,
which provided some of the first evidence for the
accelerating expansion of the universe.

Figure 1: Hubble Diagram from [1]. The top panel
plots the distance modulus on the y-axis against
redshift on the x-axis. The bottom panel plots the
Hubble residuals as a function of redshift. Both
panels have theoretical cosmology curves overplot-
ted, showing that a model with non-zero dark en-
ergy density provides a better fit to the data.

2.2 Bias corrections and Simulations

As previously mentioned, a distance bias correc-
tion is required in order to account for dispersion
and our observational magnitude limit. This bias
is determined from large simulations which contain
detailed models of the observing conditions, tele-
scope efficiency, and selection efficiencies for a given
survey. Many modern SNIa analyses utilize the
Supernova Analysis software (SNANA, [7]), which
forward model SNe Ia with catalog level simula-
tions (i.e. fluxes are computed from image prop-
erties, rather than simulating SN light-curves di-
rectly onto images). These simulations begin with a
source Spectral Energy Distribution (SED), which
then has various astrophysical effects applied, such
as host galaxy extinction, cosmological dimming,
lensing magnification, redshifting, etc. The SED
is then integrated across filters and noise is then
added based on the instrumental effects, i.e. sur-
vey and telescope characteristics such as sky noise,
PSF. Lastly, the trigger logic for a detection is
implemented, including the selection efficiency of
spectroscopic follow-up.

These detailed simulations can be used as in-
puts to the ‘BEAMS with Bias Corrections’ (BBC,
[8]) method, which marginalizes over classification
probabilities to produce a bias-corrected SNIa Hub-
ble Diagram.

2



2.3 Modern Challenges

While the distance measurement is a crucial part
of the SNIa cosmology analysis, there remain two
additional important areas of consideration. The
first of these is classification of the SN. The SNIa
standardizable candle method relies on our ability
to accurately determine whether an observed SN is
actually a Type Ia or whether it is a core-collapse
SN. Historically, SNe have been classified spectro-
scopically, with spectral features. However, SNe
can also be classified photometrically, with fluxes
from a discrete number of passbands (filter wave-
length ranges). Samples of supernovae that con-
tain exclusively spectroscopically confirmed Type
Ia are dubbed “spectroscopic samples” and those
that rely on photometric classification methods are
dubbed “photometric samples.” The second impor-
tant component is that of redshifts. SNIa analyses
have relied on spectroscopic redshifts (spec-z) from
either the SN itself or its host-galaxy, which is eas-
ier to obtain, as it is not time-limited and can be
supplemented from various sources.

With this context, there are three major chal-
lenges that SNIa cosmology is facing for future SNIa
surveys:

i) measuring redshifts from the supernova or its
host galaxy

ii) classifying SNe without spectra

iii) accounting for correlations between the prop-
erties of SNe Ia and their host galaxies

2.3.1 Redshifts

To obtain precise measurements of redshifts, SN
surveys typically require spectroscopy of either the
SN itself or its host galaxy. Large-area surveys
such as the Dark Energy Survey (DES, [9]) have
relied on spectroscopic host-galaxy follow-up pro-
grams, either after the main survey has concluded
(and the SN itself has faded), or dynamically as
the survey is occurring. Host-galaxy redshifts are
typically easier to obtain, as there is not a lim-
ited time window while the SN is still present, and
spectral resolution is typically better. For instance,
DES had a concurrent program called OzDES [10]
that measured redshifts during the survey, using the
AAOmega spectrograph on AAT, as the 2dF fiber
positioner + AAOmega has a similar field-of-view
to the Dark Energy Camera (DECam). However,
this approach to obtaining redshifts is limited, as
even with multi-object targeting, spectroscopy re-
quires large amounts of dedicated telescope time.
Further, follow-up spectroscopy introduces the re-
quirement for additional modeling of spectroscopic
efficiency for our simulations and bias corrections
due to observational biases toward brighter host

