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Abstract 
 

The astounding discovery of a universe expanding with positive acceleration, has called for the 

existence of a hypothetical new constitute of the universe tagged as dark energy. Even though the 

positive acceleration of the cosmos has been confirmed, questions regarding the nature of this 

new constitute remain unanswered. The first signatures of this sensational discovery were 

initially revealed by the Hubble diagram constructed by a sample of Type Ia supernovae with 

redshifts predominantly smaller than 1  ( z < 1). However in order to comprehend the features of 

dark energy information regarding the behavior of the Hubble curve at redshifts lower than 0.1 

and higher than 1 are needed. Type Ia supernovae with a redshift lower than 0.1 (z<0.1) are 

relatively observed less in compare to supernovae with redshift 0.1< z < 1. In order to understand 

the nature of dark energy different surveys have been constructing the Hubble diagram for Type 

Ia’s with z<0.1. Members of Yale’s La Silla-Quest Survey (LSQ) has been actively involved in 

discovering and constructing photometric light curves from a large sample of low redshift Type 

Ia supernovae (z<0.1). The supernovae of this sample were initially discovered through 

exploiting the 10 square degree QUEST camera installed on the ESO Schmidt telescope located 

at the La Silla Observatory Chile. In order to generate photometric light curves the Carnegie 

Supernova Project II (CSP) and the Las Cumbres Observatory Global Telescope Network 

(LCOGT) continuously observed these objects and produced a precious data set for 46 Type Ia 

supernovae. In this thesis I go through the methods and analyses that resulted in the construction 

of light curves for LSQ’s sample of Type Ia supernovae. I also discuss using the SALT 2.4 

supernova light curve fitter for analyzing the photometric data and building the Hubble diagram 

for our sample. The results of SALT 2.4 analysis gives us an intrinsic spread of 14 %, an 

absolute B band magnitude of -19.086, a stretch coefficient of 0.114, and a color correction of 

2.436, which are consistent with other photometric supernovae samples. 
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Introduction 

 

1.1 Background  

Understanding of the cosmos has been transformed by a striking discovery revealing a universe 

flying apart at all directions at an ever-increasing rate. Since a universe solely consisting of 

normal matter was predicted to decelerate [18] the counterintuitive discovery of a universe 

expanding with a positive acceleration [28] is of significant importance to cosmology and 

physics. Other than the Hubble diagram constructed by small sample of low and high redshift 

Type Ia supernovae, which verifies this discovery [32; 28], several other surveys such as Hubble 

diagrams constructed from larger samples of supernovae [13], the Chandra mission’s X-ray data, 

and the influence of dark energy at varying distances in relation to galaxy clusters [2] and 

determining the integrated Sachs-Wolfe effect [15] provide solid evidence for an accelerating 

expansion of the cosmos.   

Confirming the positive acceleration of the universe may be due to either the failure of general 

relativity in large scales or may introduce dark energy as a new hypothetical component [18], 

which some models describe as Einstein’s cosmological constant and some others consider as a 

new scalar field. According to general relativity and the measured acceleration of the universe, 

this strange element accounts for 72 % of the universe’s mass-energy, while dark matter (27%) 

and visible matter (1%) as we know them, compose the remaining 28 % of the cosmos’s mass-

energy [3]. 

Dark energy, which exerts negative pressure and repulsive gravity, possesses very strange 

characteristics which cannot be explained with current knowledge of physics [3]. Therefore 

understanding the nature of this mysterious constitute of the universe, commonly referred as dark 

energy, is one of the most important objectives for physicists.  

In order to improve our knowledge of dark energy, theoretical and experimental research is 

required. From the theoretical standpoint understanding the scale factor which describes 

distances within the universe at given times and the time dependence of the growth of the 

structure in the cosmos is of crucial importance. Therefore the Friedman equation, which 

describes the evolution of the scale factor and the parameters that enter into this equation, should 

be carefully studied. The theoretical aspects of such research from the standpoint of general 

relativity will be explained in some details in section 1.3. 

Measuring the current Hubble constant and other parameters which buildup the Friedman 

equation could shed light on the fate of the universe. By determining these parameters one would 

be able to anticipate the expansion pattern of the universe, for instance the results could foretell 

whether the universe will experience an ever accelerating expansion or it will re-collapse on 

itself (figure 1.1) 
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Figure 1.1: The Hubble diagram and the fate of the universe, different values for parameters which buildup the 

Friedman equation could contribute to one of the four expansion patterns for the size of the universe in course of 

time [44]. 

To determine the current Hubble constant and other parameters which buildup the Friedman 

equation and provide information about the growth of the structure factor, four important 

methods are used by astrophysicist and astronomers: 1-Type Ia supernovae, 2-Baryon acoustic 

oscillations, 3-Weak lensing, and 4-The distortions of redshift space and using galaxy clusters as 

dark energy probes. 

 The two former methods provide information about the growth of space, while the two later 

ones provide information about the growth of structure. All four methods complement each other 

and the results obtained from them can be used to examine the validation of general relativity at 

large scales [3]. 

Supernovae explosions can provide valuable data from significant distances in the cosmos; 

however, not all supernovae can be used in surveys related to dark energy. Supernovae 

explosions are mostly due to the unbalanced gravitational pressure of a giant star which has run 

out of fuel. Once the nuclear fuel of a giant star finishes, the pressure coming from hydrogen 

fusion no longer exists and as a result the star’s gravitational pressure dominates. This 

gravitational dominance will result in the collapse and eventual explosion of the star. 
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Mass and other properties of giant stars will give different luminosity and brightness to these 

explosions known as supernova, therefore they cannot be used as standard candles or distance 

indicators. However Type Ia supernovae have a different process. Since a burned out star should 

have a mass equal to or larger than 1.4 of sun’s mass (the Chandrashekar limit)  to turn into a 

supernova, lighter stars  which are in binary systems  sometimes combine with their neighbor 

and accrue sufficient solar mass to turn into a supernova. These binary systems which are usually 

composed of carbon-oxygen white dwarfs [34] reach the 1.4 solar mass, and eventually 

experience the violent explosion known as supernova 

Because of having similar masses, Type Ia supernovae almost have a uniform peak luminosity 

with an approximate absolute magnitude of M=-19.3 [34], therefore they are commonly referred 

as standard candles [30; 27]. The type of these supernovae can be identified by spectroscopy and 

a determination of their compositional elements. 

Comparing the intrinsic luminosity of Type Ia supernovae to their observed luminosity provides 

a good estimate of supernovae distances. From the speed of light and the obtained distance it is 

possible to estimate how long ago supernovae exploded.  Once the scale factor of supernovae is 

derived from their redshift, the plot of scale factor versus the time of the explosion will provide 

information about the expansion history of the universe [16]. 

The brightness of Type Ia supernovae typically increases 20 days after its explosion and then 

declines for another 40 days after reaching its peak. The plot of a supernovae’s brightness versus 

time, referred as its light curve, facilitates comparisons between the width of each supernova’s 

light curve and the width of a typical Ia supernova. This comparison provides the stretch factor 

which is important for measuring the real corrected magnitude of a supernova (not to be 

confused with intrinsic luminosity).  

Plotting the apparent magnitude for a sample of supernovae versus redshift is known as the 

Hubble diagram. The Hubble curve, which is the best fitted curve to the plotted data, estimates 

the values of cosmological parameters needed to better understand the nature of dark energy. 

However, in order to construct a reliable Hubble diagram estimating precise cosmological 

parameters a broad combination of Ia supernovae ranging from low-redshift to high-redshift 

supernovae is needed. 

After the stunning discovery of a universe expanding with positive acceleration, many surveys 

have gathered a relatively large sample of Ia supernovae in the redshift range (z) of  0.1 < z < 1. 

Surveys such as SDSS-II [11], SNLS [9] and ESSENCE [41] are important examples. However 

the current available sample of Ia supernovae with redshifts lower than 0.1 is poor. According to 

Betoule et al., (2014) there are only 128 Ia supernovae with redshifts lower than 0.1 (z<0.1) that 

have the qualities required to be used in a Hubble diagram. Therefore a larger data set of low-

redshift supernovae is needed. 
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Gathering a sample of low redshift supernovae is important from two points of view 

1- Having a large sample of Type Ia supernovae comparable to the sample of high redshift 

supernovae will not only complement the high redshift sample but will lower the error of  

measured cosmological parameters by a factor of two [4] 

2- Larger and better-studied samples of nearby Ia supernovae will provide a more 

comprehensive and complete understanding of the commonly known distance indicators. 

