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Resumen

CARACTERIZACIÓN DE LAS CURVAS DE LUZ DE LAS SUPERNOVAS
TIPO II UTILIZANDO MODELOS HIDRODINÁMICOS DE ACELERACIÓN
DEL VIENTO DE MORIYA

Las supernovas de tipo II (SNe) son el tipo más común de SNe en la naturaleza. Se
originan por la explosión de estrellas masivas que conservan su envoltura de hidrógeno.

A pesar de ser el tipo más común de SNe, todav́ıa hay incertidumbre en torno al origen de
estos objetos. Las curvas de luz (LC) de las SNe de tipo II se ven afectadas por las propiedades
de las estrellas progenitoras. Esto ha motivado trabajos sobre modelos teóricos de estos
objetos para entender las propiedades de los progenitores de SNe tipo II y el mecanismo de
explosión. Los últimos modelos han sugerido la presencia de un medio circunestelar (CSM)
denso alrededor del progenitor. Dada la naturaleza transitoria de las SNe, es necesario
observar constantemente el cielo para detectarlas. La aparición de surveys ópticos en los
últimos años ha aumentado rápidamente el número de SNe conocidas. Esto ha permitido
estudiar poblaciones de diferentes tipos de SNe y comprender sus oŕıgenes y diferencias.

Con la llegada del Observatorio Vera Rubin, el número de SNe descubiertas por noche
aumentará aproximadamente en un orden de magnitud. Sólo una pequeña fracción de estas
SNe tendrá un seguimiento espectroscópico. Por lo tanto, es necesario desarrollar modelos y
métodos capaces de estudiar estos objetos utilizando únicamente datos fotométricos.

En esta tesis, se ha desarrollado un método que infiere parámetros f́ısicos de las SNe LC
de tipo II usando modelos que tienen en cuenta la aceleración del viento en la superficie
de la estrella progenitora. Estos modelos adoptan una ley de velocidad β para formular la
aceleración del viento, y los parámetros que se ajustan son la masa de edad cero de la estrella,
la enerǵıa de la explosión, la tasa de pérdida de masa (Ṁ), el radio CSM y β. También se
considera la atenuación (AV ) y el desplazamiento al rojo como parámetros ajustados.

Se infirieron parámetros f́ısicos para una muestra de 186 SNe de tipo II confirmadas
con espectro, utilizando datos de fotometŕıa forzada de ZTF y ATLAS. Se encontró que los
modelos de estrellas de masas bajas (<14 M�) que producen un CSM denso (Ṁ > 10−3 [M�
yr−1], radio del CSM ∼ 1015 cm, β > 2) son los más representativos de la muestra. También se
descubrió que el método puede inferir el corrimiento al rojo usando las LCs con mejor precisión
que el corrimiento al rojo fotométrico de las galaxias anfitrionas. El código de esta tesis está
disponible públicamente en https://github.com/fforster/surveysim/tree/dev-javier.
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Abstract

Type II Supernovae (SNe) are the most common type of SNe in nature. They originate from
the explosion of massive stars that retain their hydrogen envelopes.

Although being the most common type of SNe, there is still uncertainty around the origin
of these objects. The light curves (LCs) of type II SNe are affected by the properties of the
progenitor stars. This has motivated several works on theoretical modeling of these objects
to understand the properties of SNe type II progenitors and the explosion mechanism. The
latest models have suggested the presence of a dense circumstellar media (CSM) around the
progenitor. Given the transient nature of SNe, it is necessary to constantly scan the sky to
detect them. The appearance of optical surveys over the past years had rapidly increased
the number of known SNe. Thus, allowing us to study populations of different types of SNe
and understand their origins and differences.

With the upcoming of the Vera Rubin Observatory, the number of SNe discovered per
night will increase by roughly an order of magnitude. Only a small fraction of these SNe
will be spectroscopically follow-up. Therefore, it is necessary to develop models and methods
capable of studying these objects using photometric data.

In this thesis, we implemented a method that infers physical parameters from type II SNe
LCs using models that take into account wind acceleration at the surface of the progenitor
star. These models adopt a β velocity law to formulate wind acceleration, and the parameters
that are fitted are zero age main sequence mass of the star, energy of the explosion, mass
loss rate (Ṁ), CSM radius, and β. We considered the attenuation (AV ) and the redshift as
fitted parameters as well.

We inferred physical parameters for a sample of 186 spectroscopically confirmed type II
SNe, using forced photometry data from ZTF and ATLAS. We found that the models from
low-mass stars (<14 M�) that produce a dense CSM (Ṁ > 10−3 [M� yr−1], CSM radius ∼
1015 cm, β > 2) are the most representative of the sample. We also found that our method
can infer the redshift using the LCs with better accuracy than the photometric redshift of
host galaxies.

The code from this thesis is publicly available in https://github.com/fforster/surveysim/

tree/dev-javier.
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Chapter 1

Introduction

1.1 Supernovae

A Supernova (SN) is an event that happens when a star end its life, typically with an
explosion of energy ∼ 1051 erg. SNe are often classified by features in their spectra with two
main classes: Type I SNe that show no features of hydrogen in their spectra; and type II SNe
that show features of hydrogen in their spectra, that arise from the progenitor’s envelope
[47, 21]. Some sub types for each class are defined from the presence of other element’s lines
(see Fig. 1.1).

Figure 1.1: Left panel: A classification scheme showing the different types of supernovae
(figure modified from [14]). Right panel: Spectra of four types of SNe (from top to bottom);
Type Ia, II, Ic, and Ib (figure from [14]).

SNe are the result of two different explosive mechanisms. One mechanism is the thermonuclear
explosion that occurs in type Ia SNe when the progenitor white dwarf accretes mass and
becomes unstable, undergoing a thermonuclear runaway and producing the SN. The other
mechanism is the collapse of the iron core of the progenitor star, occurring in massive
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stars, with zero-age main sequence (ZAMS) mass & 8M�, This mechanism is responsible
for producing type II SNe and type I that are not Ia (i.e. Ib, Ic)

1.1.1 Light curves of SNe

The light curve (LC) of a SN contains information about the physics behind these objects.
We can identify different phases where certain mechanisms dominate the emission of the SNe.
Figure 1.2, illustrates where we can identify a given phase in LCs of type Ia and type II SNe.

Figure 1.2: Left panel (Figure from [2]): Bolometric LC of Type I SN calculated using a
hydrodynamical code from [9], where different phases are indicated. The dashed red line
indicates how the LC would look if there was no 56Ni produced. Right panel: Typical type
IIP LC, with phases indicated. The effects of the recombination can be seen as the plateau
of the LC

The most important phases observed in a SN LC are:

• Shock breakout(SBO): This is the earliest emission from the SN. This process occurs
when the shock reaches the edge of the star. This emission is mostly in X-ray/UV and
last from seconds to a fraction of an hour. The breakout can be delayed in the case of
a star with dense circumstellar medium (CSM), lasting longer (see [24]).

• Shock cooling and ejecta recombination: When the Hydrogen in the envelope of type II
SNe gets shock heated (from the SBO), it is ionized and becomes opaque, trapping the
photons inside and gradually releasing photons as it cools reaching the recombination
temperature (see Fig 1.3). The recombination is typical of type II SNe and it’s
responsible for the plateau in the LC of these objects.

• Radioactive heating: The shock produces radioactive elements, the most abundant
is 56Ni, which decays to 56Co with a half life of 6.07 days. This process produces
high-energy photons and positrons, some of these will be down-scattered to optical
wavelengths before emerging from the ejecta, which is why LCs peaks at times later
than the half life of 56Ni.
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• Radioactive tail: Other radioactive elements produced with longer half-life are responsible
for fueling the last part of the LC we can observe. For example, the 56Co produced
from the decay of 56Ni is also radioactive and decays with a half-life of 77.27 days.

Figure 1.3: (Figure from [2]) Illustration of the recombination process typical of type II
SNe. The ejected material is pushed outward, while the cooling occurs from the outside to
the inside of the ejecta in mass coordinates, keeping the radius at which the recombination
temperatures is reached (roughly) constant, approximately the photosphere (white dotted
line)(see [20] for more details).

1.1.2 SNe LC modelling

In this section, we will construct a one-zone analytic model for the evolution of a cloud of gas
based on the model for SN LC from [4, 5], and also in some other works that model transient
LCs based on the previously mentioned model such as [35, 36, 16, 75]. We will find a general
expression that relates the luminosity of the SN with different physical parameters.

We will start from the first law of thermodynamics, the thermal state of the expanding
matter evolves as:

Ė = −PV̇ − ∂L/∂m+ ε (1.1)

Where E = aV T 4 is the internal energy, P = (1/3)aT 4V the pressure, V = 1/ρ is the
volume, ε is the energy released from radioactive decay, and L the luminosity (the bolometric
LC) that is given by

L = −4πr2
λc

3

∂

∂r
aT 4 (1.2)

where c is the speed of light, λ = 1/κρ is the mean free path with κ being the mean
opacity, and ρ the density (see [16]).

We will make the following assumptions:
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1. The ejecta goes through homologous expansion and it’s spherically symmetric, this
means the ejecta radius expands as R = R0 + vt, where R0 is the initial radius of
the ejecta at the moment of shock breakout, and v =

√
2E0/M is the charactersitic

velocity. The volume of the remnant increases with time as V (t) = V0(t/t0)
3, where

V0 = (4π/3)R3
0 and t0 = R0/v.

2. The radiation energy dominates over gas energy.

3. 56Ni (the heating source) is located at the center.

4. The optical opacity is constant. A typical value for stripped SNe is κ = 0.1 cm2 g−1.

5. The initial radius is small.

Citing the solution from [16], we can find the luminosity as a function of time for
homologously expanding photosphere.

L(t) =
2E0

td
exp

[
−t

2

t2d
+

2R0t

vt2d

] ∫ t

0

exp

[
t′2

t2d
+

2R0t
′

vt2d

](
t′

td
+
R0

vtd

)
f(t′)dt′

+
Eth,0
t0

exp

[
−t

2

t2d
+

2R0t

vt2d

] (1.3)

where f(t) is the time-dependence of the power input (central heating source) , Eth,0 is
the initial internal energy from the SN blast wave, and v is the expansion velocity. The
term td =

√
2t0th is the effective LC timescale, where th = R0/v is the expansion timescale

and t0 =
√

2κMej/βcv is the diffusion timescale, where Mej is the ejecta mass, κ is the
opacity, c is the speed of light, and β is a geometric correction factor. [5] adopted a value of
β = 4π/9 ≈ 13.7.

And also the solution for the fixed photosphere

L(t) =
1

t0
e
− t
t0

∫ t

0

e
− t′
t0 f(t′)dt′ +

Eth,0
t0

e−t/t0 (1.4)

Given these solutions, it is possible to obtain general models for different kind of progenitors
tweaking the values of different parameters (see [75]).

We will show as an example one of the most studied models, the heating source produced
by the radioactive decay of 56Ni and 56Co. In this model the input luminosity is given by:

f(t) = MNi

[
εCoe

−t/τCo+(εNi−εCo)e−t/τNi
]

(1.5)

Where MNi is the initial mass of 56Ni, εNi = 3.9 × 1010 erg s−1 g−1 and εCo = 6.8 × 109

erg s−1 g−1 correspond to the energy generation of 56Ni and 56Co respectively, and τNi = 8.8
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days and τCo = 111 days are the decay rate of 56Ni and 56Co respectively. By plugging the
eq. 1.5 into eq. 1.4 we find the bolometric luminosity of a transient powered by radioactive
decay.

Figure 1.4: Light curve of transient powered by radioactive decay for different Ni Mass values

The only free parameter of the radioactive decay model is MNi. We show the effect of
varying this parameter in Fig. 1.4, for a Mej = 1.4M� (representative of a SN Ia), and
κ = 0.1 cm2 g−1.

1.1.3 Type II SNe

Type II SNe are core collapse SNe whose progenitors are Red Supergiant (RSGs) stars. The
progenitors ZAMS masses are expected to be around 8 - 25 M�, they reach peak luminosities
∼ 1042 ergs s−1, and are the most common type of SNe [40] (see Fig. 1.5).

These SNe can be sub-classified by the shape of their LCs as II-P when the LC shows
a plateau of about 100 days since maximum, and II-L when it shows a linear decline [6].
There has been debate around whether this distinction comes from two different populations
of progenitors or if there is a continuous transition between type IIL and type IIP, although
some works have shown that there is a continuous transition when the sample is large enough
[3]. In this work, we are not going to make a distinction between type IIL and type IIP and
just going to refer to them as type II.

Type II SNe show a wide range of photometric features, that are attributed to the
properties of the progenitor and its evolutionary history. To understand the diversity of
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Figure 1.5: Figure from [40], The observed fractions of the sub classes of SNe in the sample
from [40].

their LCs we need to study their progenitors and all the possible mechanism that could
affect the LC.

The question that arises is, how can we study the progenitor of a SN?. The most direct
way is to check in archival images if there is a detection of an object in the position where
the SN occurred. The limitation of this method is that it is only possible to do with nearby
objects out to 30 Mpc [45].

Some of the first works that did this were [74, 64], this method led [63] to notice a
discrepancy between the higher mass of a RSG progenitors of SNe, finding an upper mass
limit of 17 M�, in comparison with the RSGs population in Local group galaxies, that have
masses up to 25 M�, this is known as the ”Red Supergiant problem”. This upper mass limit
differs in value in works that use different methods or larger samples, but the RSG problem
remains an open problem.

There are other two methods to study progenitors, but they are indirect. The first is
to model late time spectra, as done in [34], based on nucleosynthesis from stellar evolution
and explosion spectral modeling when applied to the late time spectra of a SN it is able to
constrain the mass of the object. The second method is to use hydrodynamical modeling to
study the LC of the SN, as discussed previously, the LC of a SN is heavily affected by the
physics behind the SN so it is affected by different physical parameters, for example: ZAMS
mass, the energy of the explosion, the amount of 56Ni, the mass loss rate, etc.