galaxies. While the follow-up strategy has been
feasible thus far for our current photometric sur-
veys, future surveys such as the Vera Rubin Obser-
vatory Legacy Survey of Space and Time (LSST),
which will observe on the order of millions of SNe,
will not physically be able to obtain spectroscopy
for all SNe or their host galaxies. Current projec-
tions for the spectroscopic follow-up of transients
from LSST (TiDES; the Time-Domain Extragalac-
tic Survey [11]) predict that we will be able to ob-
tain spectra for up to 30,000 live transients and
measure redshifts for up to 50,000 host galaxies.
While this is an order of magnitude larger than our
current SNIa samples (∼ 1700), it is still a small
fraction of the total predicted ∼ 2.4 million SNe
(that pass light-curve quality cuts) that LSST will
observe.

An alternative to this reliance on spectroscopic
redshifts is photometric redshifts (photo-z), which
uses the photometry from a relatively small num-
ber of filters to estimate the redshift. These red-
shifts are typically much less accurate and precise,
as the inference is from a discrete amount of flux
information, rather than a continuum. Despite the
ubiquity of photometric redshift estimates in other
cosmological analyses such as weak lensing, there
have thus far been limited studies on using photo-z
in a cosmological study with SNe Ia. Studies such
as [12] found that using photo-zs derived from the
SN light-curve itself with real SDSS data resulted
in pathologies that propagated to biases in the dis-
tances and therefore the measurement of cosmolog-
ical parameters.

2.3.2 Classification

SN classification has also historically relied heav-
ily on spectroscopy. Photometric classification has
been a large area of focus for many years, with
a number of approaches, algorithms, and methods
being tested. One such effort was the Photomet-
ric LSST Astronomical Time-series Classification
Challenge (PLAsTiCC). The top performing light-
curve classifiers in the challenge achieved 95% lev-
els of purity by training on a subset of the data.
SuperNNova (SNN), a neural net classifier trained
on simulations that use PLAsTiCC models of SNe
SEDs, has a predicted efficiency from DES simula-
tions of 97.7-99.5%.

Another approach to photometric classification
is to make use of host-galaxy information to avoid
problems with poor Signal-to-Noise (SNR) or lack
of sufficient observations in the SN light-curve. One
such study [13] found that galaxy morphology pro-
vides the most discriminating information for deter-
mining a SNIa classification probability. Galaxy in-
formation is related to SN type, as the SN explosion
method/progenitor model is also related to galaxy
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evolution and type. For instance, core-collapse SNe
have massive (> 8M⊙) star progenitors, which is
consistent with observations that they explode al-
most exclusively in gas rich, star forming galaxies
such as spiral galaxies. In contrast, SNe Ia have
white dwarf progenitors and therefore appear in a
variety of host-galaxy types.

2.3.3 Host galaxy-SN correlations

As SNIa samples typically have diverse host-galaxy
types, the issue of preferentially targeting brighter
galaxies is particularly problematic because there
have been observed correlations between the host-
galaxy properties and the luminosity of the SNe.
Examples of global host-galaxy properties are host-
galaxy mass, metallicity and morphological type.
These correlations are not well understood and are
the subject of ongoing efforts to implement bet-
ter bias corrections and modeling. Accounting for
these correlations appropriately is particularly im-
portant, as the measurement of w is based on a
relative measurement between distances of SNe at
high- and low-redshift, and a redshift dependent se-
lection of galaxy type may cause a significant sys-
tematic in measurements of w. One such example
of these correlations is the so-called “mass step,”
which is defined as the difference in intrinsic lumi-
nosity after correction between low and high mass
galaxies. The “mass step" has historically been ac-
counted for with an additional empirical correction
to the distance modulus.