This should help cosmologists find new characteristics of Type Ia supernovae and create 

a sub-group of Ia supernovae on the basis of shared features. This will not only lower the 

spread for supernovae’s’ intrinsic magnitudes but it will lead to more accurate 

measurements [4] 

 

Fortunately, in order to complement the large sample of high-redshift supernovae a good number 

of surveys collect data on supernovae with a redshift lower than 0.1 (z<0.1). Sky Mapper [19], 

PTF [23], CSP II [31], SNfactory [1], and LaSilla/Quest,LSQ [4] are examples of nearby 

supernovae surveys. These samples complement previously existing high-redshift samples and 

other forthcoming surveys that aim to study high redshift supernovae. DES [6], LSST [22], and 

the proposed space mission of WFIRST are some of the important examples of future high-

redshift surveys.  

This thesis is the combined efforts of Yale’s La Silla Quest (LSQ) group, Carnegie Supernova 

Project II (CSP II), and Las Cumbres Observatory Global Telescope (LCOGT) Network to build 

a Hubble diagram of a sample of 40 Type Ia supernovae with redshift factors lower than 0.08 (z 

< 0.08). With this thesis I aim to contribute to the prospect of building a large sample of low 

redshift Type Ia supernovae so that future studies can complete the Hubble diagram for a wider 

redshift range. A Hubble diagram that covers a wide range of redshifts should offer prominent 

information about the nature of dark energy. Since the currently available sample of low redshift 

supernovae accessible to cosmologists is insufficient, constructing a larger sample of low 

redshift Type Ia supernovae will enhance information and understanding about the nature of dark 

energy. The thesis starts by describing instruments and software and explaining the process of 

discovering new low-redshift supernovae by exploiting the 1 m European Southern Observatory 

(ESO) Schmidt telescope and the 160-megapixel, 10 square degree Quest camera [5]. After 

describing the datasets I continue by explaining the methods implied for data analysis. Finally by 

benefiting from the sample’s light curves I construct the Hubble diagram and provide results and 

discussions derived from the survey. 
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1.2 Literature Review  

This section briefly reviews low redshift supernovae surveys and other important research 

literature. In this section I point out the research efforts for studying low redshift supernovae and 

constructing their light curves for the purpose of better understanding their cosmological 

parameters.  

 

- The acceleration universe and dark energy. International Journal of Modern 

Physics D Vol. 23, No. 6 (2014) 1430012, DOI: 10.1142/S0218271814300122, 

Author(s) : Charles Baltay 

This is a review paper exploiting general relativity to explain the cosmological principles that 

justify an expanding universe. It describes dark energy by nature and besides assessing the 

numerous experiments done on dark energy it defines the current methods and analyses used to 

study the accelerating expansion of the universe. It also discusses the current understanding of 

cosmological parameters and future programs that plan to provide more accurate estimates of 

these parameters as well as programs that boost understanding of dark energy. The paper 

portrays the possible outcomes of current and future research on the accelerating expansion of 

the universe. It postulates that the results of such research will either lead to reformulation of 

general relativity or shed light on the force behind the accelerating expansion of the universe, 

known as dark energy 

 

- First results from the La Silla-Quest supernova survey and the Carnegie supernova 

project submitted to the Astrophysical Journal Supplements (ApJs98130) 

Author(s): Emma Walker et all. 

This paper illustrates efforts to discover and obtain photometric light curves for a large sample of 

low redshift Type Ia supernovae. After generally describing the survey it reviews the methods 

and the data analysis needed to construct light curves for supernovae and then by inserting the 

desired parameters obtained from the light curves into SALT2.4 it builds up the Hubble diagram 

for its sample of supernovae. The obtained Hubble diagram returns a measurement error of 4.2 % 

and an intrinsic spread of 14 %. The procedure described in this paper is very similar to the 

procedure of this thesis. Its only difference is that it uses a smaller sample of supernovae 

 

- Initial lightcurves of Type Ia supernovae from the La Silla-QUEST Survey and the 

Las Cumbres Observatory Global Telescope Network, Author(s) : Ryan McKinnon 
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This document is the senior undergraduate thesis of Ryan McKinnon currently a PhD student at 

Massachusetts Institute of Technology (MIT). Ryan McKinnon was a member of the Yale’s LSQ 

group up to May 2014 and he did the first analysis and coding for the supernovae observed from 

LCOGT. It gives a description of how the calibration and photometry on LCOGT supernovae 

were carried out. A good portion of Ryan McKinnon’s thesis is similar to what has been done in 

this thesis. Also section 1.3 has used Ryan McKinnon’s general relativity section 

 

- The La Silla-QUEST Low Redshift Supernova Survey. Publications of the 

Astronomical Society of the Pacific, Volume 125, issue 928, pp.683-694, Author(s) : 

Charles Baltay et all. 

This paper describes the La Silla-Quest Survey and gives a description of how the survey 

functions and how the processes of discovering supernovae are carried out. It explains the 

instrumentation and the software that the La Silla-Quest survey plans to benefit for gathering a 

large sample of Ia supernovae. Since this thesis is part of the La Silla-Quest survey and it heavily 

exploits the La Silla-Quest instruments and software, the major influence of this paper is seen in 

section 2.1 of this thesis.  

 

- The Carnegie supernova project: The low redshift survey. Publications of the 

Astronomical Society of the Pacific, 118:2-20, 2006 January, Author(s): Mario 

Hamuy et all. 

This paper states the importance of Type Ia supernovae for understanding the expansion of the 

universe and the famous dark energy. Reminding readers of the existence of a low number of 

available light curves for studying Type Ia supernovae and their spectral evolution the authors 

aim to change this situation by providing photometry and spectrometry for a large sample of 

Type Ia supernovae. The supernovae are observed on different telescopes, filters, and detectors 

which are precisely understood. This paper offers a thorough description of the Carnegie 

supernova project on observation, data reduction, and methodology. Therefore the information in 

this paper has highly assisted this thesis project 

 

- The Carnegie supernova project: First photometry data release of low redshift Type 

Ia supernovae. The Astronomical Journal 139:519-539, 2010 February, Author(s): 

Carlos Contreras et all. 

This paper releases the results of the Carnegie’s supernova project for its first series of 

supernovae by providing high quality light curves in a well-defined photometric system. This 

paper which contains light curves for 35 type Ia supernovae, is built up of 5559 optical points in 



7 
 

the natural system of the swope telescope. Out of the 35 supernova it has light curves for 28 

supernovae started well before the magnitude peak brightness. This make this paper a perfectly 

accurate data set for low-redshift supernovae and it has made it a reliable reference for other 

surveys. 

 

- The  u’ g’ r’ i’ z’ standard-star system. The Astronomical Journal, 123:2121-2144, 

2002 April, Author(s) : Smith et all. 

This is a paper that assesses 158 standard stars in the   u’ g’ r’ i’ z’ filter systems and explains the 

foundations of the photometric calibration used by Sloan Digital Sky Survey (SDSS). It goes 

through the instrumental features, processes of observing and reducing the data, and discusses 

the software exploited for creating a network of stars that could be used for calibrating 

supernovae magnitudes. This paper is important for this thesis because it reviews the standard 

stars that this thesis employed for calibrating its supernovae 

 

1.3 Cosmology and General Relativity  

The importance of Type Ia supernovae as standard candles can be seen in relativity and 

cosmology. The assumption of a spatially homogeneous and isotropic universe will reduce to a 

metric called the Friedmann-Lemaitre-Robertson-Walker (FLRW) metric (equation 1.1) 

−𝑐2𝑑𝜏2 = −𝑐2𝑑𝑡2 + 𝑎(𝑡)2 (
𝑑𝑟2

1−𝑘𝑟2 + 𝑟2(𝑑𝜃2 + (𝑠𝑖𝑛𝜃2)𝑑𝜑2))       1.1 , 

Θ is the azimuth angel ranging from [0, π] and φ is the polar angel ranging from [0,2π], in the 

spherical coordinates. C is the speed of light in vacuum and the distance from origin is labeled as 

r. K is a constant which has the units of length
-2

 and defines the curvature of space, with 

normalization of a(t0 )=1 for the present time. By knowing this normalization we can conclude 

the light received from an object with redshift z is related to the time when the explosion 

occurred, therefore the scale factor of the universe at the time of the occurrence will be obtained 

from the following a(t) = 1/(1 + z ). 