1.2 Hydrodynamical models

Hydrodynamical modeling of type II SNe used to have problems explaining the rise times of
these objects (around 5-10 days), the models predict to have slower than observed rise times
and therefore obtained low values of the radius of the progenitor that was in disagreement
with the radius expected for RSGs ([25, 26, 27, 60]). As a possible explanation for these
observed slow rise times, [27] proposed two possible scenarios. The first is that the shock
cooling from the core collapse of RSG with small and dense envelopes is being observed. The
second is that we are observing the delayed and prolonged shock breakout of the collapse of
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a RSG embedded within circumstellar material. In the latter case, SN ejecta will clash into
the dense CSM, this collision will result in the conversion of the kinetic energy to radiation,
making the SN LC rise fast. This is supported by previous work [48] where it is shown that
the LC of SN 2009kf, a type II SN, is reproduced by LC models with a dense CSM. Also, [37]
detected narrow emission lines in early-time spectra of a type II SN as evidence of a dense
CSM around its progenitor.

The problem is that to explain this dense CSM structure, the RSG progenitor needs to
have mass loss rate values higher than the ones a normal RSG has, so it is expected that some
mechanism in the final years before explosion enhances the mass loss of the progenitor. Two
possible mechanisms could explain the dense CSM, 1) Wind Acceleration: [51, 49] notices
that when the wind is accelerated following a beta velocity law in the last ∼ 100 years before
explosion it is possible to obtain similar conditions to high mass loss values with this enhanced
mass loss, although mass loss rates are also larger than expected; 2) Pre-explosion outburst:
Considers the ejection of CSM caused by wave heating during nuclear burning in the final
years before the explosion, some works related to this are [22, 52]. In this thesis, we are going
to work with models that take into account wind acceleration, in the next subsection we will
expand on this topic.

1.2.1 Moriya wind acceleration models

Moriya introduced the first LC hydrodynamical models that takes into account wind acceleration
in RSG progenitors [51, 49]. The density ρ of the CSM in this model is given by the following
expression:

ρCSM(r) =
Ṁ

4πvwind(r)
r−2 (1.6)

Where Ṁ is the progenitor’s mass-loss rate and vwind is the wind velocity that is given
by a β-velocity law:

vwind(r) = v0 + (v∞ − v0)
(

1− R0

r

)β
(1.7)

Where v0 is the initial wind velocity, v∞ is the terminal wind velocity, and R0 is the wind
launching radius that is set at the stellar surface. In [49], they fixed v∞ = 10 km s−1, and v0
is chosen so that the CSM density is smoothly connected from the surface of the progenitors.
The wind acceleration of RSGs is unknown, but we can constrain it given that we know that
OB stars have β values around 0.5 - 1 [31], and RSGs are known to experience slower wind
acceleration than OB stars [8, 43], so a value of β between 1 and 5 is assumed for RSGs.

The SN progenitors were obtained using the the public stellar evolution code MESA [54,
55, 56, 57]. While the LCs from the explosions of the progenitors with CSM are numerically
obtained by using the one-dimensional multi-group radiation hydrodynamics code STELLA
[10, 12, 11]

7



Figure 1.6: Figure from [49], Density structure of a 14 M� At the left: Fixed Ṁ = 10−3

M� yr−1 and for different β. The dotted line is the CSM structure which assumes that the
wind is instantaneously accelerated to the terminal velocity. At the right: Fixed β = 3.75
for different Ṁ values. The dotted line is the CSM structure which assumes that the wind
is instantaneously accelerated to the terminal velocity for the Ṁ = 10−4 M� yr−1 value

Figure 1.6, shows how the effect of β and the mass loss rate affects the CSM structure
near the progenitor’s surface, in the immediate vicinity of the progenitor’s surface the effect
of higher values of β (slower winds), have similar effects of higher mass loss rates, where a
dense CSM is obtained. Figure 1.7 shows representative g band LCs for different values of
β while fixing the mass loss rates, and for different values of mass loss rates while fixing β,
once again it can be seen that slower winds have similar effects to higher mass loss rates at
early times, being able to produce LCs with fast rise times like the ones observed.

Figure 1.7: From [49], At the left: g band LCs with fixed β = 1 and different mass-loss rates,
while at the right panel: g band LCs with a Ṁ = 10−5 M� yr−1 and different β.

The hydrodynamicals models not only consider the effect of β in the light curves, but
also take into account the effect of the mass of the ZAMS progenitor, the energy of the
explosion, the mass loss rate, and the CSM radius. A total of 1686 models are generated as
a combination of progenitors parameters from table 1.1.
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Table 1.1: RSG progenitor parameters

Mass
(M�)

Energy
(foe)

Mass loss rate
(M� / year)

CSM radius
(1015 cm)

β

12 0.5 0 0 0
14 1 10−5 0.1 1
16 1.5 3 × 10−5 0.3 1.75

2 10−4 0.5 2.5
3 × 10−4 1 3.75
10−3 5
3 × 10−3

10−2

1.3 Surveys

The number of discovered supernovae has largely increased over the last decades (see Figure
1.8). Given the transient nature of these objects, the increase is related to the contribution
of different astronomical surveys that have been scanning the sky constantly. Not only
the surge of more surveys has allowed us to improve and enrich our understanding of the
transient universe, but the progress in telescope instrumentation alongside the progress in
computational power has allowed us to produce and process more data than ever before.

Figure 1.8: Number of SNe discovered per year from the open supernova catalog [32], some
survey’s starting year of operation are shown with a vertical color line with their respective
names on top

All the experience from previous surveys and the advances previously mentioned have
led to the construction of the Vera C. Rubin Observatory [42], whose goal is to conduct
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the 10-year Legacy Survey of Space and Time (LSST) using 6 different filters (ugrizy), and
producing around 20 TB of data per night.

LSST is forecast to discover three to four million more SNe during its ten-year survey
[41]. A lot of these objects are not going to be properly followed-up, so we are not going to
have more information about them other than the LC of LSST and maybe photometric data
from other surveys. Therefore, we believe it is necessary to take advantage of all this data
that it is going to be produced and design methods capable of doing science with the data
available.

This is why in this thesis we will do Bayesian inference with SNe data from ZTF and
ATLAS, to infer physical parameters from a sample of 186 type II SNe LCs using the method
from [24]. We will be able to study the distribution of parameters from the sample to
check what are the parameters that better describe the data, search for correlation between
parameters, and test the viability of using our method with large samples of data.
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Chapter 2

Data

As previously stated, the idea of this thesis is to implement the method from [24] in a large
sample of type II SNe, with public data of currently active surveys, the Zwicky Transient
Facility (ZTF) and Asteroid Terrestrial-impact Last Alert System (ATLAS). In this section,
we will explain the objectives and technicalities of these surveys.

2.1 ZTF

ZTF is an optical time domain survey that uses the Palomar 48-inch Schmidt telescope [7].
Its goal is to do a systematic study of the optical night sky, using an extremely wide-field of
view camera scanning the entire Northern sky every two days. ZTF observes in three filters:
ZTF-g, ZTF-r, and ZTF-i; doing observations of 30 s exposure time. During dark time the
bands ZTF-g, ZTF-r, ZTF-i have a limiting magnitude of 21.1, 20.9, 20.2 respectively [19].
Specifications of the telescope are in table 2.1

Half of ZTF’s CCDs have a single-layer anti-reflective coating, while the other half has
a dual-layer coating, this implies that the CCDs have different quantum efficiency (QE)
depending on the coating. In this work, we will consider 4 filters. Instead of 2 from ZTF given
the different QE of CCDs, instead of having just a g and r filter, we will have a g single and
r single, for g and r (respectively) observations with the single-layer anti-reflective coating
CCD, and g multi and r multi for g and r (respectively) observations with the dual-layer
coating CCD. This will be significant when we implement the method of [24] to be used in
the data. ZTF transmission curve (filter + QE + atmosphere) is shown in Fig. 2.1

2.2 ATLAS

ATLAS is a sky survey system funded by NASA and developed by the University of Hawaii to
find dangerous near-Earth asteroids [71]. It consists of four telescopes, two in Hawaii (Mauna
Loa and Haleakala), one in Chile, and one in South Africa. Despite its main goal being the
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Table 2.1: Specifications of the ZTF Observing System from [7]

Telescope and Camera
Telescope Palomar 48 inch (1.2 m) Samuel Oschin Schmidt
Location 33°21’26”.35 N, 116°51’32”.04 W, 1700 m
Camera field dimensions 7.50° N-S × 7.32° E-W
Camera field of view 55 deg2

Light-sensitivity area 47 deg2

Fill factor 86.7%
Filters ZTF-g, ZTF-r, ZTF-i
Image quality g = 2.1”, r = 2.0”, i = 2.1” FWHM
Median Sensitivity (30 s, 5 σ) mg = 20.8, mr = 20.6, mi = 19.9

mg = 21.1, mr = 20.9, mi = 20.2 (new moon)
CCD Array

Science CCDs 16 6144 × 6160 pixel e2v CCD231-C6
Guide and Focus CCDs 4 2k × 2k STA; delta doped by JPL
Pixels 15 µm pixel−1

Plate scale 1.01” pixel−1

Chip gaps 0.205° N-S, 0.140° E-W
CCD readout channels 4
Readout time 8.2 s
Read noise 10.3 e- (median)
Gain 5.8 e- / ADU
Linearity 1.02% ± 0.09% (correction factor variation)
Saturation 350000 e-

detection of asteroids, the high cadence of observations (2 per night) allows it to detect 10-15
SN candidates per night [65]. ATLAS observes in two bands: The cyan (c, covering 420-650
nm); and the orange band (o, 560-820 nm). Specifications of the telescopes are in table 2.2

ATLAS on Haleakala usually observes in c band during dark time on and o band during
bright time, and always observes in o band on Mauna Loa. The transimission curve of ATLAS
is shown in Fig. 2.2
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Figure 2.1: Total transmission curve of ZTF, including the effects of the filters g and r, the
QE (including the effects of different coating), and the atmosphere.

Figure 2.2: Total transmission curve of ATLAS, including the effects of the filters c and o,
the QE, and the atmosphere.
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Table 2.2: Specifications of ATLAS

ATLAS technical specifications
Telescope design DFM custom Wright Schmidt
Location Maunaloa (Hawaii) 19.5361°N, -155.5761°E, 3397m
Location Haleakala (Hawaii) 20.7076°N, -156.2570°E, 3052 m
Location Chile 30.47103°S, 70.76498°W, 1759m
Location South Africa 32.3783°S, 20.8105°E, 1570m
Telescope aperture 0.5 m
Telescope focal length 1.0 m (f/2.0)
Telescope field of view 7.4°
Individual camera field of view 30 deg2

Detector STA-1600, 10.5x10.5k CCD
Pixel size 9 µm
Pixel scale 1.86”
Effective PSF FWHM (assuming 1.5” seeing) 3.8”
Filters orange (o), cyan(c)
Nominal exposure time 30 s
Expected readout time 6 sec
Saturation r ∼ 12.5
Survey coverage 20,000 deg2 three times per night
Best 5 σ limiting magnitude (dark) 19.8 o band
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Chapter 3

Methods

In this chapter, we describe the data we use from ZTF and ATLAS. First, we explain how we
get the photometry data from ZTF and ATLAS and the cleaning we did to discard outliers.
Then we explain the method from [24] and how it was adapted and optimized to be used in
our data.

3.1 Data selection

The first sample was selected using the Automatic Learning for the Rapid Classification of
Events (ALeRCE) light curve classifier [23, 69]. We selected all the objects classified as SNII
with a probability higher than 0.3. At the time when this was done, a sample of 452 possible
SNe was selected. This process allowed us to search for SNe that have a minimum number
of detections in ZTF and that have standard light curves of type II SNe

The next step was to keep objects that were spectroscopically classified as type II SNe.
This step was done by crossmatching with the Transient Name Server (TNS) database and
discarding the objects in our sample that were not type II SNe. 252 confirmed type II SNe
were found in the 452 possible candidates sample, 19 were classified as type IIn. Of this 252
confirmed SNe, we discarded those that have large gap between the last observation previous
to the SN, thus we can have an estimation of the explosion time, this leave us with a final
sample of 186 confirmed type II SNe.

We could have started this process by selecting a sample of confirmed type II SNe, but
this way we would have had many SNe with bad coverage in ZTF or with anomalous LCs
that would produce unreliable results. Also, the classification reported in TNS is not always
reliable, because the spectra could have been taken too early or too late to correctly classify
the object as a type II SN.

Then we proceed with acquiring the data for both surveys using the forced photometry
services provided. For ZTF see [46] and for ATLAS see https://fallingstar-data.com/

forcedphot/ [71] and [65]. To download the data, we provided the coordinates from the
ALeRCE LC classifier and the range of days going from 50 days before the first alert reported
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by ZTF to the day the data was requested.

Figure 3.1: LCs before cleaning, Left panel: LC from ZTF forced photometry of
SN2019fem/ZTF19aauqwna. Right Panel: LC from ATLAS forced photometry of
SN2019ceg/ZTF19aaniore

The LCs of SN2019fem (ZTF19aauqwna), and SN2019ceg (ZTF19aaniore) are displayed
in Fig. 3.1. The first shows ZTF data (left panel), and the second ATLAS data (right panel).
Both LCs have multiple data points that are either outliers and/or measurements with large
errors. In the next section, we will discuss how we clean the data and the parameters used
to do this for ATLAS and ZTF.

3.2 Light curve cleaning

We will start describing how we cleaned data from ZTF. The procedure presented in this
section is the product of the work of a group of astronomers from ALeRCE (where I was
included) that studied this issue. The following criteria were found to satisfactorily clean the
data.

First, we follow the guidelines from [46] where we filter by the procstatus variable where
any observation with a procstatus (Per-epoch processing status codes) value not equal to
0 (Successful execution), or 56 (One or more epochs have photometry measurements that
may be impacted by bad pixels), or 57 (One or more epochs had no reference image catalog
source falling within 5 arcsec) was removed. Any observation where infobits value (that is
related to the quality of CCD-quadrant-based images from individual epochs) was not equal
to 0 was removed.

Also, we perform quality cuts following The ZTF Science Data System (ZSDS) Advisories
and Cautionary Notes, from the ZTF DR5 Documentation, section 2.4, flagging as a bad data
point any data point that satisfies any of the following conditions:

• For g filter:
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– zeropoint magnitude > 26.7 - 0.2 × airmass OR

– zeropoint magnitude rms > 0.06 OR

– zeropoint magnitude < threshold[ccd] - 0.2 × airmass

• For r filter

– zeropoint magnitude > 26.65 - 0.15 × airmass OR

– zeropoint magnitude rms > 0.05 OR

– zeropoint magnitude < threshold[ccd] - 0.15 × airmass

Where threshold[ccd] varies depending on the CCD used for the observation and the filter.
The value of threshold[ccd] can go from 25.6712 to 25.9225 for the g-filter and from 25.6199
to 25.9759 for the r-filter. Finally, for those cases when the SN was already in the difference
image, a baseline correction was applied when possible. This means when data before the
explosion was available.