3 My Contributions

Given the modern challenges posed above, we will
require new methods of working with large pho-
tometric SN samples. In my paper Chen et al.
(2022) we investigate a solution to these problems
by exploiting SNe located in Luminous Red Galax-
ies (LRGs), which are a well known homogeneous
population consisting of so called “red and dead”
elliptical galaxies. LRGs are expected to contain
very low rates of core-collapse SNe, as their pro-
genitors are massive and largely present in active
star forming galaxies such as spiral galaxies. Sec-
ondly, LRG spectra contain a prominent 4000 Å
break due to the absorption of metals in stellar at-
mospheres which enables very precise and accurate
photo-z estimates. These galaxies have been used
extensively in large-scale structure and weak lens-
ing studies. The photo-z bias of these galaxies can
be further improved with the use of red galaxies
selected using the redMaGiC algorithm described
in [14], which self-trains the color and luminosity
cuts required to achieve a desired comoving density
and applies a photo-z afterburner to further reduce
biases. Lastly, limiting the host-galaxy type allows

for a more consistent sample across redshifts that
is less sensitive to complicated correlations between
SN light curve properties and host-galaxy proper-
ties.

3.1 Data (Dark Energy Survey)

I have been conducting research as an active mem-
ber of the Dark Energy Survey Supernova Work-
ing Group. The DES Supernova program (DES-
SN) ran for 5 seasons observing with the Dark En-
ergy Camera on the 4 meter Blanco telescope at the
Cerro Tololo Inter-American Observatory in Chile.
These observations were made in the griz filters for
10 3 sq-deg fields at a cadence of 7 days. DES-SN
previously published results using the 3-year spec-
troscopic sample, which contained about 200 spec-
troscopically confirmed SNe Ia with host-galaxy
spectroscopic redshifts. Current efforts are centered
around the 5-year photometric sample (DES 5YR
sample), which will contain about 1600 photometri-
cally classified SNe Ia with spectroscopic redshifts
as well. In my work, I use the DES 5YR sample
without any classification applied.

We first restrict our SN sample to those with
redMaGiC host galaxies by matching the SN host-
galaxy coordinates to the redMaGiC catalog. We
find that after light-curve quality cuts 125 SNe, ap-
proximately 6% of the ∼ 1600 SNe in the 5YR sam-
ple, have redMaGiC host galaxies.

To quantify the performance of the photomet-
ric redshifts, we define the photo-z bias ∆z as the
median of offsets ∆z = zspec − zredmagic, and the
photo-z scatter σ∆z/(1+z) using the robust standard
deviation, 1.4826 × MAD, where MAD is the me-
dian absolute deviation | ∆z − ∆z | /(1 + zspec).
In Figure 2, I illustrate the performance of the red-
MaGiC photo-z compared to the spec-z for both
the full redMaGiC galaxy sample, as well as the
subset that host SNe. We find that the distribu-
tion of redshifts and z band magnitudes are similar
between the full sample and subsample, with a red-
shift range of [0.05, 0.95].

3.2 Simulations

To understand the biases that could result due to
using photo-z, we use SNANA catalog level simula-
tions to validate our results and analyze alongside
the real data. We also use these simulations to gen-
erate large samples for determining bias corrections
to correct for known selection effects.

We generate realistic Ia light-curves using the
SNANA software and build on the simulation in-
puts from [15] to replicate the DES 5YR photo-
metric sample. The first modification we make is
to fit the underlying distributions of SALT2 light-
curve parameters c and x1 as a function of host-
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Figure 2: Top Left: Photometric redshifts vs. spectroscopic redshifts of redMaGiC galaxies. The dashed
line has a slope of 1 for visual comparison. Bottom Left: Bias (binned ∆z) in dash-dotted pink and
scatter in dotted yellow for redMaGiC photo-z. Only galaxies with spectroscopic redshift are included
in the bias and scatter calculation. Right: Same as left, but for the subset of redMaGiC galaxies with
a SN match.
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Figure 3: Distributions of redshift (left) and light-curve parameters: c (middle left), x1 (middle right),
mB (right) for data and simulations. The data are represented by the black points, while simulations
are represented in blue histogram. Simulation histograms are normalized to the data. The reduced χ2

value is reported for each parameter.