Using the scale factors, the Hubble constant could be calculated by equation 1.2 

𝐻 ≡
�̇�

𝑎
       1.2, 

While the current Hubble constant is defined by H0. By taking equation 1.3, also known as the 

Einstein’s field equation, into consideration, one could derive the standard equations (equations 

1.4-1.5). 
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𝐺𝜇𝜐 + 𝛬𝑔𝜇𝜗 =
8𝜋𝐺

𝑐4 𝑇𝜇𝜐       1.3 , 

where G is Newton's gravitational constant, 𝑇𝜇𝜗 is the momentum energy stress tensor and 𝑔𝜇𝜗 is 

the metric. Standard equations will help us obtain constants like the cosmological constant 𝛬. We 

can see that the Hubble constant is present in equations 1.4-1.5 

(
�̇�

𝑎
)

2

= (
8𝜋𝐺

3
) (𝜌0𝑎−3 + 𝑘𝑎−2 +

𝛬

3
)   1.4 , 

(
�̈�

𝑎
) = − (

4𝜋𝐺

𝑐2
) (𝜌 + 3𝑝) +

𝛬

3
     1.5, 

In equation 1.4 and 1.5,  𝜌  stands for density and p represents pressure. The cosmos’s overall 

density is presumed to be composed of different types of mass-energy. The critical density which 

represents the density of a flat universe with zero curvature (k=0) is calculated from equation 1.6 

𝜌𝑐 ≡
3𝐻2

8𝜋𝐺
   1.6 , 

and by excluding the cosmological constant 𝛬 we can obtain the following in the form of 

equation 1.7 

Ω ≡
𝜌

𝜌𝑐
=

8𝜋𝐺𝜌

3𝐻2  1.7 , 

which is known as the density parameter and demonstrates the density in terms of the critical 

density. 

If we change equation 1.5 by replacing the cosmological constant 𝛬 with a form of energy which 

is derived from 𝑝 = −𝑐2𝜌, the results of of the modification is equation 1.8 

(
�̇�

𝑎
)

2

+
𝑘𝑐2

𝑎2
=

8𝜋𝐺

3
∑ 𝜌𝑖

𝑖

    1.8 , 

Where i, the summation index, is for different densities which each have an individual equation 

of state 𝑝 = 𝑤𝑐2𝜌. Note that the density for matter is zero (𝑤 = 0) and the dark energy density is 

the density of 𝛬 which is equal to minus one (𝑤 = −1)  

Considering a flat universe, with the mentioned equation of states, one concludes that the scale 

factor should be in the form of equation 1.9 

𝑎(𝑡) = 𝑎0𝑡
2

3(1+𝑤)      1.9 , 

If we modify equation 1.9 and then take the Hubble diagram into consideration we can derive 

equation 1.10 
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𝐻2

𝐻0
2 = Ω𝑀𝑎−3 + Ω𝑘𝑎−2 + Ω𝛬    1.10 , 

Which Ω𝑀 represents the matter density parameter, Ω𝛬  stands for the cosmological constant and 

the vacuum density parameter, and Ω𝑘 ≡ 1 − Ω𝑀−Ω𝛬 gives us the parameter for spatial 

curvature density. 

If we write the scale factor in terms of redshift then we should be able to obtain equation 1.11 

𝐻(𝑧)2

𝐻0
2 = Ω𝑀(1 + 𝑧)3 + Ω𝑘(1 + 𝑧)2 + Ω𝛬      1.11, 

And in a flat universe (k=0) in which Ω𝑀+Ω𝛬 =1 the luminosity distance for any given object 

with redshift z is derived from equation 1.12  

𝑑𝐿(𝑧; Ω𝑀 , Ω𝛬 , 𝐻0 ) =
𝑐(1 + 𝑧)

𝐻0

∫
𝑑𝑧′

ℎ(𝑧′)

𝑧

0

    1.12, 

where ℎ(𝑧′) ≡
𝐻(𝑧′)

𝐻0
 is determined from equation 1.11. An object which has the luminosity L and 

flux F will have a luminosity distance which will satisfy F=
𝐿

(4𝜋𝑑𝐿
2)

 . The distance is a way of 

expressing distances that is often used in astronomy. It is related to the distances in parsecs and it 

represents the difference between the apparent magnitude and the absolute magnitude of an 

object (𝜇 = 𝑚 − 𝑀)  relates to the distance luministy via equation 1.13 

𝜇 = 𝑚 − 𝑀 = 5𝑙𝑜𝑔10 (
𝑑𝐿

10𝑝𝑐
)   1.13, 

Knowing that almost all type Ia supernova have the same absolute peak magnitude, one can 

measure the peak apparent magnitude and their redshifts for a sample of Type Ia supernovae and, 

by benefiting from equation  1.13, the Ω𝑀 and Ω𝛬  parameters can be estimated from the best fit 

to the observed data. 

Once the distance moduli 𝜇  is calculated this information can be plotted against the redshifts (z) 

of the supernovae to show the strength of dark energy versus ordinary matter. 

Furthermore if a small sample of Type Ia supernova are available the pre-set values of Ω𝑀 and 

Ω𝛬  could be used to examine how reliable equation 1.13 is in predicting the Hubble diagram 

which is the distance modules 𝜇 plotted versus the redshift z. 
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2. Methods and Instrumentation 

The Methods and Instrumentation section provides information on the instruments and data 

analysis methods used for this thesis. This section starts with the subsection of “Discovering 

Type Ia Supernovae” which describes the process of discovering new supernovae, the methods 

and instruments exploited for this purpose  

In the “Follow Up of the New Supernovae” subsection I describe the instruments used for 

classifying and extracting photometry on the discovery of new supernovae and finally explain 

the available data in the “Data Set” subsection 

 

2.1. Discovering Type Ia Supernovae 

This section focuses on the ESO Schmidt telescope and the large area QUEST camera which is 

installed on the ESO Schmidt telescope. I describe the data processing which leads to identifying 

new objects as supernovae. The instruments, software, and methods described in this section 

have helped the LSQ group discover new supernovae.  

 

2.1.1. The ESO Schmidt Telescope 

The 1m ESO Schmidt telescope is a one meter telescope located at La Silla Chile, it scans the 

southern sky for discovering new supernovae. This telescope which has an entrance aperture of 

one meter and a focal length of 3 meters at its prime focus was inactive from 1998-

2011.Therefore its control system was completely updated as it was put back into use. To update 

the control system the controlling electronics such as the servo amplifiers, encoders, the 

controlling computer and the control software for the axes of the telescope and the focus 

mechanism were changed and replaced. In order to better control the opening and closing of the 

telescope’s dome and to better control its rotation, new limit switches were installed.  

Thanks to the telescope control system (TCS), the telescope will be fully functional in a robotic 

mode. Prior to observation the control computer at La Silla will receive the observation scripts 

organized by the LSQ group. Besides ensuring the operation of the telescope on clear nights, this 

script helps the telescope to automatically plan the pointing of the telescope and the exposure 

time of the camera installed on it. Within this script the camera initially completes observations 

of a set of fields with an exposure time scheduled according to the snapshots needed for each 

field and its location at the sky. In continuing it observes the similar fields for a second time, 

with a prescheduled time interval in-between. However each time an observation is made the 

script re-prioritizes the remaining fields according to the number of completed exposures, the 

remaining observation time, and a field’s location in the sky. For instance if the telescopes starts 



11 
 

working late due to a cloudy young night, the script will omit the fields that have already set or 

are close to set and it will skip any field within 15 degrees to the moon. The script normally 

prioritizes fields that are awaiting their second exposure and is also capable of receiving requests 

for giving higher priority to specific fields. For example, new discoveries are usually given  

higher priority 

 

2.1.2. Large Area QUEST Camera 

The large area QUEST camera, formerly used on the Palomar Schmidt telescope, was 

manufactured and designed with the cooperation of Yale’s LSQ group and Indiana University. 

Due to the high similarity between the ESO and the Palomar telescope, the QUEST camera was 

transferred to ESO without any modifications to the field flattener lens, the camera dewar’s 

vacuum window, the CCD array, or the camera dewar itself. 

The 161 Mega pixel Quest Camera is made up of 4 rows of CCD’s with each row having 28 

CCD’s. The CCD’s which are manufactured by Sarnoff cooperation have 1,440,000 pixels 

(600x2400), where each pixel is 13x13 microns. These features enable the camera to cover an 

active area of 9.6 square degrees. The CCD’s can achieve a quantum efficiency of 95% at 600 

Angstroms and they are thinned back illuminated. More information regarding the CCD can be 

found in Table 2.1. 