The ATLAS reduction pipeline has a custom built point-spread-function (PSF) fitting
routine that runs on the difference images to produce flux measurements of all sources that
are detected at 5σ or more above the background noise. This routine is called tphot and is
based on the algorithms discussed in [72, 66]. The forced photometry is again PSF based
using tphot.

At the time of this work and unlike the case of ZTF, there were no guidelines available
to clean ATLAS forced photometry LCs, so we explored the available metrics to discard
contaminated observations or with large error bars. Observations that do not fulfill any of
the following conditions were removed:

• 0.5 < chi/N < 3

• flux > -100 [µJy]

• magnitude error < 5

• sky (o filter) magnitude > 18, sky (c filter) magnitude > 18.5

• flux error < 40 [µJy]

Where chi/N is the reduced χ2 of the PSF fit. In Fig. 3.2 the result of this algorithm
applied to the LCs from Fig. 3.1 is shown. It is possible to notice that points with large
error bars are no longer in the LC and neither are the points that clearly are outliers.

Fig. 3.3 shows two LCs combining data from ZTF and ATLAS. ATLAS data, although
having larger errors than ZTF data, fill the gap between ZTF data points, allowing us to
have a better estimation of the whole LC behavior. This shows the advantages of using data
from both surveys to constraint SNe.
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Figure 3.2: Same as Fig. 3.1 but discarding outliers, Left panel: LC from ZTF forced
photometry of SN2019fem/ZTF19aauqwna after cleaning. Right Panel: LC from ATLAS
forced photometry of SN2019ceg/ZTF19aaniore after cleaning.

Figure 3.3: LCs using forced photometry data from ZTF and ATLAS. Left panel: Clean
LC of SN2019asz/ZTF19aamowaf using ZTF and ATLAS forced photometry. Right Panel:
Clean LC of SN2020fsb/ZTF20aaunfpj using ZTF and ATLAS forced photometry

3.3 Physical parameters

As previously stated, the method used in this work is the same from [24], that uses a Bayesian
approach to infer physical parameters from the LC of a SN. However, before using a Bayesian
approach, we need to be able to compare our data to the models and to explore the whole
parameter space quickly. This is why we first perform the following steps.

3.3.1 Synthetic light curves

The first step is to produce synthetic LCs for any redshift, attenuation, and explosion time
from hydrodynamic models time series of spectra. A standard Λ-CDM model is assumed and
then the spectra time series are redshifted and attenuated with distance assuming a Cardelli
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law with RV = 3.1 for dust attenuation. The spectra are integrated with the bands from
ATLAS and ZTF to generate synthetic LCs. In our work, we use the time series spectra
generated from [49] models, as a combination of the parameters of Table 1.1, having a total
of 1686 spectra time series. We pre-compute the LCs for all the bands and all available
models in a logarithmically spaced time array using 100 points from 10−3 days to 1000 days,
a logarithmically spaced attenuation array for 10 different values from 10−4 to 10, and a
logarithmically spaced redshift array for 30 different values from 10−3 to 1, producing a total
of 505800 synthetic LCs as a combination of the model physical parameters, attenuation, and
redshift.

The generated synthetic LCs are displayed in Fig. 3.4 for the ATLAS o filter, and for
ZTF g filter in Fig. 3.5 varying all the different parameters of the physical parameter vector,
the attenuation value (AV ), and the redshift (z), one at a time while the others parameters
are fixed.

3.3.2 Interpolation

To explore the whole parameter space and search for intermediate values it is necessary to
interpolate between the models with different physical parameters. First, it’s necessary to
find the closest values in all the intrinsic physical dimensions and find all the models that
have a combination of these values, that will be call ~θclose. The final LC will be a weighted
combination of these models,

m(t, texp, z, Av, ~θclose) =
∑

~θi∈~θclose

ŵ(~θ, ~θi)m(t, texp, z, Av, ~θi) (3.1)

where m(t, texp, z, Av, ~θclose) is the magnitude of the model at a given observation time t,
explosion time texp, redshift z, a given attenuation AV and a given vector of model parameters
~θ; and the normalized weights ŵ(~θ, ~θi) are defined as:

ŵ(~θ, ~θi) =
w(~θ, ~θi)∑

~θj∈~θclose w(~θ, ~θi)
(3.2)

the weights are defined as a function of the parameter vectors ~θ and ~θi. A problem that
arises is how to compare values in different dimensions from the vector of physical parameters.
To avoid this problem the weights are defined to be inversely proportional to the product of
the differences in all the dimensions, given by the following expression

w(~θ, ~θi) =

(∏
j

|θj − θji |+ δj

)−1
(3.3)

where ~δ is a vector with the same physical units as the parameters vector, but much
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smaller than the typical separation in the grid models, in order to avoid divergence when a
given model matches the coordinates of known models.

Interpolated LCs are shown in Fig. 3.6 for ATLAS o filter, and in Fig. 3.7 for ZTF g
filter, similar to Fig. 3.4 and Fig. 3.5 respectively. Here it is possible to see how varying
different parameters affect the LCs.

3.3.3 MCMC

Now that we are able to interpolate quickly and generate LCs at any explosion time, redshift,
attenuation, and combination of physical parameters, we are able to do the final step, obtain
the posterior distribution of the model parameter given the data and a prior distribution
using a Markov Chain Monte Carlo (MCMC) sampler that uses an affine invariant approach
[28]. This method is evolved by moving one sampler (or walker) at a time, parallel Markov
chains sample the posterior distribution by moving randomly in directions parallel to the
relative positions of the walkers, i.e., if we consider one step of the ensemble Markov chain
X (t) → X (t + 1) to consist of one cycle through all L walkers in the ensemble. Expressing
this as a pseudo-code

for k = 1, ..., L:

[

update: X (t) → X (t + 1)

]

Each walker Xk is updated using the current positions of all of the other walkers in the
ensemble. The other walkers (besides itself) form the complementary ensemble, this means:

~Xk(t) = {X1(t+ 1), ..., Xk−1(t+ 1), Xk+1(t), ..., XL(t)}

And following acceptance rules that satisfy the condition of detailed balance for reversible
Markov chains (see section 6.5 of [30]), this step can be accepted or not. The MCMC is
implemented in python via emcee [29], and we interactively select the initial state to be
around a set of physical parameters that replicate the rise of the SNe and the peak, to
correctly constrain the explosion time. This step is done to ensure faster burn-in and avoid
problems with convergence.

It’s necessary to define the prior distributions, used in Table 3.1, where N (µ, σ) is
a Gaussian distribution with mean µ and standard deviation σ, U (a, b) is a uniform
distribution between a and b, and texp0 is an initial guess of the explosion time of the SN.
The prior probabilities are zero outside the intervals indicated.

There is also a variable scale parameter, which is standard in MCMC, to allow for errors in
absolute calibrations, for which we use a Gaussian prior centered at 1.0 and with a standard
deviation of 0.01 (1% errors). Finally, when running MCMC, we use 400 parallel walkers and
900 steps per sampler, with a burn-in period of 450 steps in all cases, just like [24].
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Table 3.1: Prior parameters distribution

Parameter Prior distribution Units
texp N(texp0, 4) days
ln z N(ln 0.18, 2), z ∈ (10−3, 1)
ln AV N(ln 0.05, 2), AV ∈ (10−4, 10) ln mag
mass N(14, 3), mass ∈ (12, 16) M�
energy N(1, 1), energy ∈ (0.5, 2) foe

log10 Ṁ U(-8, -2), log10 Ṁ ∈ (-8, -2) M� yr−1

r csm N(0.5, 1), r csm ∈ (0.1, 1) 1015 cm
β N(3, 2), β ∈ (0, 5)

In order to improve the method of [24], a profiling of the algorithm was done, finding
that the interpolation of the LCs was the most time-consuming part when executing it. So,
we optimized this part using Numba [39], a just-in-time compiler for Python, making the
method ∼ 6 times faster.
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Figure 3.4: Synthetic LCs from [49] models for ATLAS o filter varying one parameter at a
time, from a) to e) using the values from table 1.1. a) Varying the mass, b) the energy, c)
the value of β, d) the radius of the CSM, e) the mass loss rate, f) the redshift logarithmically
from 0.001 to 1, and f) AV logarithmically from 10−4 to 10. The parameters that were not
varied are fixed at mass of 12 M�, energy of 1.5 foe, beta of 3.75, radius of the CSM 0.5 ×
1015 cm, mass loss rate of 0.001 M� yr−1
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Figure 3.5: Same as Fig. 3.4 but for ZTF gsingle filter
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Figure 3.6: Interpolated flux LCs for ATLAS o filter varying one parameter at a time (Similar
to 3.4), using 15 different values. a) Mass linearly between 12 and 16 M�, b) energy linearly
between 0.5 and 2, c) the value of β linearly between 1 and 5, d) the radius of the CSM
linearly between 0.1 and 1, e) mass loss rate logarithmically between 10−5 and 10−2 M� yr−1,
f) the redshift logarithmically from 0.001 to 1 and y-axis in logarithmic scale, and f) AV

logarithmically from 10−4 to 10 and y-axis in logarithmic scale. The parameters that were
not varied are fixed at mass of 12 M�, energy of 1.5 foe, beta of 3.75, radius of the CSM 0.5
× 1015 cm, mass loss rate of 0.001 M� yr−1
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Figure 3.7: Same as Fig. 3.6 but for ZTF gsingle filter
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Chapter 4

Results

In this Chapter, we will present the results of this thesis. First, we will present the posterior
distribution of the physical parameters inferred for a SN as an example of the results, then we
will present the results obtained for the full sample, and lastly, we will compare our inferred
redshift with redshifts of SN host galaxies.

4.1 Posterior distribution

Using the method described in section 3.3, we were able to obtain the posterior distribution
of physical parameters for a sample of 186 SNe. The corner plot for the posterior distribution
of SN 2019odf/ZTF19abqrhvy is shown as an example in Fig.4.1, alongside the LC of the
object with 100 random LCs sampled from the posterior distribution (thin continuous lines).
This can be used to visually inspect how the models fit the data. The explosion time for a
given LC is plotted as a vertical grey line. In this case, all the adjusted parameters converge
to a single-peaked multivariable distribution.

For every parameter, we take the median from the posterior distribution as a representative
value and the 95 and 5 percentiles as upper and lower limits for this value respectively. We
choose these values instead of the mean and standard deviation because not all posterior
distributions are Gaussian and some posterior distribution are bimodal or multimodal. Thus,
the median and percentiles give us more robust information about the distribution. We report
this value for every SNe and every parameter in Table 4.1, where the median is reported and
the upper and lower limits as the superscript and subscript respectively. The units for texp,
mass, energy, Ṁ , rCSM , and AV are Modified Julian date (MJD), M�, foe, M� year−1, 1015

cm, and mag respectively, β and z are unitless, and ZTF oid correspond to the ZTF object
identifier.
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Figure 4.1: Bottom left corner: Corner plot of the posterior distribution of physical
parameters obtained using our method for SN 2019odf/ZTF19abqrhvy. Top right corner:
Observations of ZTF19abqrhvy (dots) and 100 random sampled from the posterior LCs
(continuous lines). Explosion times are indicated as grey vertical lines.
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Table 4.1: SNe posterior