galaxy stellar mass implemented in [16]. This is
necessary to accurately reproduce our observations.
We find that the redMaGiC population parame-
ters differ from the DES 3YR spectroscopic sample;
in particular, the mean stretch (x1) value is lower
for the redMaGiC subsample, which is consistent
with findings from previous studies that find corre-
lations between higher mass galaxies and lower spe-
cific star formation rates (sSFR). We also modify
the host-galaxy library to mimic the selection of the
redMaGiC galaxies. We select only passive galax-
ies based on the measured log(sSFR) (log(sSFR)
< −11.5), apply a cut on the r band magnitude
(mr < 23.3) and a cut on the host-galaxy mass
(logMass > 10.5).

To accurately characterize the effect of using
photo-z, we include a photo-z for each galaxy in

the host-galaxy library based on the bias and scat-
ter in the true redMaGiC catalog. For each galaxy
in the baseline library, we find its closest match
in redshift to the redMaGiC catalog, evaluate the
bias zredMaGiC − zspec, and add the bias to the true
host-galaxy redshift value to determine the photo-z.
These photo-z are then propagated into the simu-
lated data.

To validate that our simulations accurately re-
produce the data, we compare the distributions
for redshift and light-curve parameters as shown in
Figure 3. We find good general agreement between
the sims and data, with reduced χ2 values compa-
rable to the current state-of-the-art sims from [15].
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Figure 4: Method Overview

3.3 Main Results

3.3.1 Core-collapse Contamination

To evaluate the claim that redMaGiC galaxies con-
tain very low rates of core-collapse SNe, we con-
sider the classification probabilities for the DES
5YR sample as determined by SuperNNova (SNN,
[17]), a photometric neural net classifier. The clas-
sifier outputs a probability ranging from 0 to 1.0,
with 0 being not-likely Ia. Of the subsample of
125 SNe in redMaGiC galaxies, 4 are classified by
SNN as unlikely-Ia (defined by probability of be-
ing Ia of < 0.5, ∼ 3% of the sample). For com-
parison, we look at the classification probabilities
for the DES 5YR spectroscopically confirmed SNIa
sample, which serves as a “truth” set of SNe Ia.
Of the 401 “true” SNIa, 3 are classified by SNN as
unlikely-Ia (∼ 1%). We examine the 4 redMaGiC
SNe classified as unlikely-Ia; one is a spectroscopi-
cally confirmed SNIa, and one is classified as Ia by
the baseline SNN from [18]. Another SNN model
trained on different templates (J17) classifies two
as Ia. We note that photometric classifiers have as-
sociated uncertainties and can be affected by errors
in the detection and image subtraction process. We
confirm the claim that redMaGiC galaxies contain
very low rates of core-collapse SNe.

3.3.2 Hubble Diagrams and Cosmological
Parameters

To evaluate the potential cosmological biases that
could arise as a result of using photometric red-
shifts, we follow the analysis process detailed in Sec-
tion 2 and measure cosmological parameters using
spectroscopic redshifts and photometric redshifts.
We then compare the resulting ws between the two
(defined as ∆w = wspec − wphot). This method is
also overviewed in Figure 4.

In Figure 5 we show the resulting Hubble Di-
agram for the simulations. We also consider the

Hubble scatter (the scatter of the Hubble residu-
als), defined with a robust measure of the standard
deviation (1.48× MAD) and find that it is consis-
tent to ∼ 0.1 mag between the photo-z and spec-z
case (0.201 and 0.193 mag respectively). We av-
erage ∆w obtained over 150 statistically indepen-
dent simulation instances and find ∆w = −0.0011±
0.0020 with standard deviation 0.0249.
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Figure 5: Hubble diagram from analyzing simula-
tion for: spec-z from host galaxy (left), redMaGiC
photo-zs from the host galaxy (right). The num-
ber of high-z SNe is shown on each panel, as well
as the redshift scatter and Hubble scatter.