Table 2.1: Features of the Quest Camera (the full credit of the table goes to Baltay et al., 2013) 

Property Value 

Number of CCDs 112 

For each CCD: 

 Pixel size 13mm x 13 mm 

Number of pixels 600 x 2400 

Pixel scale 0.88” x 0.88” 

Array size, CCDs 4 x 28 

Array size, pixels 9600 x 16800 

Array size (physical)  19.3 cm x 25.0 cm  

Array size (angular)  3.60 x 4.60  

Sensitive area 9.6 sq deg 

Total pixels 161 x 106  
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The schematic design of the CCD’s installed on the Quest camera’s focal plane can be found in 

Figure 2.1. The CCD’s are portrayed in 4 rows which are named in alphabetical order. Each 

CCD covers 8.76 arcminutes in the N-S direction and 35 arcminutes in the E-W direction. The 

connected CCDs in a row have a gap of 1.2 arcminutes in between them. CCDs and each row 

have a gap of 25 arcminutes, therefore the camera takes a pair of exposures with a difference of 

30 arcminutes in the E-W direction so that the gap in-between rows are covered. Also it should 

be mentioned that the blank areas in Figure 2.1 refer to nonfunctional CCD’s 

 

Figure 2.1: The Schematic Display of the Quest Camera’s 112 CCDs. The blank rectangles indicate the non-

functioning CCDs .The arrows show the direction and amplitude of position offsets used to dither the imaging (the 

full credit for the plot goes to Baltay et al., 2013) 
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In comparison with the Palmor telescope three new improvements have been made.1-for cooling, 

two 60 watt cryogenic coolers have replaced the liquid nitrogen cooling system which consumed 

a large amount of nitrogen. The new cooling system is easy to maintain through the year 

2-By modifying the read out electronics the noise of the images were considerably reduced, 

3-A single wide band filter that covers a range from 4000 to 7000  angstroms (Figure 2.2) has 

been added, which due to its clip off  above 7000 angstroms is able to exclude fringes caused by 

the strong emissions of the atmosphere and its clip off under 4000 angstrom takes away the 

scatter produced by moon light.   

 

Figure 2.2: Transmission versus Wavelength for the Wideband Filter installed for La Silla-QUEST Survey (the full 

credit of the plot goes to Baltay et al., 2013) 

 

 



14 
 

2.1.3. Transferring Data from La Silla to Yale 

Each night approximately 50 Gb of data are transferred from the Quest camera at La Silla to the 

LSQ group at Yale.  In order to achieve this rate of data transfer the HPWREN group of 

University of California at San Diego and LSQ group of Yale designed a radio link from La Silla 

to the Cerro Tololo observatory. This was achieved by using antennas with 2m diameter dishes at 

both ends. The fact that the radio link is capable of reaching a transfer rate of 20 Megabits/sec 

makes it appropriate for transmitting the entire data in real time format, once the data is 

transferred to Cerro Tololo, they will be transferred to the United States using the internet 

backbone which connects Cerro Tololo with the United States. 

 

2.1.4. Cadence and Exposure Time 

The QUEST camera installed on the ESO Schmidt telescope is meant to discover new objects 

not present in the sky on a permanent basis. This goal comes into practice when the telescope 

scans the same area of the sky with a 2 day cadence. For instance, if area A is covered at the first 

night and area B is covered at the second night, the 3
rd

 night will be dedicated to area A and the 

4
th
 night will be dedicated to area B and so on. The search for new objects is an unbiased rolling 

search which means that the search does not target any specific galaxies or objects. After the 

fields have been scanned and observed for many times in a course of few months, fields that 

have been observed for sufficient times in good conditions can be used for producing a reference 

or template image. Once a reference image is made the telescope will make subsequent 

observations from the fields that possess a template image. These observations are made so that 

new objects which don’t exist in the template image can be identified. The observations are 

processed by LSQ’s search pipeline which compares them to their template images. Each month 

the pattern for finding new objects is updated by omitting old fields which are about to set in the 

west and adding the fields which are about to rise in the east. 

QUEST’s research for new supernovae should be able to discriminate asteroids, cosmic rays, and 

any other object or phenomena which vary quickly. Therefore each area will be covered twice 

per night with a time interval of 2 hours. In search for new supernovae each exposure will last 

for 60 seconds with an additional 40 second time required for readout and the slew time of the 

telescope. This exposure time is sufficient for detecting supernovae as far as 0.2 redshift and it 

will help the survey cover approximately 1500 square degrees twice each night. 

As mentioned before the observations are done in two sets of exposures which are dithered by 30 

arc minutes in the RA direction. This is done to cover the division between the rows of the CCDs 

so that a full sky coverage of sky can be achieved, save the parts missed due to the small gaps 

between the connected CCDs. A pair of dithered exposures that covers 18 square degrees is 

referred as a field. For the purpose of scheduling the observations, a collection of fields which 
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are divided in RA with the spacing of 4.degrees and a spacing of 4.5 in Dec, are defined and the 

observations are always done in these defined fields 

Choosing the exposure time for the purpose of discovering new supernovae varies in different 

surveys. Long exposures enable deeper searches and relatively early detections. This comes at 

the expense of lower sky coverage. On the other hand shorter exposures with higher cadences 

provide higher sky coverage and detect more supernovae with the exception of young supernova. 

This is because short exposures don’t reveal the signature of a very young supernova, therefore, 

is difficult to identify them with this strategy.  

 

2.1.5. Search Area 

 

The area and fields searched by the telescopes are limited by some constraints: fields that are 

being covered must be more than 15 degrees away from the galactic plane, they should also have 

a declination between -25 to +25 degrees so that the fields can be followed up from both 

hemispheres. The fields further south are also considered by the survey in order to avoid the 

galaxy at the place where it crosses the equator. Air-mass which is the optical path length 

through Earth’s atmosphere for light from a celestial source is another important parameter 

which constraints the search area (see figure 2.3 for understanding air-mass calculation). The 

constraint on air-mass will only include the fields that the days that they are observed with an 

air-mass lower than 2 exceeds 60, this constraint will allow the survey to follow supernovae and 

new objects long enough so their light curves can be fully constructed. The third constraint to 

consider is that all observation closer than 15 degrees to the moon should be avoided. This 

guarantees that the observations are not affected by moon light. In order to make sure all these 

constraints are given full consideration a simulator called Each Lunation has been designed to 

prioritize fields that do not violate constraints and fields that have previously been observed  

 

To observe a supernova a reference image is needed. Reference images are made by combining 7 

previous exposures from the same field where the supernova has been discovered. The reference 

images obtained between a few weeks to a month prior to the explosion of the supernova should 

not have any signature of the supernova or the newly discovered object. The reference images 

which are updated and constructed while the observed areas slowly go towards the east are 

important for the final photometry of the supernova. Once the actual supernova exposure is 

captured, the observed image is subtracted from the reference images pixel by pixel, thus 

allowing the supernova to be seen without being influenced by the background luminosity of the 

galaxy.  
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Figure 2.3 : A schematic sketch for calculating the air-mass of a celestial object: any object making a 90 degree 

angle with the horizon will have an air-mass of one and the air-mass for other angles will be calculated by “air-

mass=1/Sin(θ)”, which θ is the angle from horizon [45]. 

 

 

2.1.6 Software and databases 

 

Raw data is transferred to Yale and Lawrence Berkeley national lab in real time. After the data 

are transferred they are automatically processed and executed by a series of programs. This 

series consists of a pre-processor, a subtraction program, and a selection procedure. After each 

section of the procession the data is saved in different databases. A flowchart in Figure 2.4 shows 

each of these programs and how they relate to the different databases which are shown in Table 

2.2. 
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Figure 2.4: Different Programs and Processes and How They Connect to different Databases (see Table 2.2) that 

help in the Discovery of New Supernovae for the La Silla-Quest Survey (the full credit of the figure goes to Baltay 

et al., 2013) 

 

 

Table 2.2: Databases and Catalogs (the full credit of the table goes to Baltay et al., 2013) 

Name Description Entries  (per night) 

Raw Data Archive Raw images, residing both at Yale and Berkeley 50 Gbytes 

Photometry  Catalog  Point-source photometry for each source in every image 106 

Scanning Database 

Photometric measurements (positions, brightness, and shape 

information, see Table 2) for each source in the subtractions  104 

Screening Database 

Postage-stamp images and photometric measurements for each  

candidate passing selection cuts  500 

Archival Database 

Pre- and post-discovery   images and  photometric measurements 

for all visually selected candidates  6 
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2.1.7 The Preprocessor 

 

After the raw images are acquired they are subject to a series of corrections in the pre-processing 

unit, corrections such as non-uniform bias, dark bias and flat field bias. These corrections are 

done by nightly obtaining sky (aka twilight) flats and dark flats. In order to detect objects and 

calculate their corresponding CCD coordinates, SExtractor [7] is used. and bias corrections are 

obtained from the over scan pixels in each observation. Furthermore the astrometry of the images 

are carried out by implementing the Astrometry.net software [21] which defines the coordinates 

and astrometry of the objects in relation to the local sequence stars listed in the USNO-B1.0 

catalog [25]. In the case of LSQ’s search for new supernovae, as soon as the data arrive at Yale 

from La Silla, the National Energy Research Scientific Computing (NERSC) Center located at 

Berkeley starts running the preprocessing program. 