ZTF oid texp mass energy Ṁ rcsm β AV z
ZTF18aatyqds 58243.8+0.0

−0.0 13.23+0.033
−0.035 1.519+0.011

−0.011 0.009+1.542
−5.124 0.999+0.000

−0.000 4.998+0.001
−0.003 0.906+0.006

−0.006 0.024+0.000
−0.000

ZTF18aawyjjq 58256.9+0.2
−0.4 12.22+0.969

−0.220 1.151+0.567
−0.033 0.009+2.957

−0.000 0.947+0.011
−0.207 3.751+1.247

−0.003 0.983+0.040
−0.148 0.029+0.001

−0.000
ZTF18abaeqpf 59155.0+0.0

−0.4 12.70+0.955
−0.024 1.251+0.016

−0.075 7.901+9.139
−6.371 0.498+0.001

−0.006 3.751+0.597
−0.003 0.000+0.023

−0.000 0.017+0.000
−0.000

ZTF18abckutn 58283.7+0.1
−0.1 12.01+0.112

−0.015 1.108+0.034
−0.033 0.009+0.000

−0.000 0.828+0.045
−0.036 4.921+0.066

−0.098 0.821+0.034
−0.033 0.034+0.000

−0.000
ZTF18abcpmwh 58284.6+0.0

−0.0 12.06+0.056
−0.043 1.928+0.048

−0.060 0.009+6.163
−0.000 0.876+0.018

−0.016 4.994+0.005
−0.020 0.512+0.052

−0.039 0.016+0.000
−0.000

ZTF18abcptmt 58284.8+0.0
−0.0 12.00+0.010

−0.002 1.996+0.002
−0.011 0.009+0.000

−0.000 0.999+0.000
−0.001 4.780+0.047

−0.046 0.639+0.056
−0.046 0.045+0.000

−0.000
ZTF18abeajml 58297.1+0.0

−0.0 12.00+0.003
−0.001 1.999+0.000

−0.001 0.009+3.694
−1.111 0.999+6.362

−0.000 3.750+0.001
−0.000 0.354+0.013

−0.012 0.035+0.000
−0.000

ZTF18abgladq 58302.0+0.6
−0.9 12.01+0.061

−0.011 1.042+0.925
−0.525 0.009+0.000

−0.000 0.999+0.000
−0.003 3.751+0.037

−0.040 0.317+0.183
−0.056 0.027+0.006

−0.006
ZTF18abmdpwe 58333.9+0.0

−0.0 12.00+0.005
−0.001 1.712+0.013

−0.014 0.008+0.000
−0.000 0.999+0.000

−0.001 4.998+0.001
−0.004 1.142+0.017

−0.018 0.014+0.000
−0.000

ZTF18abokyfk 58344.8+0.0
−0.0 13.05+0.080

−0.083 1.796+0.018
−0.017 0.009+0.000

−0.000 0.947+0.009
−0.010 4.998+0.001

−0.004 1.316+0.012
−0.011 0.015+0.000

−0.000
ZTF18abqyvzy 58352.9+0.0

−0.0 12.30+0.029
−0.029 1.928+0.010

−0.009 0.009+9.419
−3.466 0.999+5.833

−0.000 4.999+6.408
−0.000 1.018+0.004

−0.004 0.012+6.466
−6.123

ZTF18absclsr 58349.4+0.0
−0.0 12.00+0.005

−0.001 1.998+0.001
−0.004 0.009+1.550

−5.413 0.999+0.000
−0.000 4.996+0.003

−0.008 0.826+0.012
−0.013 0.023+0.000

−0.000
ZTF18absldfl 58357.7+0.1

−0.1 12.00+0.022
−0.006 1.985+0.013

−0.035 0.007+0.000
−0.000 0.999+0.000

−0.001 3.749+0.034
−0.031 0.819+0.020

−0.019 0.032+0.000
−0.000

ZTF18abvmlow 58477.8+0.0
−0.0 12.00+0.017

−0.004 1.625+0.038
−0.040 0.001+6.697

−6.371 0.999+0.000
−0.000 4.994+0.004

−0.020 0.274+0.012
−0.012 0.014+0.000

−0.000
ZTF18acbvhit 58402.9+0.1

−0.1 15.41+0.166
−0.130 1.000+0.004

−0.004 0.000+6.283
−5.620 0.998+0.001

−0.005 3.749+0.037
−0.055 0.947+0.021

−0.022 0.014+0.000
−0.000

ZTF18achtnvk 58427.7+0.0
−0.1 12.01+0.053

−0.015 1.996+0.003
−0.010 0.008+0.001

−0.000 0.966+0.018
−0.021 4.842+0.133

−0.216 1.182+0.066
−0.059 0.033+0.001

−0.001
ZTF18acqwdla 58439.0+0.0

−0.0 12.73+0.066
−0.068 1.099+0.008

−0.007 0.009+5.155
−2.009 0.999+8.130

−0.000 3.750+0.002
−0.002 0.752+0.022

−0.033 0.016+0.000
−0.000

ZTF18acrtvmm 58442.5+0.3
−0.7 12.89+0.293

−0.339 1.015+0.040
−0.050 0.009+0.000

−0.001 0.914+0.031
−0.028 3.326+0.647

−0.871 0.728+0.063
−0.108 0.019+0.000

−0.000
ZTF18acvgyst 58447.9+1.1

−0.2 13.25+0.376
−0.530 1.067+0.121

−0.138 0.000+0.005
−0.000 0.729+0.169

−0.617 4.155+0.823
−1.648 0.064+0.166

−0.061 0.027+0.001
−0.001

ZTF18adbacau 58471.3+1.9
−0.4 14.35+0.163

−0.404 1.728+0.141
−0.550 0.001+0.006

−0.000 0.488+0.288
−0.151 4.980+0.018

−0.948 0.297+0.314
−0.050 0.030+0.001

−0.002
ZTF18adbclkd 58470.1+0.5

−1.7 12.64+1.027
−0.302 0.959+0.038

−0.293 0.007+0.001
−0.004 0.522+0.258

−0.040 4.722+0.262
−0.205 0.389+0.293

−0.052 0.015+0.000
−0.001

ZTF19aadnxog 58492.4+0.0
−0.0 15.11+0.077

−0.076 0.697+0.005
−0.005 0.007+0.000

−0.000 0.999+8.587
−0.000 4.731+0.036

−0.037 0.707+0.026
−0.024 0.012+9.571

−9.915
ZTF19aakssnv 58514.7+0.3

−0.2 14.08+0.112
−0.093 1.003+0.033

−0.042 0.003+0.000
−0.000 0.819+0.025

−0.023 2.870+0.246
−0.137 0.165+0.060

−0.053 0.025+0.000
−0.000

ZTF19aallimd 58535.0+0.1
−0.1 12.56+0.105

−0.096 1.134+0.024
−0.023 0.009+0.000

−0.000 0.500+0.004
−0.004 3.749+0.039

−0.040 0.244+0.023
−0.023 0.015+0.000

−0.000
ZTF19aalsnbp 58534.7+0.2

−0.0 12.90+0.125
−0.283 1.097+0.019

−0.009 0.009+3.351
−0.000 0.999+0.000

−0.002 3.749+0.054
−0.089 0.689+0.061

−0.077 0.037+0.000
−0.000

ZTF19aamggnw 58537.6+0.4
−0.9 12.20+0.259

−0.180 1.082+0.036
−0.035 0.001+0.008

−0.000 0.970+0.028
−0.499 3.591+0.407

−1.156 0.017+0.046
−0.015 0.032+0.000

−0.000
ZTF19aamhmsx 58540.0+2.0

−0.7 15.18+0.495
−1.054 1.032+0.264

−0.071 0.009+0.000
−0.004 0.893+0.046

−0.048 4.949+0.047
−1.147 0.455+0.152

−0.302 0.035+0.001
−0.001

ZTF19aamkfvy 58549.1+1.9
−0.3 12.80+0.177

−0.787 1.289+0.306
−0.033 0.006+0.000

−0.002 0.993+0.005
−0.041 4.944+0.051

−0.691 0.975+0.052
−0.148 0.026+0.002

−0.000
ZTF19aamljom 58548.9+0.0

−0.0 13.19+0.030
−0.028 1.566+0.008

−0.008 0.009+7.936
−1.390 0.999+8.424

−0.000 4.998+0.000
−0.004 0.015+0.005

−0.010 0.019+0.000
−0.000
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ZTF19aamowaf 58512.4+1.2
−0.2 14.07+0.160

−0.093 1.990+0.009
−0.102 0.006+0.000

−0.005 0.843+0.031
−0.028 3.750+1.244

−0.031 0.005+0.033
−0.004 0.026+0.000

−0.000
ZTF19aamtwiz 58552.4+0.4

−0.3 12.63+0.348
−0.233 1.158+0.069

−0.040 0.009+0.000
−0.000 0.799+0.048

−0.082 4.992+0.007
−0.047 0.264+0.041

−0.073 0.040+0.001
−0.000

ZTF19aamwhat 58543.2+0.3
−0.4 15.91+0.080

−1.246 0.689+0.335
−0.014 0.003+0.006

−0.000 0.300+0.140
−0.003 3.749+0.010

−1.246 0.895+0.026
−0.166 0.011+0.001

−0.000
ZTF19aanhhal 58557.1+0.1

−1.5 12.29+2.298
−0.097 1.149+0.027

−0.152 0.007+0.000
−0.000 0.504+0.387

−0.023 4.497+0.191
−0.458 0.276+0.341

−0.028 0.026+0.000
−0.002

ZTF19aaniore 58557.9+0.2
−0.2 15.96+0.029

−0.097 0.696+0.011
−0.009 0.005+0.000

−0.000 0.820+0.022
−0.024 3.730+0.112

−0.087 0.693+0.056
−0.055 0.024+0.000

−0.000
ZTF19aanlekq 58557.3+0.1

−0.9 12.00+0.008
−0.002 1.866+0.112

−0.019 0.009+4.369
−6.306 0.999+0.000

−0.002 3.750+1.160
−0.002 0.776+0.012

−0.089 0.031+0.002
−0.000

ZTF19aanovps 58559.7+0.2
−1.8 13.94+1.542

−0.314 1.116+0.065
−0.476 0.006+0.000

−0.002 0.746+0.186
−0.059 3.805+0.680

−0.115 1.007+0.058
−0.050 0.020+0.000

−0.000
ZTF19aanrrqu 58562.7+0.0

−0.0 12.00+0.004
−0.001 1.999+0.000

−0.001 0.009+4.632
−1.532 0.999+8.528

−0.000 3.750+0.002
−0.002 0.430+0.027

−0.025 0.024+0.000
−0.000

ZTF19aapafit 58573.6+0.0
−0.0 12.00+0.007

−0.002 0.923+0.005
−0.004 0.000+3.756

−3.032 0.944+0.017
−0.021 3.750+0.008

−0.007 0.017+0.016
−0.004 0.019+0.000

−0.000
ZTF19aapbfot 58570.6+0.2

−0.2 15.33+0.426
−0.416 1.659+0.067

−0.091 0.009+0.000
−0.001 0.982+0.015

−0.028 4.966+0.030
−0.123 0.882+0.047

−0.168 0.036+0.001
−0.001

ZTF19aaqdkrm 58579.0+0.2
−0.1 12.21+0.201

−0.173 1.996+0.003
−0.010 0.009+0.000

−0.000 0.997+0.001
−0.007 3.752+0.087

−0.064 0.190+0.049
−0.063 0.039+0.000

−0.000
ZTF19aaqxosb 58584.2+0.2

−0.1 12.02+0.095
−0.027 1.245+0.041

−0.040 0.001+0.000
−0.000 0.997+0.002

−0.006 4.868+0.122
−1.169 0.845+0.036

−0.034 0.022+0.000
−0.000

ZTF19aariwfe 58589.6+0.7
−0.8 12.35+0.462

−0.312 1.616+0.083
−0.079 0.003+0.002

−0.001 0.947+0.042
−0.063 4.300+0.651

−0.786 0.239+0.111
−0.127 0.036+0.001

−0.002
ZTF19aarjfqe 58588.2+1.0

−0.5 12.94+1.155
−0.522 1.665+0.166

−0.467 0.007+0.001
−0.005 0.804+0.192

−0.077 4.972+0.025
−0.117 0.363+0.173

−0.131 0.028+0.001
−0.001

ZTF19aatlqdf 58593.6+0.7
−0.3 15.58+0.362

−0.620 0.570+0.072
−0.048 0.006+0.000

−0.000 0.805+0.042
−0.051 4.794+0.179

−0.338 0.208+0.055
−0.088 0.032+0.001

−0.001
ZTF19aaugaam 58604.2+0.3

−0.2 12.02+0.077
−0.021 1.973+0.024

−0.085 0.007+0.001
−0.006 0.624+0.065

−0.035 4.974+0.023
−0.108 0.259+0.041

−0.129 0.032+0.000
−0.000

ZTF19aauishy 58606.8+0.4
−0.3 12.02+0.108

−0.023 0.963+0.046
−0.054 0.000+0.000

−0.000 0.991+0.008
−0.043 1.732+0.262

−0.525 0.255+0.068
−0.047 0.029+0.001

−0.001
ZTF19aauqwna 58608.9+0.0

−0.0 12.02+0.069
−0.021 1.997+0.002

−0.009 0.009+8.286
−0.000 0.998+0.001

−0.004 4.990+0.008
−0.020 1.068+0.023

−0.023 0.031+0.000
−0.000

ZTF19aavbjfp 58612.8+1.1
−0.1 12.81+0.220

−0.714 1.628+0.061
−0.049 0.002+0.000

−0.001 0.842+0.150
−0.056 3.749+0.035

−0.055 0.199+0.041
−0.093 0.033+0.002

−0.001
ZTF19aavhblr 58612.0+0.2

−0.3 12.02+0.066
−0.022 1.808+0.153

−0.112 0.009+0.000
−0.000 0.998+0.001

−0.003 3.776+0.878
−0.137 0.274+0.065

−0.116 0.046+0.003
−0.002

ZTF19aavkptg 58613.9+0.6
−0.8 13.08+0.589

−0.581 1.068+0.246
−0.215 0.003+0.001

−0.000 0.967+0.028
−0.057 3.997+0.891

−1.009 0.133+0.138
−0.084 0.041+0.003

−0.004
ZTF19aavrcew 58622.1+0.0

−0.0 12.00+0.010
−0.002 1.995+0.003

−0.013 0.009+0.000
−0.000 0.998+0.000

−0.003 4.980+0.017
−0.047 0.787+0.018

−0.018 0.019+0.000
−0.000

ZTF19aawgxdn 58628.6+0.0
−0.0 12.00+0.005

−0.001 0.832+0.011
−0.011 0.007+0.000

−0.000 0.515+0.004
−0.003 3.750+0.005

−0.004 0.725+0.028
−0.026 0.022+0.000

−0.000
ZTF19aaycrgf 58623.3+4.3

−0.7 13.58+0.223
−0.207 0.737+0.408

−0.079 0.003+0.002
−0.001 0.534+0.315

−0.081 4.811+0.170
−0.494 0.577+0.100

−0.063 0.017+0.000
−0.000

ZTF19aaydtur 58635.6+0.2
−0.2 12.50+0.356

−0.293 0.844+0.091
−0.090 0.002+0.000

−0.000 0.835+0.066
−0.063 3.750+0.100

−0.159 0.148+0.087
−0.073 0.030+0.001

−0.001
ZTF19aazfvhh 58640.6+0.3

−0.3 12.02+0.115
−0.027 1.194+0.021

−0.018 0.006+0.000
−0.001 0.641+0.118

−0.172 4.152+0.694
−0.529 0.710+0.095

−0.110 0.033+0.000
−0.001

ZTF19aazyvub 58644.3+0.2
−0.4 12.94+0.324

−0.356 1.311+0.041
−0.041 0.000+0.000

−0.000 0.998+0.000
−0.005 4.838+0.150

−0.799 0.003+0.014
−0.002 0.030+0.000

−0.000
ZTF19abajxet 58651.5+0.0

−0.8 12.37+0.094
−0.377 1.617+0.009

−0.085 0.002+0.007
−9.415 0.963+0.011

−0.151 4.998+0.001
−0.181 0.284+0.155

−0.013 0.014+0.000
−0.000

ZTF19abbwfgp 58654.6+0.9
−0.0 13.16+0.075

−0.877 1.582+0.080
−0.020 0.009+5.290

−0.001 0.961+0.009
−0.069 4.999+0.000

−0.013 0.425+0.020
−0.126 0.021+0.000

−0.000
ZTF19abcekty 58648.9+0.0

−0.0 12.00+0.001
−0.000 1.999+0.000

−0.000 0.009+4.104
−1.455 0.999+4.348

−0.000 4.931+0.022
−0.023 0.369+0.013

−0.012 0.015+0.000
−0.000

ZTF19abgiwkt 58672.2+0.1
−0.2 13.71+0.663

−0.173 1.136+0.038
−0.309 0.004+0.001

−0.000 0.751+0.129
−0.049 3.474+0.283

−0.985 1.235+0.043
−0.052 0.010+0.000

−0.000
ZTF19abjbtbm 58689.0+0.1

−0.0 12.76+0.152
−0.218 0.516+0.040

−0.014 0.000+9.200
−0.000 0.302+0.115

−0.050 4.033+0.881
−0.713 0.002+0.007

−0.002 0.016+0.000
−0.000
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ZTF19abjpntj 58686.1+1.0
−0.6 13.65+0.701