We apply the same methods on the data and ob-
tain the Hubble Diagrams shown in Figure 6. Sim-
ilarly to the simulations, we find the Hubble scat-
ter is consistent to ∼ 0.1 mag between the photo-
z and spec-z case (0.193 and 0.196 mag respec-
tively). When using redMaGiC photo-z, we obtain
∆w = 0.0049, which is consistent with expecta-
tions from simulations and considerably subdomi-
nant to the overall data w uncertainty using spec-z
(0.0432). This result is an exiting and promising in-
dication that using redMaGiC photo-z in place of
spectroscopic redshifts for SNIa cosmology is feasi-
ble and that the resulting systematic uncertainties
are subdominant to our overall w uncertainty.
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Figure 6: Hubble Diagram as described for Figure
5 but for data.

3.4 Additional Findings
In the process of this first investigation of using
redMaGiC photo-z for SNIa cosmology, we found a
number of other interesting results related to host
galaxy-SN correlations as well as for using photo-z
more broadly. To investigate the claim that the red-
MaGiC SN subsample is more robust to SN host-
galaxy correlations, we consider the mass step (de-
fined in Section 2). However, only 1 in 125 of the
SNe has logMass < 10, which is the boundary at
which low and high mass galaxies are typically split
to measure the mass step. The mass range of the
redMaGiC sample is much narrower than the full
DES 5YR photometric sample (shown in Figure
7), which indicates that this subsample should be
more robust to host-galaxy stellar mass dependen-
cies, where here we use stellar mass as a proxy for
other host-galaxy properties.

We also find that when the color-luminosity pa-
rameter (β) is floated in the BBC step for the red-
MaGiC subsample, β = 2.068± 0.210, which is sig-
nificantly lower than the β = 3.178 ± 0.139 found
for the DES 3YR spectroscopic sample. Meldorf
et al. (in prep) also find that the redMaGiC sub-
sample has lower reddening ratio (RV ) than the
general population of SN host galaxies (∼ 1.5 vs.
∼ 2.6). This finding supports the claim from [19]
that the Hubble scatter correlation with color can
be explained by different dust properties in different
host galaxies, as it provides a direct link between
the low β and associated low RV predicted for these
low dust galaxies.

4 Future Research Plans
There are a number of interesting future prospects
related to SNIa cosmology without spectroscopic
redshifts that I intend to investigate during my
PhD. In the near future, I will begin looking at
the formalism and infrastructure required to im-
plement redshift distributions, rather than indi-
vidual redshifts per event, in the SNIa cosmology
pipeline. This is another application to SNe of
methods and products used in another cosmolog-
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Figure 7: LogMass distribution for the full DES
5YR photometric sample in dashed black and for
the subsample of SNe with redMaGiC host galaxies
in solid red. The full DES 5YR sample is normal-
ized to the redMaGiC subsample. The red dotted
line at logMass of 10.5 indicates the cut made for
the simulated host-galaxy library. The blue dash-
dotted line indicates the cutoff typically applied to
measure the mass step.

ical analyses. Another important extension to the
analysis detailed in this report is including SN light-
curve information for the photometric redshifts.
The SALT2 framework in SNANA allows for a si-
multaneous redshift fit with the light-curve param-
eters, along with the use of a host-galaxy photo-z
prior, but our attempts to implement this resulted
in pathologies at high redshift. This was likely due
to the fact that only two passbands are not red-
shifted out of the SALT2 wavelength range, which
results in a poorly constrained color and redshift.

I intend to work with other members of the DES
SN working group in collaboration with the DES
redshift working group to work on finding the op-
timal unbiased use of photometric redshift infor-
mation from the SN and host galaxy for SN cos-
mology analyses. SNIa cosmology with upcoming
photometric surveys such as LSST and Roman will
require dedicated efforts and methods such as the
redMaGiC SN approach to fully make use of the
power of these large photometric datasets with-
out the constraints imposed by the limits of spec-
troscopy.
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