 

After the preprocession programs start running the output of the SExtractor program is saved to a 

catalog which is used for different purposes such as quality check, and searching for transients 

such as RRLyrae variables. This catalog is named Photometric Object Catalog. 

 

 

2.1.8 The subtraction program 

 

As previously mentioned, to properly do the photometry on discovered supernovae a subtraction 

of the background galaxy is required. This is achieved by pixel-by-pixel subtraction of the 

reference image from the actual image which contains the newly discovered supernova or any 

other object that has experienced an increase in brightness. The subtraction program, which 

originates in the PTF survey [26], has been modified to be capable of operating on LSQ data. 

Once the data exits the preprocessing program the system examines the coordinates of the 

reference image and the new image and then it performs a precise alignment of the two images. 

Afterwards the preprocessing program carries out a flux normalization between the two images. 

This involves the difficult part of normalizing the flux for images with different seeing. Seeing 

,which is the Full Width Half Maximum (FWHM) of a typical astronomical flux source such as a 

stellar profile is an important parameter for comparing the quality of different observations 

The program reduces the seeing of the image with a higher seeing so that it’s Point Spectral 

Function (PSF) matches the PSF of the image with a lower seeing. 
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This part of the preprocessing could possibly be the root to many background problems in 

supernovae detection and it could lead to non-real transient candidates in the subtracted image of 

bright nonvariable stars. These problems will occur if for any two images there matching issues 

among the astrometry, normalization and/or the PSF. 

After the subtraction is performed, the magnitude and the full width half maximum of the galaxy 

subtracted images are measured and this is done after the SExtractor has processed the subtracted 

images. In continuing, the obtained magnitudes and the astrometric solutions of the images are 

calibrated by the USNO-B1.0 catalog. If the measured magnitude of an object has a signal to 

noise ratio higher than 5, then that object will proceed and be saved to the scanning database. 

 

 

2.1.9. The Supernova Candidate Selection Process 

 

2.1.9.1  Computer Selection 

 

Every night tens of thousands of images proceed to the scanning database. At this point the 

candidate selection program receives its input from the scanning database and it is responsible 

for removing the fake candidates generated due to bad subtraction. In order to identify fake 

transients each object in the galaxy subtracted image is subject to the measurement of a variety 

of its parameters (see Table 2.3) that facilitate the process of discriminating real objects. One of 

the ways to identify fake transients is by finding positive flux artifacts in the subtracted images, 

these positive fluxes, caused by the misalignment of the PSF and imperfect astrometry, can be 

detected by finding a rotational asymmetry in the PSF and excessive negative flux which are 

known as undershoots. Identifying these artifacts is made possible by creating a parameter 

known as a symmetry parameter that identifies the asymmetries in the PSF higher than 2σ and 

counts the number of undershoots that exceed 3σ. 

Another possible source for noise and artifacts is the signature of cosmic rays in the CCDs. 

Cosmic rays will cause images to have a PSF smaller than the typical PSF. To overcome this 

issue the semi major and semi minor of the original image is calculated. One important fact that 

should be considered is that bright stars can generate an artificial source due to the error of 

normalizing the reference image. Therefore the photometry and measurements of the newly 

discovered object are made according to the coordinates, magnitude, and the FWHM of the new 

object in the template image. 
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In order to identify real candidates from the artifacts a series of selection criteria were implied. 

These criteria were designed to reject the background of the images. They are focused in such a 

way as to reserve a substantial fraction of the real source. This is enabled by adding a good 

number of artificial supernovae in the vicinity of the galaxy with redshifts ranging in between 

0.03 < z < 0.08 to the raw image data. These artificial supernovae were added close to galaxies 

and were aimed to simulate a flux profile similar to a haphazardly chosen star in the very same 

image. Also the light intensity of the fake object was justified such that it matched the intensity 

of a Type Ia supernova 10 days prior to peak and the redshift of the fake object was comparable 

to the redshift of the nearby galaxy in the image. Although the locations of the fake supernovae 

were selected randomly in respect to the center of the galaxy, their distance was weighted 

according to the intensity profile of the nearby galaxy 

Once the artificial supernovae were added to the images, these images were subtracted as if the 

real images were being subtracted and from the portion of the supernovae which remained after 

the selection, we fine-tuned the criteria of the selection process. The result of this fine tuning 

provided us with the parameters listed in Table 2.3 which shows the parameters offering the best 

results for selecting candidates. 

Another point to be considered is designing a selection routine that omits the detection of 

different type of variable stars. This was achieved by setting the selection program to reject any 

stellar object the brightness of which has increased less than two magnitudes in comparison with 

the template. Another step that optimizes detection efficiency is to observe each candidate twice 

with a planned time interval between observations. Figure 2.5 shows the detection efficiency that 

explains the ratio of fake objects detected in respect to their brightness and their distance to the 

galaxy. 

Table 2.3: Important Parameters for Identifying Candidate Objects (the full credit of the table goes to Baltay et al., 

2013) 

Parameter Definition Range 

SNR the signal-to-noise ratio of the integrated flux > 6 

FWHM the full width at half maximum of the source profile  1.5 –5.0“ 

SYM a symmetry parameter related to the source ellipticity  < 10 

a the semi-major axes of the profile  > 0.7“ 

b the semi-minor axis of the profile > 0.65“ 

N2s 

the number of pixels within 7 pixels of the source with flux values at least 2 sigma 

below background  ≤ 6 

N3s 

the number of pixels within 7 pixels of the source with flux values at least 3 sigma  

below background  ≤  2  
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Figure 2.5: Supernovae Discovery Efficiency. The efficiency of discovering new supernovae versus the discovery 

magnitude of the object (a, top). The efficiency of discovering new supernovae versus the angular distance of the 

discovered object from the galaxy center (b). These are derived from the identification of artificial supernovae added 

to the data (the full credit of the table goes to Baltay et al., 2013) 

 

2.1.9.2. Human Screening 

 

After the selection routine filters out imperfect exposures and images, the remaining images are 

elevated to the screening database. However the screening database still has plenty of images for 

each night and not all of them are valid real objects or supernovae. This means despite a smartly 

designed selection routine many artifacts get included in the screening database. At this point, in 

order to avoid these artifacts, a human scanner goes through the images in the screening database   

checking template images, actual images used for discovering objects, and the subtracted image. 
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Every night after the screening database is updated with the processed images from the selection 

steps, group members are informed by email and all snapshots in the screening database will be 

reviewed and checked visually by a human scanner. 

As mentioned before different fields are observed at one night and each field might contain 

several images. Each image consists of three individual parts:  

1- The reference or template image which is a combination of seven images with a clear sky, 

empty of any transient supernova cataclysmic variables or any kind of temporarily objects.  

2- The image taken the night of the observation. This image may contain new objects not 

previously seen in the template image or it may have objects the brightness of which has 

considerably changed in comparison to the reference image. In order to identify the mentioned 

objects a pointer shows the location of each object with increased brightness and new objects 

that did not exist in the template. This pointer helps the viewer recognize the position in all three 

parts of the image.  

3- The subtracted image, which is the image observed on the night of observation subtracted 

from the reference image. A perfect subtraction should take away all the previously existing 

objects and the amount of brightness that previously existed in the reference image. The 

subtracted image should only show the newly discovered object with the brightness assigned to 

the new object. 

Figure 2.6 shows how each snapshot appears on an LSQ data page. As explained, one can see the 

reference image on the top left side, the actual image on the top middle, and the subtracted image 

on the top right side. The second row of images is related to the second series in which an actual 

snapshot is taken on one night. As previously mentioned there is a defined time interval in-

between these two exposures. The time interval between the two rows of images helps one 

recognize if the new object is a transient one or not. This can be achieved by comparing the two 

rows of images and checking whether the object has changed over a sufficiently long time 

interval. 

Once a snapshot is suspected to be a supernova or an interesting new object, LSQ staff save that 

snapshot for further assessment. The snapshot can be saved as one of the following four options: 

unknown, variable, supernova, or an asteroid. The mentioned objects help LSQ to better organize 

the database.  