−0.406 1.273+0.135
−0.095 0.004+0.002

−0.002 0.700+0.070
−0.095 4.526+0.419

−1.009 0.594+0.137
−0.457 0.030+0.006

−0.001
ZTF19abjrjdw 58688.5+0.2

−1.0 12.36+1.241
−0.246 1.585+0.062

−0.123 0.006+0.002
−0.002 0.888+0.082

−0.043 4.861+0.129
−0.582 1.108+0.107

−0.064 0.018+0.000
−0.000

ZTF19abpyqog 58705.6+0.0
−0.0 12.26+0.142

−0.135 1.985+0.013
−0.036 0.006+0.000

−0.000 0.934+0.013
−0.013 3.751+0.052

−0.040 0.849+0.026
−0.024 0.037+0.000

−0.000
ZTF19abqgtqo 58707.5+0.3

−0.2 14.06+0.218
−0.117 1.667+0.077

−0.064 0.000+0.000
−0.000 0.799+0.029

−0.044 3.749+0.038
−0.037 0.272+0.031

−0.027 0.033+0.000
−0.000

ZTF19abqhobb 58709.7+0.1
−0.1 12.17+0.148

−0.123 1.605+0.019
−0.017 0.001+8.073

−7.041 0.996+0.002
−0.004 4.989+0.009

−0.022 0.434+0.015
−0.015 0.017+0.000

−0.000
ZTF19abqrhvt 58706.2+0.1

−0.0 12.00+0.010
−0.003 1.998+0.000

−0.002 0.009+2.074
−5.567 0.999+0.000

−0.001 4.993+0.005
−0.012 0.102+0.025

−0.019 0.025+0.000
−0.000

ZTF19abqrhvy 58708.1+0.0
−0.0 13.14+0.062

−0.061 1.226+0.023
−0.022 0.007+0.000

−0.000 0.667+0.021
−0.021 4.998+0.001

−0.004 0.417+0.020
−0.020 0.020+0.000

−0.000
ZTF19abrbmvt 58713.3+0.3

−0.9 12.65+0.762
−0.306 1.375+0.082

−0.108 0.000+0.000
−0.000 0.970+0.027

−0.072 4.970+0.027
−0.105 0.324+0.149

−0.049 0.035+0.001
−0.002

ZTF19abudjie 58715.5+0.4
−0.5 15.47+0.159

−0.102 1.409+0.069
−0.156 0.003+0.001

−0.000 0.500+0.025
−0.009 4.990+0.008

−0.556 1.242+0.055
−0.067 0.022+0.000

−0.000
ZTF19abueupg 58716.6+2.6

−0.1 13.94+0.069
−0.776 1.472+0.037

−0.460 0.009+7.492
−0.006 0.881+0.097

−0.030 4.796+0.128
−0.468 0.817+0.031

−0.198 0.030+0.000
−0.000

ZTF19abukbit 58714.5+0.8
−0.8 12.23+0.556

−0.213 1.346+0.101
−0.091 0.001+0.001

−0.000 0.989+0.009
−0.042 4.307+0.654

−1.314 0.340+0.221
−0.148 0.047+0.004

−0.003
ZTF19abwamby 58723.5+0.1

−0.1 12.03+0.104
−0.031 1.888+0.101

−0.229 0.006+0.000
−0.000 0.998+0.001

−0.004 3.749+0.084
−0.084 0.293+0.053

−0.042 0.043+0.001
−0.002

ZTF19abwsagv 58726.0+0.0
−0.1 12.00+0.025

−0.005 1.996+0.003
−0.014 0.007+0.000

−0.000 0.597+0.034
−0.026 4.971+0.026

−0.082 0.005+0.016
−0.004 0.041+0.000

−0.000
ZTF19abwztsb 58723.8+0.2

−0.1 14.03+0.058
−0.033 1.994+0.005

−0.021 0.009+0.000
−0.000 0.738+0.012

−0.015 4.084+0.089
−0.078 0.824+0.012

−0.012 0.010+0.000
−0.000

ZTF19abzrdup 58736.9+1.2
−4.7 13.43+0.066

−0.107 1.923+0.069
−0.654 0.004+0.004

−0.001 0.498+0.009
−0.395 4.918+0.073

−0.151 0.004+0.010
−0.003 0.037+0.000

−0.000
ZTF19acbhvgi 58744.0+0.4

−0.6 14.86+0.527
−0.854 1.072+0.042

−0.037 0.002+0.001
−0.000 0.997+0.002

−0.014 4.173+0.796
−0.605 0.103+0.115

−0.062 0.035+0.001
−0.001

ZTF19acbrzzr 58749.5+0.3
−1.0 15.05+0.617

−0.531 0.971+0.124
−0.124 0.009+0.000

−0.001 0.850+0.040
−0.044 2.525+0.798

−0.211 0.557+0.159
−0.119 0.027+0.001

−0.001
ZTF19acbvisk 58746.1+1.0

−0.8 13.24+0.463
−0.432 1.095+0.036

−0.033 0.007+0.002
−0.003 0.908+0.037

−0.046 2.769+1.402
−0.406 0.219+0.150

−0.145 0.035+0.002
−0.002

ZTF19acchaza 58751.8+0.1
−0.0 12.01+0.037

−0.010 1.995+0.004
−0.012 0.009+4.757

−0.000 0.999+0.000
−0.001 2.496+0.027

−0.757 0.471+0.082
−0.074 0.044+0.001

−0.001
ZTF19acewuwn 58768.1+0.3

−0.5 12.04+0.156
−0.040 0.951+0.048

−0.049 0.003+0.000
−0.002 0.500+0.038

−0.019 1.066+0.694
−0.061 0.231+0.046

−0.052 0.031+0.001
−0.001

ZTF19acftfav 58767.8+0.1
−0.1 12.03+0.103

−0.029 1.504+0.034
−0.028 0.009+0.000

−0.000 0.864+0.023
−0.025 4.996+0.003

−0.012 1.226+0.033
−0.035 0.015+0.000

−0.000
ZTF19acgbkzr 58769.6+0.8

−1.3 12.16+3.068
−0.158 1.179+0.067

−0.253 0.007+0.001
−0.005 0.778+0.215

−0.129 4.079+0.868
−1.557 0.506+0.239

−0.173 0.033+0.002
−0.002

ZTF19acignlo 58775.1+0.1
−0.1 12.00+0.009

−0.002 0.742+0.020
−0.020 0.007+0.000

−0.000 0.998+0.001
−0.005 4.711+0.123

−0.168 0.610+0.047
−0.045 0.023+0.000

−0.000
ZTF19acjwdnu 58776.9+0.2

−0.2 12.01+0.059
−0.015 1.977+0.021

−0.060 0.009+0.000
−0.000 0.998+0.001

−0.005 3.746+0.110
−0.192 0.404+0.094

−0.075 0.039+0.001
−0.001

ZTF19aclobbu 58782.0+0.1
−0.1 12.15+0.070

−0.070 0.758+0.009
−0.009 0.006+0.000

−0.000 0.729+0.023
−0.024 3.971+0.099

−0.092 0.549+0.029
−0.025 0.014+0.000

−0.000
ZTF19acryurj 58794.8+0.0

−0.0 12.00+0.006
−0.001 1.999+0.000

−0.001 0.009+7.949
−2.776 0.999+0.000

−0.000 3.749+0.003
−0.002 0.584+0.039

−0.037 0.021+0.000
−0.000

ZTF19acszmgx 58791.2+0.7
−1.1 15.26+0.571

−0.648 1.096+0.332
−0.044 0.003+0.005

−0.001 0.994+0.004
−0.107 4.735+0.236

−0.798 0.380+0.153
−0.283 0.034+0.003

−0.001
ZTF19acvrjzd 58801.2+1.1

−0.3 13.13+0.292
−1.099 1.995+0.004

−0.017 0.009+0.000
−0.006 0.993+0.005

−0.011 2.510+2.485
−0.325 0.106+0.084

−0.051 0.041+0.001
−0.001

ZTF19acwrrvg 58809.3+0.0
−0.0 12.00+0.003

−0.000 1.999+0.000
−0.001 0.009+2.930

−9.646 0.999+7.072
−0.000 3.750+0.000

−0.000 0.112+0.019
−0.017 0.027+0.000

−0.000
ZTF19acxowrr 58817.5+1.1

−0.0 15.98+0.012
−0.041 1.084+0.040

−0.224 0.009+3.234
−0.000 0.889+0.027

−0.077 4.994+0.005
−1.248 0.003+0.004

−0.002 0.041+0.000
−0.005

ZTF19acyplkt 58825.2+0.3
−0.3 12.81+0.260

−0.348 1.996+0.002
−0.009 0.009+2.024

−8.138 0.999+0.000
−0.001 2.502+0.310

−0.061 0.262+0.035
−0.033 0.034+0.000

−0.000
ZTF19acytcsg 58827.7+1.0

−0.2 12.77+0.153
−0.179 1.233+0.043

−0.136 0.002+0.000
−0.002 0.678+0.317

−0.065 3.757+1.238
−0.032 0.002+0.006

−0.002 0.028+0.000
−0.000
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ZTF19adbryab 58834.6+1.2
−0.6 12.05+0.437

−0.048 0.555+0.123
−0.050 0.000+0.004

−0.000 0.960+0.035
−0.444 1.853+1.134

−0.317 0.980+0.267
−0.099 0.021+0.001

−0.001
ZTF20aadchdd 58840.5+0.1

−0.3 12.00+0.019
−0.006 0.517+0.014

−0.013 0.009+2.095
−6.474 0.999+0.000

−0.001 3.749+0.019
−0.020 0.217+0.044

−0.066 0.036+0.000
−0.001

ZTF20aaekbdr 58847.4+0.2
−0.3 12.03+0.103

−0.028 1.153+0.066
−0.060 0.009+0.000

−0.000 0.997+0.002
−0.008 3.751+0.071

−0.057 1.125+0.097
−0.087 0.036+0.002

−0.001
ZTF20aafclxb 58851.5+0.3

−0.1 12.00+0.032
−0.005 1.819+0.018

−0.015 0.003+0.000
−9.861 0.998+0.001

−0.004 4.985+0.013
−1.048 0.746+0.031

−0.064 0.015+0.000
−0.000

ZTF20aagjpmt 58857.3+0.4
−0.7 12.60+0.491

−0.326 1.079+0.237
−0.184 0.007+0.000

−0.001 0.571+0.085
−0.055 3.651+0.783

−0.369 0.533+0.104
−0.081 0.018+0.001

−0.001
ZTF20aagnbes 58858.1+0.1

−0.1 12.74+0.121
−0.150 1.022+0.009

−0.010 0.009+4.472
−0.000 0.999+0.000

−0.001 3.750+0.026
−0.015 1.007+0.025

−0.029 0.019+0.000
−0.000

ZTF20aahqbsr 58860.2+1.0
−1.2 14.09+0.686

−0.132 1.107+0.084
−0.231 0.004+0.003

−0.001 0.710+0.045
−0.199 4.467+0.404

−3.102 0.995+0.140
−0.196 0.020+0.002

−0.000
ZTF20aahqbun 58856.5+0.4

−0.3 13.62+0.253
−0.263 1.297+0.051

−0.042 0.009+0.000
−0.000 0.999+0.000

−0.001 4.986+0.012
−0.043 1.259+0.058

−0.056 0.024+0.000
−0.000

ZTF20aanvqbi 58889.5+0.0
−0.0 13.49+0.119

−0.748 1.949+0.048
−0.779 0.009+9.158

−0.000 0.674+0.158
−0.048 3.752+1.230

−0.015 0.708+0.091
−0.094 0.023+0.001

−0.000
ZTF20aaoldej 58889.6+0.2

−0.2 12.21+0.246
−0.190 1.541+0.032

−0.030 0.005+0.000
−0.000 0.994+0.005

−0.013 3.970+0.791
−0.342 0.688+0.102

−0.126 0.031+0.001
−0.000

ZTF20aapycrh 58897.1+0.0
−2.4 12.27+3.284

−0.151 1.536+0.027
−0.361 0.000+0.002

−8.475 0.956+0.032
−0.095 3.822+0.783

−0.742 0.002+0.052
−0.002 0.037+0.000

−0.000
ZTF20aascvvo 58898.9+0.1

−0.1 15.99+0.002
−0.007 1.068+0.007

−0.007 0.009+2.730
−9.373 0.999+4.038

−0.000 4.856+0.016
−0.018 0.693+0.027

−0.024 0.017+0.000
−0.000

ZTF20aasjzhg 58903.9+1.5
−0.2 13.91+0.095

−0.872 0.992+0.014
−0.030 0.000+0.009

−6.625 0.994+0.005
−0.159 4.903+0.092

−1.162 0.045+0.127
−0.043 0.014+0.000

−0.000
ZTF20aatqgeo 58919.2+0.0

−0.0 14.88+0.288
−0.282 1.986+0.012

−0.038 0.009+5.675
−0.000 0.999+0.000

−0.001 3.765+0.072
−0.097 0.555+0.067

−0.060 0.038+0.000
−0.000

ZTF20aatqidk 58919.0+1.9
−0.8 13.27+0.217

−0.222 1.308+0.396
−0.090 0.007+0.002

−0.001 0.647+0.077
−0.094 4.966+0.030

−0.207 0.437+0.230
−0.128 0.032+0.001

−0.001
ZTF20aattqle 58917.9+0.2

−0.3 13.86+0.289
−0.194 1.983+0.015

−0.041 0.006+0.000
−0.000 0.999+0.000

−0.001 4.739+0.093
−0.103 0.647+0.092

−0.085 0.028+0.000
−0.000

ZTF20aatwisu 58916.0+1.7
−0.3 12.00+0.035

−0.007 1.476+0.076
−0.808 0.009+6.448

−0.000 0.998+0.001
−0.003 4.982+0.016

−1.234 0.235+0.074
−0.051 0.031+0.001

−0.008
ZTF20aaunfpj 58929.6+0.1

−4.1 14.13+1.840
−0.115 1.995+0.004

−0.515 0.009+5.511
−0.004 0.999+0.000

−0.003 4.998+0.000
−0.298 1.779+0.044

−0.299 0.009+0.000
−0.000

ZTF20aauoipy 58918.3+0.6
−0.4 15.92+0.073

−0.233 1.554+0.104
−0.060 0.009+0.000

−0.005 0.971+0.025
−0.059 3.766+1.218

−0.086 0.618+0.143
−0.168 0.035+0.001

−0.001
ZTF20aauoktk 58933.3+0.5

−0.4 14.96+0.764
−1.207 0.623+0.103

−0.057 0.006+0.001
−0.000 0.997+0.002

−0.029 4.861+0.127
−0.434 0.004+0.013

−0.003 0.040+0.001
−0.001

ZTF20aauompx 58925.9+0.1
−0.0 14.72+0.104

−0.439 1.403+0.254
−0.064 0.002+0.000

−0.000 0.577+0.157
−0.037 1.208+0.271

−0.146 1.078+0.068
−0.052 0.020+0.000

−0.000
ZTF20aauqhka 58935.6+0.1

−0.2 15.96+0.031
−0.104 1.308+0.043

−0.045 0.009+2.066
−7.222 0.991+0.006

−0.009 4.998+0.001
−0.004 0.001+0.003

−0.001 0.038+0.000
−0.000

ZTF20aauqlwv 58924.9+0.1
−0.1 12.00+0.025

−0.007 1.999+0.000
−0.001 0.009+9.765

−0.000 0.998+0.001
−0.005 3.749+0.020

−0.024 0.662+0.100
−0.105 0.029+0.000

−0.000
ZTF20aaurjbj 58946.3+0.0

−0.0 12.00+0.023
−0.007 1.994+0.004

−0.014 0.009+1.770
−5.236 0.999+0.000

−0.000 4.873+0.025
−0.029 0.001+0.002

−0.001 0.039+0.000
−0.000

ZTF20aausahr 58944.4+1.0
−0.9 12.33+0.946

−0.310 1.483+0.447
−0.564 0.006+0.002

−0.002 0.915+0.075
−0.072 4.829+0.161

−1.174 0.651+0.167
−0.203 0.033+0.004

−0.005
ZTF20aauvjws 58939.5+0.3

−0.2 12.02+0.059
−0.018 1.926+0.049

−0.049 0.008+0.000
−0.000 0.990+0.008

−0.016 4.987+0.011
−0.042 0.984+0.037

−0.037 0.026+0.000
−0.000

ZTF20aavdcxo 58947.1+0.3
−0.5 12.02+0.097

−0.024 1.992+0.007
−0.025 0.009+0.000

−0.000 0.984+0.013
−0.025 4.904+0.072

−0.079 1.079+0.057
−0.061 0.038+0.001

−0.001
ZTF20aavptjf 58953.2+0.2

−0.3 12.02+0.111
−0.021 1.833+0.136

−0.182 0.009+0.000
−0.000 0.967+0.014

−0.014 4.991+0.007
−0.029 0.719+0.067

−0.088 0.030+0.001
−0.001

ZTF20aaynrrh 58968.9+0.0
−0.0 12.00+0.001

−0.000 1.999+0.000
−0.000 0.009+1.805

−3.933 0.999+7.199
−0.000 4.998+0.001

−0.004 0.376+0.006
−0.006 0.007+4.030

−4.034
ZTF20aazcnrv 58967.0+0.8

−0.6 14.79+0.553
−1.340 1.489+0.146

−0.066 0.008+0.000
−0.000 0.996+0.003

−0.113 4.958+0.038
−0.104 0.933+0.046

−0.083 0.024+0.000
−0.001

ZTF20aazpphd 58975.8+1.9
−0.2 12.62+0.333

−0.579 1.171+0.069
−0.060 0.009+0.000

−0.007 0.767+0.226
−0.147 3.755+1.219

−0.142 0.776+0.061
−0.293 0.033+0.003

−0.001
ZTF20aazrxef 58977.7+0.1

−0.1 12.00+0.029
−0.008 1.735+0.155

−0.166 0.009+0.000
−0.000 0.817+0.031

−0.034 4.983+0.015
−0.053 0.380+0.053

−0.049 0.030+0.001
−0.001
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ZTF20aazswwk 58978.9+0.2
−0.2 12.11+0.211

−0.103 1.171+0.037
−0.035 0.000+8.216

−6.780 0.995+0.003
−0.014 4.207+0.414

−0.792 0.045+0.036
−0.027 0.041+0.000

−0.000
ZTF20abccixp 58990.8+0.0

−0.0 12.00+0.009
−0.003 1.998+0.000

−0.003 0.009+1.228
−3.683 0.999+0.000

−0.000 3.750+0.003
−0.003 0.243+0.016

−0.015 0.037+0.000
−0.000

ZTF20abfcdkj 59005.5+0.7
−0.6 13.83+0.382

−0.557 0.706+0.115
−0.060 0.005+0.004

−0.001 0.965+0.032
−0.184 4.973+0.025

−0.147 0.735+0.066
−0.107 0.035+0.001

−0.001
ZTF20abjaapj 59020.7+0.2

−0.2 12.69+0.080
−0.086 1.899+0.053

−0.047 0.008+0.000
−0.000 0.661+0.029

−0.028 4.995+0.004
−0.016 0.768+0.028

−0.050 0.025+0.000
−0.000

ZTF20abjatqy 59022.1+0.7
−0.1 13.93+0.135

−0.354 1.865+0.097
−0.080 0.006+0.000

−0.004 0.689+0.018
−0.059 3.753+1.224

−0.039 1.275+0.042
−0.078 0.014+0.000

−0.000
ZTF20abjcyhg 59024.1+0.0

−0.1 12.00+0.018
−0.004 1.928+0.059

−0.074 0.009+0.000
−0.000 0.999+0.000

−0.001 4.729+0.094
−0.092 0.477+0.040

−0.039 0.025+0.000
−0.000

ZTF20abjonjs 59027.8+0.1
−0.1 13.41+0.139

−0.149 0.758+0.016
−0.015 0.002+0.000

−0.000 0.997+0.002
−0.010 3.748+0.080

−0.085 0.746+0.046
−0.080 0.018+0.000

−0.000
ZTF20abjyorg 59027.5+1.0

−0.8 13.81+0.976
−0.597 1.988+0.010

−0.039 0.009+0.000
−0.001 0.998+0.001

−0.005 3.375+1.057
−0.936 0.272+0.091

−0.074 0.057+0.002
−0.002

ZTF20ablklei 59037.2+0.2
−0.1 12.31+0.103

−0.230 1.757+0.031
−0.026 0.008+0.000

−0.000 0.995+0.003
−0.018 4.997+0.001

−0.007 0.602+0.039
−0.043 0.026+0.000

−0.000
ZTF20abqferm 59060.5+0.2

−0.2 12.05+0.142
−0.049 1.718+0.063

−0.059 0.002+0.000
−0.000 0.995+0.004

−0.015 4.464+0.399
−0.994 0.258+0.057

−0.066 0.045+0.001
−0.001

ZTF20abupxie 59072.4+0.1
−0.0 12.01+0.045

−0.011 1.107+0.011
−0.013 0.008+0.000

−0.000 0.999+0.000
−0.001 4.994+0.004

−0.025 0.898+0.024
−0.019 0.015+0.000

−0.000
ZTF20abuqali 59063.1+0.5

−0.1 15.87+0.114
−0.717 1.109+0.313

−0.059 0.009+0.000
−0.002 0.993+0.005

−0.019 3.751+1.199
−0.079 1.012+0.083

−0.349 0.032+0.006
−0.001

ZTF20abwdaeo 59074.9+0.3
−0.3 13.15+0.151

−0.153 0.908+0.039
−0.035 0.004+0.000

−0.000 0.996+0.002
−0.010 4.950+0.045

−0.110 0.799+0.033
−0.056 0.020+0.000

−0.000
ZTF20abybeex 59085.2+0.6

−0.2 15.96+0.030
−0.949 0.616+0.414

−0.050 0.009+0.000
−0.000 0.500+0.006

−0.005 3.740+0.392
−0.301 0.711+0.062

−0.098 0.022+0.001
−0.000

ZTF20abywoaa 59086.2+0.2
−0.2 12.02+0.075

−0.022 1.987+0.011
−0.034 0.009+8.930

−0.000 0.997+0.002
−0.007 4.988+0.010

−0.036 0.466+0.109
−0.072 0.046+0.001

−0.001
ZTF20abywydb 59091.0+0.2

−0.2 12.00+0.022
−0.006 1.992+0.006

−0.021 0.009+2.381
−7.608 0.999+0.000

−0.001 3.750+0.023
−0.019 0.271+0.043

−0.041 0.054+0.001
−0.001

ZTF20abyylgi 59098.0+0.0
−0.0 13.44+0.033

−0.030 1.998+0.001
−0.005 0.007+0.000

−0.000 0.574+0.012
−0.011 4.999+0.000

−0.002 0.000+0.001
−0.000 0.020+0.000

−0.000
ZTF20abyzomt 59097.6+0.0

−0.0 12.00+0.017
−0.004 1.590+0.018

−0.018 0.007+0.000
−0.000 0.990+0.006

−0.006 4.997+0.002
−0.008 0.707+0.051

−0.053 0.021+0.000
−0.000

ZTF20abyzprl 59097.0+0.2
−0.2 14.16+0.127

−0.133 1.283+0.095
−0.077 0.004+0.000

−0.000 0.704+0.034
−0.038 4.942+0.051

−0.114 0.734+0.050
−0.085 0.024+0.000

−0.000
ZTF20abzoaas 59096.8+0.1

−0.2 12.00+0.005
−0.001 0.568+0.022

−0.025 0.009+4.823
−1.833 0.999+0.000

−0.000 3.750+0.002
−0.002 0.468+0.033

−0.033 0.022+0.000
−0.000

ZTF20abzxihn 59097.8+1.2
−0.6 12.03+0.112

−0.027 1.957+0.039
−0.191 0.009+8.233

−0.000 0.997+0.002
−0.007 3.746+0.054

−1.252 0.305+0.105
−0.112 0.090+0.008

−0.008
ZTF20accrldu 59108.6+0.1

−1.0 12.27+0.952
−0.250 1.710+0.065

−0.099 0.008+0.001
−0.001 0.969+0.019

−0.022 3.749+0.123
−0.215 0.725+0.081

−0.120 0.037+0.001
−0.001

ZTF20acectxy 59110.6+0.1
−0.1 12.02+0.069

−0.020 1.691+0.171
−0.166 0.009+0.000

−0.000 0.998+0.001
−0.006 4.990+0.009

−0.030 0.416+0.080
−0.069 0.044+0.002

−0.002
ZTF20acfdmex 59114.3+0.0

−0.0 12.85+0.074
−0.054 1.000+0.003

−0.001 0.002+2.242
−6.541 0.740+0.026

−0.026 3.749+0.004
−0.004 0.317+0.025

−0.022 0.021+0.000
−0.000

ZTF20acfkyll 59112.9+1.6
−0.1 13.83+0.138

−0.129 1.068+0.046
−0.340 0.009+0.000

−0.006 0.714+0.285
−0.035 3.739+0.020

−0.809 0.441+0.057
−0.085 0.018+0.000

−0.000
ZTF20acfkzcg 59115.4+0.0

−0.7 12.12+0.588
−0.120 0.937+0.061

−0.027 0.003+0.000
−0.000 0.500+0.013

−0.003 3.765+0.981
−0.022 0.414+0.036

−0.066 0.019+0.000
−0.000

ZTF20acfvgdp 59114.7+0.2
−0.3 12.01+0.060

−0.013 1.000+0.016
−0.015 0.001+0.004

−0.000 0.500+0.038
−0.024 3.143+0.709

−1.412 0.134+0.081
−0.060 0.030+0.000

−0.000
ZTF20acgided 59116.4+0.1

−0.0 13.10+0.065
−0.062 1.998+0.001

−0.004 0.008+0.000
−0.000 0.555+0.028

−0.023 4.997+0.002
−0.007 0.023+0.025

−0.010 0.021+0.000
−0.000

ZTF20acgnelh 59116.3+1.2
−1.0 13.60+1.369

−0.775 1.150+0.091
−0.103 0.005+0.003

−0.003 0.981+0.016
−0.127 4.496+0.462

−0.964 0.332+0.246
−0.163 0.034+0.002

−0.002
ZTF20acgoxns 59135.5+0.1

−0.0 12.03+3.583
−0.029 1.990+0.008

−0.092 0.002+0.000
−0.001 0.996+0.002

−0.611 3.774+1.100
−0.083 1.462+0.147

−1.348 0.020+0.017
−0.001

ZTF20achbejn 59119.6+0.4
−0.3 13.25+0.398

−0.462 1.137+0.053
−0.046 0.006+0.001

−0.001 0.988+0.010
−0.043 4.943+0.052

−0.347 0.806+0.074
−0.125 0.033+0.001

−0.001
ZTF20achuhlt 59114.3+0.3

−0.3 14.12+0.416
−0.160 1.984+0.014

−0.051 0.001+0.000
−0.000 0.706+0.128

−0.371 1.115+0.120
−0.068 0.002+0.009

−0.002 0.052+0.001
−0.001
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ZTF20acitoie 59127.8+0.8
−0.3 12.01+0.040