Figure 2.6 is a typical example of how a new object is discovered, this object which was saved 

and discovered by Sina Rostami on the night of August 1
st
 2014 turned out to be a very 

prominent Type Ia supernova labeled as LSQ14dsu. The reference image shows the galaxy and 

its surrounding objects, the second image clearly shows a new bright object on the top left side of 

the galaxy which is a very typical region for the occurrence of a supernova, and the 3
rd

 image 

shows the new object with its background galaxy and surrounding objects perfectly subtracted. 
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Figure 2.6: Supernovae Snapshots on the Screening Database. This image refers to LSQ14dsu and is almost a 

perfect subtraction. The first column is the reference image, the second column shows the two observation on 1st of 

August 2014 while the two images in the second column are observed with a 120 minute time interval in-between 

them, and the third column refers to the subtraction of the template images in the first column from the images in the 

second column, differences in the two galaxy subtracted images might be an identification of a fake transient. 

 

After reviewing the snapshots of a specific night and saving the potential supernovae, the saved 

objects are further assessed in a private database. In this database all previously recorded 

snapshots of the very same fiel , non-calibrated light-curves (Figure 2.7), calibrated light curves 

(Figure 2.8), brightness variance of the objects’ background ( Figure 2.9) and the relative 

position of the newly discovered object in comparison to its neighboring stars (known as a 

finding chart [Figure 2.10]) are shown. In addition a link to NED: NASA/IPAC Extragalactic 

Database will be available providing information about the surrounding galaxies, UV source, 

radio source, and cataclysmic variables.  
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Figure 2.7: LSQ14dsu Non-calibrated Light Curves . The graph shows the intensity varience of LSQ14dsu for 40 

days beyond the day of its discovery. 

 

 

Figure 2.8: LSQ14dsu Recalibrated Light Curve. The graph shows the intensity variance of LSC14dsu by 

considering galaxy subtraction and other means of calibration. 
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Figure 2.9: Brightness Variance of LSQ14dsu Background Light. The variance in the background brightness could 

refer to any kind of object in the exposures, even the galaxy itself. This plot happens to be helpful when the object is 

a hostless supernova (a supernova that its host galaxy is not apparent) 
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Figure 2.10: LSQ14dsu Finding Chart. The relative position of the newly discovered object in comparison to its 

neighboring stars known as a finding chart 
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All this information helps the LSQ group make a more educated decision on whether the newly 

discovered object is a supernova. If the information supports the possibility of the candidate 

being a supernova, the object will be reported for follow up to LCOGT or CSP II.   

Objects followed by CSP II are followed independently by the CSP staff, however LCOGT’s 

webpage enables LSQ group to order the photometry of a newly discovered object in different 

filters. After the location coordinates of an object are given to LCOGT the cadence for extracting 

the photometry, which is the time interval/nights between each observation, and the exposure 

time for each object can be defined by the LSQ group. Furthermore CSP, LCOGT and  PESSTO 

observatory are capable of doing the spectroscopy on potential selected objects to classify the 

type of the selected objects or transients. For example Figure 2.11 shows a spectra taken by 

CSP’s Du Pont telescope from LSQ15agh which was classified as a Type Ia supernova.  

 

Figure 2.11: Classification Spectra. This illustrates a classification spectra taken by CSP from LSQ15agh. The 

spectra taken from LSQ15agh (the black lines) shows a good fit to a known Type Ia sn1998es spectral line (the 

redline). Also the spectra shows that the objects phase is 2 days prior to peak. 

 

After spectroscopy which determines the composing elements of the object, the definite identity 

of the object can be classified and if identified as a supernova the type of the supernova can be 

recognized. 
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2.2. Follow up of the New Supernovae 

Here I explain the instrumentation used for typing and the photometrical follow up of the newly 

discovered supernovae. 

 

2.2.1. PESSTO  

PESSTO (PESSTO: The Public ESO Spectroscopic Survey of Transient Objects) is an 

astronomical group that exploits two of the European Southern Observatories (ESO) telescopes 

for spectroscopic surveys and classification. This group, which started its activity in April 2012, 

uses the EFOSC2 and SOFI instruments on the new technology telescopes for classifying and 

following new objects and candidates. PESSTO runs for ten days each month, for nine months of 

each year.  It selects its candidates and objects according to its collaborators’ requests for 

classification. Not only are they interested in the classification of supernovae but they also study 

supernovae progenitors, the uncertain nature of faint optical transients and super-luminous and 

sub-luminous supernovae.  

Yale’s LSQ group turns out to be one of PESSTO’s collaborators, therefore when LSQ saves an 

object as a potential supernova, PESSTO will perform spectroscopy on the saved candidates and 

it will give a definite classification to the object.  

PESSTO initially takes a spectra for classification. This spectra provides information about the 

redshift and the type of the supernova. PESSTO prioritizes objects if they have a low redshift, 

are discovered shortly after explosion, are super-luminous or sub-luminous, and if they are 

supernovae with a fast decline in their magnitude. 

As mentioned one of the instruments used by PESSTO is the EFOSC2 instrument the 

characteristics of which are summarized in Table 2.4 

 

Table 2.4: EFOSC2 Instrument Features used by PESSTO [42] 

Type Loral/Lesser, Thinned, AR coated, UV flooded, MPP chip 

Controller ESO-FIERA 

CCD Size 2048 x 2048 

Image Size 2060 x 2060 (overscan inadequate for bias subtraction) 

Pixel Size 15 microns  x 15 microns ;  0.12 arcsec x 0.12 arcsec 

Field Size 4.1 arcmin x 4.1 arcmin  (vignetting in corners, ~8% of detector area) 
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Full well capacity 104,000 electrons/pixel 

Dark Current 7 electrons/pixel/hour 

Saturation 65535 ADU 

Linearity regime 0.25% (maximum deviation) 

Readout Mode Slow Normal Fast 

Bias  (ADU) 198-207 162-175 201-210 

Readout Noise (electrons) 7.9-8.5 8.5-9.8 12.6 

Gain (electron/ADU) 1.33 1.31-1.34 1.31-1.38 

CCD readout time (1x1 binning) 160 70 24 

CCD readout time (2x2 binning) 80 40 10 

 

PESSTO uses a standard setting of 2 x 2 binning for the CCD used in EFOSC2, which has a 

normal read out mode. This set up is used both in the imaging process and in the spectrospcy. 

The pixel sizes are 0.24 arc seconds and the frame for the read out is 1030 x 1030 pixels. 

SOFI is the other instrument which PESSTO uses for classifying LSQ’s objects, SOFI is an 

instrument used for infrared spectrography and camera imaging on the NTT. SOFI is facilitated 

with a Hawaii HgCdTe 1024 x1024 array and its pixels are squared 18.5 microns. Its sensitivity 

to light is within the range of 09.2.5 micron and its maximum quantum efficiency is 65 %. It has 

an approximate gain of 5.4 e/ADU and its read out noise is about 2.1 ADU. The Hawaii HgCdTe 

array is linear for an approximation of less than 1.5% for signals less than 10000 ADU. The 

characteristics of the SOFI instrument are summarized in Table 2.5. 

 

Table 2.5 SOFI Instrument Features used by PESSTO [29] 

Array Format Hawaii HgCdTe 1024x1024 

Pixel Size 18.5 µ 

Q.E. 65% 

Gain ~ 5.4 e/ADU 

RON ~ 2.1 ADU 

Bad Pixels About 1000 

Non-Linearity < 1.5% over 0 to 10000 ADU 

Dark Current < 0.1 e/s 
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2.2.2  LCOGT Follow up Instruments 

Las Cumbres Observatory Global Telescope Network (LCOGT.net) is a network of telescopes 

constructed by up to 40 automatic and robotic telescopes which are spread out at 7 different 

locations with different longitude and latitudes. The telescopes are spread out in a way such that 

a complete coverage over all latitudes at both hemispheres is possible so that any astronomical 

object can be continually followed and observed [43]. 

As one of LSQ’s collaborators, LCOGT helps the group by following the newly discovered 

supernovae. Once a new supernova is discovered by the ESO Schmidt telescope. The Right 

Ascension (RA) and the Declination (Dec) of that object are reported to LCOGT so that their 

telescopes will extract the photometry of the newly discovered supernova in different filters. 