−0.009 1.052+0.033
−0.034 0.004+0.005

−0.001 0.556+0.070
−0.168 3.737+0.104

−1.280 0.645+0.123
−0.090 0.022+0.000

−0.000
ZTF20aciubfx 59124.4+0.5

−0.1 12.00+0.015
−0.005 1.997+0.002

−0.007 0.009+1.479
−5.398 0.999+0.000

−0.000 3.750+0.013
−0.013 1.148+0.044

−0.044 0.027+0.000
−0.000

ZTF20acknpig 59134.3+0.1
−0.2 12.74+0.289

−0.168 0.926+0.113
−0.044 0.002+0.000

−0.000 0.500+0.012
−0.009 3.749+0.025

−0.029 0.435+0.069
−0.062 0.023+0.000

−0.000
ZTF20acmaaan 59138.1+0.1

−0.1 12.04+0.127
−0.042 1.396+0.048

−0.048 0.001+0.000
−4.137 0.998+0.001

−0.005 3.751+0.081
−0.073 0.576+0.090

−0.073 0.027+0.000
−0.000

ZTF20acpevli 59150.8+0.9
−0.2 12.10+0.196

−0.089 1.063+0.055
−0.016 0.009+0.000

−0.004 0.933+0.052
−0.024 4.986+0.012

−0.047 0.883+0.040
−0.188 0.023+0.002

−0.000
ZTF20acpvbbh 59157.3+0.0

−0.0 12.00+0.002
−0.000 1.999+0.000

−0.002 0.009+3.896
−1.107 0.999+6.792

−0.000 3.750+0.002
−0.001 0.085+0.022

−0.017 0.033+0.000
−0.000

ZTF20acqexmr 59161.8+0.1
−0.1 12.03+0.109

−0.033 1.514+0.014
−0.013 0.001+0.000

−0.000 0.996+0.003
−0.012 3.785+0.578

−0.513 2.409+0.097
−0.100 0.011+0.000

−0.000
ZTF20acrinvz 59166.5+0.4

−0.4 12.80+0.447
−0.482 1.047+0.071

−0.058 0.000+0.000
−0.000 0.914+0.072

−0.328 3.507+0.750
−1.230 0.016+0.065

−0.015 0.041+0.001
−0.001

ZTF20actawpa 59169.1+0.0
−0.0 12.00+0.007

−0.002 1.926+0.012
−0.013 0.009+1.498

−5.775 0.999+0.000
−0.000 3.750+0.008

−0.007 0.349+0.015
−0.015 0.022+0.000

−0.000
ZTF20actnuls 59169.1+0.2

−0.3 12.40+0.383
−0.346 1.677+0.062

−0.040 0.009+0.000
−0.001 0.998+0.001

−0.004 3.810+1.094
−0.217 1.245+0.075

−0.074 0.026+0.001
−0.001

ZTF20actpavu 59169.3+1.1
−0.9 14.21+1.102

−1.537 1.068+0.863
−0.366 0.003+0.004

−0.001 0.922+0.063
−0.198 4.499+0.427

−1.059 0.651+0.185
−0.305 0.027+0.006

−0.003
ZTF20actquzl 59170.8+0.1

−0.1 12.01+0.036
−0.010 1.796+0.059

−0.057 0.009+5.665
−0.000 0.998+0.001

−0.004 4.991+0.008
−0.028 0.418+0.051

−0.043 0.033+0.000
−0.000

ZTF20acuhren 59175.8+0.4
−0.5 12.99+0.382

−0.338 0.880+0.161
−0.081 0.009+0.000

−0.004 0.423+0.092
−0.128 1.750+0.747

−0.276 0.929+0.075
−0.078 0.019+0.001

−0.000
ZTF20acvjagm 59176.2+0.0

−0.0 15.66+0.094
−0.095 1.064+0.012

−0.021 0.009+4.589
−0.000 0.999+0.000

−0.002 4.951+0.024
−0.036 0.343+0.019

−0.038 0.020+0.000
−0.000

ZTF20acxtdcm 59191.2+0.9
−0.6 13.45+0.489

−0.455 1.226+0.102
−0.081 0.007+0.001

−0.002 0.974+0.021
−0.036 4.940+0.054

−0.317 0.656+0.160
−0.201 0.040+0.002

−0.002
ZTF20acyqzeu 59195.8+0.0

−0.0 12.05+0.060
−0.045 1.228+0.012

−0.011 0.009+4.628
−1.626 0.999+0.000

−0.000 4.999+0.000
−0.001 0.867+0.013

−0.013 0.016+0.000
−0.000

ZTF21aaabwem 59201.6+0.9
−0.3 13.33+0.540

−1.124 1.964+0.032
−0.077 0.009+0.000

−0.001 0.995+0.004
−0.096 4.912+0.081

−0.291 0.674+0.133
−0.178 0.049+0.002

−0.002
ZTF21aabfwwl 59211.6+0.2

−0.4 13.64+0.184
−0.172 1.002+0.007

−0.002 0.000+0.000
−7.377 0.999+0.000

−0.001 4.992+0.006
−0.024 0.738+0.067

−0.110 0.026+0.000
−0.000

ZTF21aafepon 59223.5+0.0
−0.0 14.00+0.053

−0.037 1.262+0.587
−0.270 0.009+0.000

−0.000 0.499+0.003
−0.003 3.750+0.013

−0.015 1.483+0.046
−0.043 0.009+0.000

−0.000
ZTF21aafkktu 59225.9+0.2

−0.2 13.15+0.322
−0.308 1.083+0.031

−0.033 0.003+0.000
−0.000 0.995+0.003

−0.011 4.675+0.211
−0.423 0.011+0.043

−0.010 0.037+0.000
−0.000

ZTF21aafkwtk 59225.5+0.1
−2.0 12.81+3.101

−0.252 1.363+0.037
−0.286 0.002+0.000

−0.000 0.999+0.000
−0.008 3.779+1.198

−0.101 0.592+0.281
−0.100 0.028+0.000

−0.002
ZTF21aagbeah 59225.8+0.1

−0.0 12.07+0.193
−0.067 1.989+0.009

−0.031 0.009+0.000
−0.000 0.997+0.002

−0.008 2.498+0.133
−0.130 0.089+0.093

−0.051 0.058+0.002
−0.002

ZTF21aagnzjy 59230.7+0.3
−0.4 12.00+0.017

−0.004 1.502+0.010
−0.020 0.004+0.001

−0.000 0.876+0.028
−0.043 4.122+0.299

−0.585 1.058+0.046
−0.029 0.013+0.000

−0.000
ZTF21aagsysd 59233.0+0.1

−0.1 12.00+0.008
−0.002 1.999+0.000

−0.001 0.009+5.476
−2.267 0.999+0.000

−0.000 3.750+0.002
−0.002 1.052+0.031

−0.029 0.023+0.000
−0.000

ZTF21aagtekf 59237.1+1.1
−2.4 12.01+0.054

−0.016 1.991+0.008
−0.027 0.009+0.000

−0.000 0.791+0.068
−0.064 4.985+0.013

−0.054 0.023+0.093
−0.018 0.068+0.001

−0.002
ZTF21aaiaeri 59245.2+0.4

−0.1 12.01+0.052
−0.012 1.995+0.004

−0.015 0.008+0.000
−0.000 0.999+0.000

−0.003 3.734+0.122
−1.153 0.407+0.088

−0.078 0.047+0.001
−0.001

ZTF21aaiaqhh 59246.4+0.0
−0.0 12.00+0.002

−0.000 1.999+0.000
−0.001 0.009+3.539

−1.055 0.999+3.372
−0.000 3.750+0.002

−0.001 0.040+0.019
−0.022 0.031+0.000

−0.000
ZTF21aapdulz 59275.3+0.2

−0.2 12.06+0.170
−0.059 0.513+0.033

−0.012 0.009+8.187
−0.000 0.998+0.001

−0.004 2.470+0.106
−0.765 0.922+0.051

−0.054 0.023+0.000
−0.000

ZTF21aapegtd 59276.8+0.6
−0.1 12.00+0.019

−0.005 1.994+0.004
−0.019 0.009+3.177

−0.000 0.999+0.000
−0.001 3.746+0.031

−1.255 0.456+0.079
−0.096 0.040+0.001

−0.001
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4.2 Sample distribution

The inferred values, shown in Table 4.1, are the ones we associate with each object in order
to study the distribution of physical parameters for the whole sample of 186 SNe II. These
distributions are shown in Fig. 4.2. Table 4.2 contains a summary of the sample distribution
of parameters from Fib. 4.2. Here we report the mean, standard deviation, median, percentile
5 (P5), and percentile 95 (P95) of the distributions.

Table 4.2: Sample parameters distributions summary

Parameter Mean Sigma Median P5 P95

Mass [M�] 12.94 1.14 12.39 12.001 15.56
Energy [foe] 1.44 0.45 1.47 0.69 1.99
Mass loss rate [M� year−1] 0.0068 0.0033 0.008 0.0007 0.0099
rCSM [1015 cm] 0.87 0.17 0.98 0.50 0.99
β 4.18 0.83 4.15 2.50 4.99
AV [mag] 0.55 0.40 0.50 0.003 1.23

We used a Bayesian approach to found the value of the exponent (α) of a power-law
distribution for our mass distribution. We ran MCMC using one mass value sampled from
the mass posterior for every SNe to consider the error of the mass. We took the median of
this posterior as the value of α. We repeated this process 100 times with a different mass
sampled from the posterior of the SNe in order to obtain confidence interval of α.We found
that the mass distribution for our whole sample follows a power-law distribution with α =
11.65 +0.37

−0.32 (see fig. 4.4) steeper than the value found in [44] and steeper than the Salpeter
IMF [61] where α =2.35. Our results also show that the models that best fit the data have
high mass loss rates, high rCSM values, and values of β > 2. A double peak shape in the
distributions of energy (near 1 and 2 foe) and β are observed.

In Fig. 4.3 we present a pair-plot for the fitted physical parameters, where there are
no clear visual correlations between any of pair of parameters any pair-plot parameters,
aside from AV and redshift. We confirmed this by calculating the Pearson correlation
coefficient (PCC) to look for the correlation between parameters. To have robust results we
do bootstrapping, we calculated the PCC for samples with replacement 100 times to obtain a
distribution of PCC for every combination of parameters. In Fig. 4.5 we display a correlation
matrix where the reported values correspond to the median of the PCC distribution and the
subscript and superscript to the distances to the percentiles 2.5 and 97.5 respectively.

The redshift and the attenuation affect the peak of the SN, but AV also affects the color
of the SN, this can be seen in the LC as the separation between different filters, so adding
different filters would help constrain the value of AV and therefore obtain a better estimation
of redshift.
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Figure 4.2: Parameters distributions histograms for the whole sample of 186 SNe II. a) Mass
distribution, y axis in log scale. b) Energy distribution. c) Mass loss rates distribution log
scale binning. d) Attenuation AV distribution. e)Radii of the CSM distribution. f) β from
eq. 1.7 distribution.

4.3 Inferred redshift vs host redshift

Our method can leave the redshift as a variable or fix it if we know the value. In our case,
we leave it as a variable in order to compare it with cases where we have information about
the redshift.

Different surveys have measured the redshift of galaxies. We can use information from
these catalogs to compare the redshifts of SN host galaxies with our inferred values of redshift
(the median of the posterior distribution, hereafter LCz). We will use data from Sloan Digital
Sky Survey data release 16 [1], NASA/IPAC Extragalactic Database 1, and SIMBAD [76] to

1The NASA/IPAC Extragalactic Database (NED) is funded by the National Aeronautics and Space
Administration and operated by the California Institute of Technology.
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Figure 4.3: Pair-plot of the physical parameters distributions. From left to right (and for
top to bottom): Redshift, attenuation (AV ), mass [M�], energy [foe], radius CSM [1015 cm],
β velocity law value (from eq 1.7), and mass loss rate (Ṁ) [M� yr−1] in log scale.

obtain the redshifts of host galaxies.

To implement this, we visually associated a galaxy as the host galaxy of every SNe in our
sample (see Appendix 6), and obtain the best available redshift measurement (spectroscopic
if available, photometric otherwise). The spectroscopic redshifts (red circles in Figure 4.6)
were obtained for 98 SNe from our sample, while photometric redshifts (blue squares in Figure
4.6), hereafter photoz, were obtained for 64 SNe in our sample. The other 24 SNe from our
sample could not be associated with a host or the host did not have a redshift available. We
found that LCz is comparable with the host spectroscopic redshift as in Figure 4.6 red circles
are gathered around the identity line (y = x), and the root-mean square error (RMSE) for
only spectroscopic redshift is RMSE = 0.0081, but when comparing LCz to photoz we found
that RMSE = 0.1261 .

When comparing the relation between LCz and photoz in Figure 4.6, we see a large
scatter around the identity line. To test if this poor correlation is related to our data or
due to the low accuracy of photoz, we compare both inferred redshifts, photoz and LCz, to
spectroscopic redshifts. To do this we look for the cases in the sample of 98 SNe whose host
have a spectroscopic redshift (red circles from Fig. 4.6) that also have a photoz for that host
(72 out of the 98 SNe).
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Figure 4.4: Mass IMF power-law exponent estimation for our sample. Left panel: The
posterior distribution of α. The median value is reported next to a continuous vertical
line, the 16 and 84 percentiles are reported next to dashed vertical lines, and the 5 and 95
percentiles are reported next to dotted vertical lines. Right panel: Cumulative distribution
function (CDF) of our mass distribution and CDF of a power law distribution with an
exponent equal to the median value reported on the left panel. The orange surface and
yellow surface represents the 1 σ and 2 σ error respectively

For the sample of 72 SNe whose host have spectroscopic redshift and photoz measurements
available, we check how LCz (black circles) and photoz (orange triangles) compare to spectroscopic
redshift in Figure 4.7. We found that the RMSE when comparing LCz to spectroscopic
redshift is 0.0088, and the RMSE when comparing photoz to spectroscopic redshift is 0.1567.
Also, we found that in 50 of the 72 cases, LCz was closer to the spectroscopic redshift value
than photoz.
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Figure 4.5: Correlation matrix between the physical parameters. In the upper triangle, the
reported number correspond to the mean of the Pearson correlation coefficient (PCC) and
the subscript and superscript to the distance to the percentiles 2.5 and 97.5 respectively. In
the lower triangle the correlation coefficients are colour-coded. From left to right (and for
top to bottom): Redshift, attenuation, mass, energy, radius CSM, β velocity law value (from
eq 1.7), and mass loss rate.
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Figure 4.6: Relation between LCz and Host z, the error is reported as error bars when
available. Red circles are host galaxies whose best redshift available was spectroscopically
measured, while blue squares are host galaxies that best redshift available was photoz. RMSE
for LCz compared to spectroscopic redshift and photoz is reported at the bottom right corner.
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Figure 4.7: Relation between inferred redshift (LCz and photoz) with spectroscopic host
redshift. Black circles correspond to LCz, while orange triangles correspond to photoz. Error
bars correspond to the errors (when reported) for spectroscopic z and photoz, and for LCz
correspond to the lower and upper limits (percentiles 5 and 95 respectively). Root-mean
square error for LCz and photoz compared to spectroscopic redshift is reported at the top
left corner.

40



Chapter 5

Analysis

In the previous chapter, we successfully inferred physical parameters for a sample of 186 type
II SNe, i.e., the mass of the progenitor, energy of the explosion, mass loss rate, attenuation,
radius of the CSM, and the β value of the wind beta velocity law in eq. 1.7. In this chapter,
we will discuss the significance of our results, how they compare to similar works, and the
relevance of our work in the context of future optical surveys, namely, LSST.