 LCOGT telescopes are located at Haleakala (Maui, USA), Siding Spring (New South Wales, 

Australia), Cerro Tololo (Chile), Sutherland (South Africa), Tenerife in the Canary Islands 

(Spain),  and at the McDonald Observatory, Texas (USA). For the calibration purpose of this 

thesis we only benefited from the telescopes located at Cerro Tololo (Chile) however photometry 

has been extracted from all available telescopes. In order to choose the best aperture size for 

running the instrumental photometry on different supernovae and standard stars the features of 

each of these telescopes at different sites need to be understood. For instance the LCOGT 

telescopes established at Cerro Tololo, Chile have better observing conditions therefore the 

Cerro Tololo telescopes are expected to produce images with higher quality in comparison to 

sites with inferior observing conditions. The important factor to be considered for examining 

image quality is a parameter called seeing, which as previously explained is the Full Width Half 

Maximum (FWHM) of a typical astronomical flux source such as a stellar profile. An image with 

a good seeing has the flux mostly peaked and concentrated around the center of the flux source.  

In order to define the seeing of images captured by LCOGT, images are assessed and processed 

by the gemseeing package of the gemini tool of a software labeled Image Reduction and 

Analysis Facility (IRAF). The gemseeing package determines stellar profiles for a particular 

image and calculates the FWHM of these flux sources. [34] 

The telescopes and CCD instruments which the supernovae in this thesis exploited for calibration 

are limited to three 1 meter telescopes labeled as 1m-04, 1m-05, and 1m-09 all located at Cero 

Tololo. Respectively their CCD instruments are labeled as kb77, kb78, and kb73. As mentioned 

the reason for this selection is that the images produced by these instruments not only have better 

seeing but they have a high number of standard stars observed which makes them convenient for 

finding photometric nights on clear nights. 

The 1 meter telescopes which are aimed to give a homogenous optical coverage for objects 

varying in time are supposed to function in robotic modes for long periods. They have a proper 

pointing, tracking, and guiding system with the least amount of manual maintenance. 1-meter 
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telescopes also generate images with good and consistent qualities [10]. All these features make 

it appropriate for following Type Ia supernova. 

LCOGT 1m telescopes exploit C-ring equatorial mounts. Alt-Az mounts offer superior 

mechanical features for large telescopes, but this very advantage requires excessive dynamic 

range for drive servos. Therefore C-ring equatorial mounts are used. Moreover the Alt-Az 

mounts demand an additional Cassegrain rotator axis under servo control which will make the 

system heavier and unwantedly complex. On the other hand C-ring mounts offer precise pointing 

and an appropriate tracking [10]. 

C-ring mounts which are not well known for their visual astronomy are stable and reliable 

mounts and their instruments have adequate clearance for the purpose of following new 

supernovae. The depth of the 1m telescope instrument below the bolt circle which is behind its 

prime mirror is 650 mm. Also it has an optical tube assembly (OTA) with a 2.5 meter length. 

LCOGT 1-meter telescopes are constructed of 15 piece structural, optical and control 

components. The whole mount including the base, 2m-diameter C ring and its mirror weigh up to 

2 tons while the telescope’s dome has a shutter with an aperture of 2.1 meters and the prime 

mirror is located 2 meters above the ground [10]. 

LCOGT 1meter telescopes have been put into a 6 meter diameter Ash-dome. The least clearance 

that the dome provides in some places is 100 mm. These telescopes which are capable of 

pointing and tracking beneath the pole and in 2 degrees of the poles, are limited in their East to 

West tracking up to 5 hours due to the C-ring. However this tracking coverage achieves our 

desired horizon limit at 15 degrees with an air-masss of 3.7. 

The optics of the telescope are designed to obtain good image quality with the capability of 

extracting photometry for an area wide enough, so that many stars can be included for astrometry 

and measuring the relative brightness of newly discovered supernovae. The design of the 1m 

telescope includes an f/2.5 Hextek for its prime mirror and a 330 mm diameter Hextek for its 

secondary mirror. Both of these optics are manufactured by LZOS, Russia and they offer an f/8 

modified Ritchey-Chretien system with a doublet corrector accompanying it. This instrument 

which is built to focus 80% of the flux energy in a circle of 0.6 arcsec is set to minimize the 

effect of stray light from different sources. This feature is very crucial for cases closer to the 

moon light [10] 

At regular functioning temperatures the light weight Hextek mirrors made of borosilicate have an 

expansion coefficient of 3.3 ppm C
-1

. The design of the telescope adopts an 18 point whiffle tree 

in order to support the prime mirror’s  axes and to limit the mirror in transversal directions by 

using a steel hub free of stain which is connected to the top surface of the instrument’s bolt 

circle.  
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LCOGT’s 1 meter telescope which has a pointing of approximately 6 arcsec RMS on the sky 

requires sufficient polar alignment to avoid differential image motions in between the off axis 

guider and the science images. Thanks to analysis by Tpoint software and fitting with flash world 

coordinate system (WCS) via astrometry.net this requirement can be achieved up to a few arc 

seconds[10].  LCOGT’s 1meter telescope has a 6 deg s
-1

 slew  and it has the capability to move 

to a new source in less than 30 seconds [10]. When it comes to tracking, for an unguided tracking 

it has an error of approximately two arcseconds/hour while the guided tracking has a precision 

up to 0.5 arcseconds. 

 

2.2.3 Instrument Sinistro 

 Besides the telescope, the CCD instrument installed on the telescope and its characteristics are 

of profound importance. All observation done by LCOGT 1 meter telescopes for this thesis were 

carried out by the Sinistro which is the standard multi instrument package. The corrector optics 

of this package provide a field of 166 mm diameter for the primary science imager. For the CCD 

camera of this imager an SBIG STX-16803 has been exploited, which is a 4K x 4K illuminated 

front side device with 9 µm pixels. 

This instrument provides a field of view of 15’.8 arcmin square and is capable of operating up to 

-20 C, in addition the instrument is also facilitated with a peltier cooler. The SBIG STX-16803 

detector has a format plate of size 4096 × 4096 × 9.0 (µm) and its maximum quantum efficiency 

rate is about 50%. It has a full readout time of 12 seconds and it will generate 1 photoelectron at 

the stellar magnitude of 23 for the r-band filter. It is equipped with a wide range of filters 

including filters up, gp, rp, ip, zs’ Y , w, UV, Bu, V, R, C and IC , however in this thesis I only 

use the filters B,V,up,gp,rp,ip,zs [10] which their wavelength center and width have been 

presented in table 2.6. Note that filters up,gp,rp,ip,zs are interchangeably shown with lower-case 

u,g,r,i and z. The reason for using the notation up,gp,rp,ip,zs or u’,g’,r’,i’,z’ is to avoid confusing 

these filters (wavelengths) with the Bessel filters which are presented with upper case B,V,R,I,U. 

Table 2.6: The wavelengths of different filters used on LCOGT or CSP telescopes 

Filter Wavelength Center (Å) Wavelength Width (Å)  

 B 4361 890 

 I 7980 1540 

 V 5448 840 

 zs 8700 1040 

 gp 4770 1500 

 ip 7545 1290 

 rp 6215 1390 

 up 3540 570 

 



33 
 

2.2.4 CSP Instrumentation 

 

2.2.4.1 The Swope Telescope 

Swope is a 1m telescope located at Las Campanas Observatory and it is used for following Ia 

supernovae by the means of performing optical imaging on the supernovae so that their light 

curves can be extracted. The supernovae followed from CSP exploited the SITe3 CCD camera 

which is a 2048 x 3150 CCD array with 15 micron pixels, with a plate scale of 0.435 arc seconds 

per pixel. This CCD used exposures ranging from 5-10 minutes when the supernovae were bright 

and close to peak. However fainter supernova or objects long past their peak required longer 

exposures with each of the six filters: the B, V [8], and the SDSS [14] up, gp, rp, and ip. 

The Swope telescope and its instrument have been carefully calibrated at CSP’s previous surveys 

[18; 13; 39] and their extinction coefficients and color terms have been calculated precisely are 

are stable over a long course of time. This accurate instrument calibration is one of the important 

features of the Swope telescope which facilitates obtaining light curves of high quality. 

 

2.2.4.2 The Du Pont Telescope 

Du pont telescope is a 2.5 meter telescope also located at the the Las Campanas Observatory in 

Chile. It is used for both taking reference images and classifying discovered objects (Figure 

2.10). For classification purposes the Du Pont’s WFCCD spectrometer uses wavelength in the 

range of 3800 to 9200 Angstroms and for the purpose of taking templates the WFCCD camera 

uses a Tek 2048 x 2048 CCD with a plate scale of 0.774 arcsec/pixel. The Du Pont telescope is 

better for taking fainter objects and host galaxy images in comparison to Swope. This is because 

it has a larger size and a better seeing. In case the reference image of an object is taken from the 

Du Pont telescope it will use exactly the same physical filters used for performing photometry by 

the Swope. 