We will start by analyzing the sample distributions. In fig. 4.2 we found that the mass
distribution follows a power-law shape, this behavior is in accordance with the literature for
stars with mass > 1 M� [61, 15]. Our results also show that the models with a dense CSM
near the surface of the progenitor star are the ones that best represent our sample, i.e. the
ones with high CSM radius, high mass loss rate, and high β value. The double peak shape
on the distributions of energy (near 1 and 2 foe) and β (near 3.75 and 5), may be an artifact
created by interpolating near the values of the models.

Despite our results being in accordance with what would be expected (the mass distribution
follows a power-law and a dense CSM is preferred), we would like to validate our results
somehow. We will discuss this in the next section.

5.1 Validating our results

As a validation method, we look to compare our results with independent measurements
of any of the parameters inferred. Most of the parameters are impossible to know without
having information about the progenitor, so one option is to compare our results with similar
studies in the literature.

So, we search for similar analyses. For example, in [62] they study a sample of SN Ia
from the ZTF Bright Transient Survey (BTS) catalog and estimate the attenuation values of
their sample. Although SN Ia and SN II are different objects with different evaluations, we
compare their results to ours as a sanity check. It is possible to see a similar trend in both
works where the distribution peaks around AV ∼ 0.5 as seen in Fig 5.1, although SN Ia have
largest attenuation overall.
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Figure 5.1: Side to side comparison of the distribution of attenuation of AV from this work
(Left panel), where AV prior is scaled and shown as a red line, with the one from [62] (Right
panel).

[44] inferred SNe II physical parameters from bolometric LCs using hydrodynamical
models, and studied the correlation between physical and observed parameters from a sample
of SNe II from the Carnegie Supernova Project-I. In their work, they found a weak correlation
between explosion energy and ZAMS mass of the progenitor star that differs from the weak
(or negligible) negative correlation we found for these two parameters. They found that the
inferred masses from their sample followed a power-law with exponential α = 4.07+0.29

−0.29 for
their whole sample, and α = 6.35+0.57

−0.52 for their gold sample. Both values are steeper than
the Salpeter IMF. This was called the IMF incompatibility by [44]. They concluded that
this incompatibility is due to the lack of understanding of some physical ingredients and
not related to the completeness of their sample. We found a value of α = 11.65+0.37

−0.32 (see
fig. 4.4) steeper than the values found in [44]. Our estimation of the value of α could be
overestimated by our limited parameter space. Our mass parameter space goes from 12 M�
to 16 M� in contrast with [44] that goes from 9 M� to 25 M�. In fig. 4.4 it is possible to see
how our limited parameter space affects our estimation of α as most of our masses are stacked
near 12M�. To avoid this issue we repeat the analysis but with the SNe in our sample with
inferred masses greater than 12.1M�. We obtained a value of α = 4.13+0.38

−0.39 (see fig. 5.2)
comparable with the result of [44] for their sample. [44] called this the IMF incompability.

Also, [44] used information about the photosphere velocity to avoid degeneracy in the
parameter estimation, i.e that two different models produce the same bolometric LC. The
implementation of this is out of the scope of this work, given that we are working in the
context of LSST where most of the SNe discovered are not going to be spectroscopically
follow-up.

Recent work by [68] used wind-enhanced models from [50], similar to our work, to infer
physical parameters from a sample of 45 SNe using ZTF alerts but they included 56Ni mass as
a parameter of the model and did not infer the redshift. They also explored a bigger parameter
space for energy and mass loss rate. They focused on the effect of using hydrodynamical
modeling with different stages of completeness of the LC to forecasts and guide follow-up
observations. In their work they find β values around 3 and mass loss rates between 10−4
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Figure 5.2: Same as fig. 4.4 but for SNe with inferred masses ≥ 12.1M�

M� yr−1 - 10−2 M� yr−1 consistent with our results. As well as our results, they did not find
a significant correlation among the inferred parameters. A comparison between their results,
[44] results, and ours is shown in fig. 5.3 where we compare a parameter combination of
energy with mass, AV , and mass loss rate, and mass with β, AV , and mass loss rate. It is
possible to see that our mass parameter space is smaller than [44] and [68]. Also, our energy
and mass loss rate parameter space is smaller that [68].

19 SNe in our sample were also studied by [68]. The comparison of our inferred parameters
with the inferred by [68] is shown in fig. 5.4. Given that in [68] work they did not infer the
redshift of the SNe the previous comparison could be affected by it. Therefore, we inferred
the parameters of the 19 SNe in both samples with fixed redshift. Fig. 5.5 shows our results
fixing z compared with the results of [68].

Overall we found similar trends between our work [44], and [68]. A preference for lower
mass stars and dense CSM models. Although figures 5.4 and 5.5 do not show that our results
and [68] are the same for the overlapping SNe, they show similar trends for most of the
overlapping sample.

We believe that the disagreement in the values is due to the difference in the grid of models
and the difference in the data used. A combination of higher energy and lower mass produces
fast-rising LCs. [68] has a larger energy space to explore. Therefore, some of their SNe can
have similar rise times to ours having larger masses with higher energies. We previously
mentioned that the double peak shape found in our energy and β distributions could be an
artifact due to the values of our models. We found that [68] has the same problem with
values of β close to 3 (see fig. 5.3), this can affect the others parameters and thus cause
the difference in figures 5.4 and 5.5. Finally, [68] used only ZTF alerts data, limiting the
information they had previous to the explosion and having a lower cadence than our work.
Therefore, the accuracy of the inferred parameters by [68] is lower than ours.
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Figure 5.3: Combination of parameters comparison of our resuts (blue circles), [68]
results(orange circles), and [44] results (green circles). Top panel: Energy plotted against
ZAMS mass, attenuation (AV ), and mass loss rate. Bottom panel: ZAMS mass plotted
against beta parameter from the velocity law, attenuation (AV ), and mass loss rate.

5.2 Our method as a distance indicator

The only parameter we can compare with independent measurements is the redshift if we
know it for the SN host galaxy. We can compare our LCz, given that we left the redshift of
the SN as a variable, with the host galaxy redshift, and if there is agreement it means our
method is correctly inferring this parameter. We do this in Fig. 4.6, where we compare LCz
with the redshift of the SN host galaxy, finding a good agreement between our results and
the spectroscopic redshift. Therefore our method is correctly estimating the redshift. On
the other hand, the agreement with photoz is not as good. We could confirm that this is an
issue related to the accuracy of photoz, as in Fig. 4.7 we showed that the RMSE of photoz
compared with spectroscopic redshift is 3 orders of magnitude higher than LCz compare with
spectroscopic redshift.

This last result is particularly interesting because it can allow us to use our obtained
redshift for type II SNe using only their LCs and without using the standard candle method
(SCM). Using type II SNe as distance indicators is something that previous works have tried
with different methods (see [38, 33, 58, 59, 18]) but none of them using hydrodynamical
models. The advantages of our method over the others are that it requires only the LCs of a
SN from any telescope; and it does not need the bolometric LC, spectroscopic information,
or some standardization. The disadvantages will be reviewed as part of the next section,
where we will discuss the limitations of our method.
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Figure 5.4: Comparison of the inferred parameters for the 19 SNe in both our and [68] sample.
The top panel, from left to right, corresponds to mass, attenuation, and wind acceleration
parameter β. The bottom panel corresponds to the energy of the explosion and mass loss
rate

5.3 Limitations of our method

One of the limitations that our method currently has is that the models we are using can
only explore a limited region of the parameter space (see Table 1.1). For example, we do
not have information about SNe whose progenitor stars were less massive than 12 M�. Also,
there may be other physical parameters that we are not considering in this work that could
affect the LC of a SN, for example, the nickel-56 mass. Therefore, we need more models to
be able to relate all possible RSGs progenitors to SNe LCs and thus have a more complete
study of SNe II progenitors.

Another limitation is that we need SNe that are well observed during the rise and in the
peak of the LC. If we do not have information that can constrain the explosion time of the
SN, our results are going to be extremely inaccurate. This is why we discarded 70 SNe from
our sample of 256 confirmed type II SNe. Also, any gap in the LC could mean a bimodality
in some parameters or inaccurate results as shown in Fig. 5.6, where the lack of data points
between MJD 58920 - 59050 in the LC of SN 2020aer produces wider distributions, i.e. less
precise results, in the posterior.

The last limitation we found is that our method uses a large amount of memory. We
are using the large partition from the National Laboratory for High Performance Computing
(NLHPC, URL: https://www.nlhpc.cl/) where we need to allocate 5 Giga Bytes of memory
to be able to run the code for one SN. This is because we preload the synthetic LCs when
we ran our code. So before being able to use more models, we need to optimize the use of
memory, otherwise, the memory we will need could exceed what we have available.
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Figure 5.5: Same as fig 5.4 bur we fixed z for our sample

5.4 Implementation on LSST

As stated previously, the amount of data and SNe LSST will discover is going to be an
order of magnitude larger than what we are experiencing nowadays, so it is necessary to be
prepared for this challenge. Looking forward to LSST, our method can be easily adapted to
be used in LSST data, but we still need to improve it and try to fix the limitations discussed
in the previous section.

Our method was capable of inferring physical parameters of a sample of 186 SNe in less
than 12 hours. Hence we believe that our method will be able to infer parameters of a big
sample of LSST in batches as it gathers data with time. In the meantime, we are still working
on optimizing our method, not only to be faster but to use fewer computational resources,
especially given that we want to test it with more models to explore a larger parameter space.

The main issue we see in our method being used in LSST data is the cadence of LSST.
Although the LSST cadence/observation strategy is still not defined, the cadence is going to
be worst than ZTF. From our experience during this thesis, the ZTF cadence in some cases
was enough so our method could correctly infer the physical parameters from a LC using only
ZTF data, but in some other cases it was not and ATLAS data was necessary. Otherwise,
we could have bimodality or incorrect posterior distributions. Therefore, we believe that it
will be necessary to complement LSST data with data from other sources such as another
survey or follow-up data on the object. The latter case seems like the more difficult of the
two. This is why in this thesis we work with data from two surveys to explore the first case.
Looking at the advantages of LSST, besides the amount of SNe it will discover, it is going
to observe in 6 filters, which will allow our method to constrain better the value of AV and
thus a better redshift estimation. Another issue we could face with LSST is that the method
of [44] could not break the degeneracy using spectra information, this is something we need
to explore in future works if spectra information could be useful given the LSST cadence.
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Figure 5.6: Same as 4.1, but for SN 2020aer/ZTF20aagjpmt

It is necessary to test how accurate our method would be using only LSST data, therefore
simulations are necessary. Implementing our method on the PLAsTiCC data set [70] or other
simulations will be the next step.

Finally, the fact that our method is able to infer the redshift better than photoz is
promising. Given that a considerable amount of SNe will have a host galaxy whose redshift
has not been measured, it will also allow photometric redshift campaigns to have an independent
redshift to compare with.
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Chapter 6

Conclusions

We have developed a method that can be used in data from any telescope to infer physical
parameters of SNe type II using the models from [49], which is ∼ 6 times faster than [24]. The
method was applied to a sample of 186 SNe in less than 12 hours. We studied the distribution
of physical parameters and found that the dense CSM models are the ones that best represent
SNe type II. We found a low negative correlation between redshift and attenuation, while
other parameters did not show a negligible correlation [53] as seen in the correlation matrix
in Fig. 4.5. We found a that the mass distribution follows a steeper power-law than Salpeter,
in agreement with [44].

As a byproduct, we developed a guideline to clean forced photometry data from the ZTF
and ATLAS forced photometry services for transient object LCs.

We compare our light curve inferred redshif (LCz) with the host galaxy redshifts for those
SNe where this was available and found that our method is capable of correctly estimating the
redshift for a SNe with better accuracy than photometric redshift. Considering the amount
of data that LSST will produce, we can use our method to estimate the redshift of SNe II
based on the LCs. However, to implement this we need a sample of SNe II that are classified
with high confidence.

Most SNe discovered by LSST will not have spectroscopic classification. Therefore to
use our method with SNe with no spectral information, photometric classification will be
necessary (e.g. [24], [23, 69]). Also, given the cadence of LSST, data from other telescopes
may be necessary to complement the LCs and reduce the uncertainty in the posteriors.

Our method uses a large amount of memory when running. Therefore, optimization is
needed. A possible solution for this problem could be to implement a different package
than emcee to estimate Bayesian posteriors, e.g. dynesty [67]. Another option could be to
implement our method in a faster programming language. Lastly, looking for another way of
representing the synthetic LCs could save memory which is our main issue.

Our method is flexible, so it can be used in other models, as long as we have time series
spectra. We look forward to testing it with different models, or with more enhanced wind
scenario models so we can explore a bigger parameter space. Also, more models could produce
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a thinner model grid that will allow for more accurate interpolation.

The code used in this work is publicly available in https://github.com/fforster/

surveysim/tree/dev-javier .
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C. Sepúlveda-Cobo, and E. Camacho-Iñiguez. Alert Classification for the ALeRCE
Broker System: The Light Curve Classifier. , 161(3):141, March 2021.

[70] The PLAsTiCC team, Jr. Allam, Tarek, Anita Bahmanyar, Rahul Biswas, Mi Dai,
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Host association

Host association was done using a modify version for the code available in the following
repository https://github.com/alercebroker/TNS_upload.

To determine the host galaxy we do a visual inspection using ipyaladin [13]. The process
to associate each SNe to a host is as follows: First, we load a Pan-STARRS-DR1 image as seen
in the left panels of Figure 1, where every color square is a source in NED, SIMBAD, or SDSS
catalogs. We can hover the cursor over the different squares to look for information about
the source, such as the name of the source, the survey, the redshift of the object (if available),
the kind of redshift (spectroscopic or photometric), etc. We visually associate a SN to its
host galaxy, if multiple sources (squares in Figure 1) are in the core of the host, we select the
one with the best redshift available (spectroscopic over photometric), and if possible the best
available that report errors. We select the source by clicking on the corresponding square and
saving the following information about the hos: Name, right ascension, declination’, offset,
source, redshift spec (True if redshift is spectroscopic, False otherwise), redshift, redshift
error, redshift type.
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Figure 1: Left panels: Images of Pan-STARRS with a field of view (FOV) of 1.5’ centered
in the SN location. The upper panel corresponds to ZTF19acftfav and the lower panel
corresponds to ZTF19acbvisk. Right panels: Same as left panels but zoom in on the core of
the host galaxy. Multiple squares in the images correspond to data from different surveys
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