 

2.3 Data Set 

Since LSQ launched its survey many objects have been identified as supernovae, However not 

all of them turned to by Type Ia’s. The classification spectra taken from these objects classified 

them in a wide range of groups, such as SNe Ia’s, SNe Ib,c’s,  SNe II’s and SLSN’s. The 

photometric follow up was only considered for the Type Ia’s. However, some objects were 

followed even before a spectra had been taken from them. 

Out of all the discovered Ia supernovae, 19 supernovae which were followed up by LCOGT and 

27 supernovae which were followed by CSP had template images taken in enough filters and 
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enough observations were carried out for purposes of this study. Therefore a total of 46 

supernovae were used for constructing light curves in this thesis (see Table 2.7). Although most 

Type Ia supernovae have uniform features a small group of Type Ia’s have peculiar 

characteristics which has made some astronomers call for introducing new subcategories of Type 

Ia supernovae. Out of the 46 Type Ia supernovae of this sample, 6 were excluded from the 

Hubble diagram due to their peculiar features and non-uniform characteristics in compare to 

other Ia’s. LSQ11ot, LSQ12gxj, LSQ13lq, LSQ13avx, LSQ13cwp and   LSQ13vy are the 6 

supernovae which are excluded from the Hubble diagram.  

The heliocentric redshift of all these supernovae have been obtained and the histogram for the 

distribution of these redshifts are shown in Figure 2.12. The redshifts of the supernovae were 

obtained from one of the three following methods: 1-obtaining the redshifts from the host galaxy 

extracted from the NED catalog; 2- finding the redshift from OII or Hα lines from the host 

galaxy in the spectra taken for classifying the supernova; and 3- measuring the redshift from the 

spectral characteristics of the supernovae which was obtained from their typing spectra 

With the exclusion of the 6 peculiar supernovae the heliocentric redshifts of the supernovae 

mentioned in Table 2.6 were used in SALT2.4 fitting for the supernova and by considering their  

RA and DEC their corresponding CMB redshifts were derived. Note that the CMB redshift has a 

very small difference with the heliocentric redshift and this difference is caused by the motion of 

our galaxy. However, since it is scientifically correct to use the CMB redshifts, these shall be 

used for locating the supernovae on the Hubble diagram (Figure 3.7).   

 

Table 2.7: The Type Ia Supernovae Sample. This is the sample used for this thesis and the observatory that followed 

the supernova. 

Object RA DEC Followed by 

LSQ11bk  20:44.2  -08:35:55.75  CSP 

LSQ11ot  15:48.3  06:46:39.36  CSP 

LSQ11pn  16:41.5  06:29:29.40  CSP 

LSQ12agq  17:41.7  -07:24:54.45  CSP 

LSQ12aor  55:17.6  -14:18:01.38  CSP 

LSQ12bld  42:44.0   08:05:33.74  CSP 

LSQ12blp  36:05.6  -11:37:16.87  CSP 

LSQ12btn  21:30.5  -09:41:29.86  CSP 

LSQ12ca  31:03.6  -19:47:59.28  CSP 
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LSQ12cda 50:02.3 +09:37:47.10 CSP 

LSQ12cdl  53:40.0  -18:30:26.16  CSP 

LSQ12fuk  58:15.9  -16:17:58.03  CSP 

LSQ12fvl  00:50.0  -38:39:11.51  CSP 

LSQ12gef  40:33.7  18:30:36.38  CSP 

LSQ12gln  22:59.4  -33:27:51.32  CSP 

LSQ12gpw  12:58.2  -11:42:40.13  CSP 

LSQ12gxj  52:57.4  01:36:24.25  CSP 

LSQ12gyc  45:50.1  -17:55:45.74  CSP 

LSQ12gzm  40:43.6  -34:44:25.87  CSP 

LSQ12hjm  10:28.7  -16:29:37.08  CSP 

LSQ12hno  42:43.3  -02:40:09.76  CSP 

LSQ12hvj 07:38.6 -29:42:40.96 CSP 

LSQ12hxx  19:44.2 -27:00:25.68  CSP 

LSQ12hzj 59:12.4 -09:00:08.25 CSP 

LSQ13abo 59:21.2 -17:09:09.34 CSP 

LSQ13lq 44:10.8 +03:03:43.42 CSP 

LSQ13pf  48:14.4 -11:38:38.58 CSP 

LSQ12fhs 52:23.5 -20:36:53.3 LCOGT 

LSQ12fxd  22:17.0  -25:35:47.01  LCOGT 

LSQ12gdj  54:43.3  -25:40:34.09  LCOGT 

LSQ12hzs  01:53.2 -26:39:50.15  LCOGT 

LSQ13aiz 15:14.8 -17:57:55.65 LCOGT 

LSQ13apt 10:34.3 -22:39:47.9 LCOGT 

LSQ13avx 46:01.9 +06:27:59.3 LCOGT 

LSQ13avy 09:16.2 +11:58:27.0 LCOGT 

LSQ13bic 11:54.3 +03:29:39.1 LCOGT 

LSQ13bjq 00:48.5 -13:07:17.2 LCOGT 

LSQ13bjs 09:25.3 -01:38:52.8 LCOGT 
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LSQ13bug 09:04.1 -26:54:19.9 LCOGT 

LSQ13bwa 18:41.8 -07:26:40.9 LCOGT 

LSQ13bwn 10:09.0 +11:16:46.9 LCOGT 

LSQ13cnl 14:56.0 -30:33:26.1 LCOGT 

 

 

Figure 2.12: Distribution in the Heliocentric Redshifts of the Type Ia Supernovae Sample, bin size 0.01 
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3. DATA ANALYSIS AND RESULTS 

This part of the thesis starts with a description of the measurement process and formulization 

used for calibrating the obtained supernovae exposures and photometry to a widely understood 

format. Afterwards it portrays the results of supernovae measurements and follow-ups, in the 

form of light curves and it also explains how the light curve data were inserted into SALT2.4. 

After obtaining the distance moduli from SALT2.4 it finally constructs the Hubble diagram from 

the extracted data from SALT2.4, distance moduli , and the constructed light curves 

 

3.1. Measurement and Calibration  

After Type Ia supernovae are discovered, LCOGT or CSP performs photometry on the 

discovered supernovae. Exposures are taken from the supernovae by different filters, mostly 

B,V,gp,rp,ip, filters. The reason for using different filters is to have precise information about the 

peak magnitude of a supernova. After the images are bias subtracted and flat fielded, astrometric 

solutions will be applied to them and linearity and exposure time variations will also be applied. 

For the CSP images these steps are implemented computationally by LSQ staff, but for LCOGT 

images they are independently done by the LCOGT staff even before the images are uploaded to 

LCOGT’s marshal in the format of fits files. These fits files are the raw image of the object 

(supernova) which are not processed and they are formed from the flux of photons received by 

the telescope’s CCD camera as a function of pixel coordinates. Figure 3.1 shows the raw fits file 

of LSQ14dsu, captured by LCOGT telescopes. The supernova can be found in the center of the 

image with several other stars or other sources of photon flux surrounding it. Some of these stars 

can be used as filed stars which are used for calibrating the light curve of the supernova. 
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Figure 3.1: Zoomed Out Exposure of LSQ14dsu. The zoomed out and un-processed fits file of LSQ14dsu can be 

found with its host galaxy in a red circle. Note that this is the very same object shown in Figure 2.5 with the 

difference that this observation has been taken from one of LCOGT telescopes located at siding spring Australia. 

 

It is possible to retrieve each pixel’s positions in the astronomical coordinates if we are aware of 

the cameras specifications, pixel scale, and geometry. In order to run photometry on any given 

source of flux we need to set an aperture with a defined radius around the center of that source. 

Therefore by specifying the object of our interest from the converted astronomical coordinated 

photometry, photometry can be directly and accurately be performed on the desired object. 
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By summing up all the photon counts within the radius of the aperture and then normalizing it to 

the counts of the background and eventually transforming the overall flux to the logarithmic 

magnitude scale we can calculate the effective flux and the magnitude of a flux source. 

If  SA  stands for the flux in aperture A which has NA pixels inside it, while B  is the flux per pixel 

for the background then  f=SA-NAB  is the measured effective flux. Therefore the magnitude of 

the flux source can be calculated by equation 3.1: 

𝑚′ = −2.5𝑙𝑜𝑔10(𝑆𝐴 − 𝑁𝐴𝐵)            3.1  

In order to take care of the logarithmic nature of the calculated magnitude, mentioned at equation 

3.1, usually an offset magnitude of m0 is added to the calculated magnitude and the result is 

commonly known as the instrumental magnitude m , shown in equation 3.2 

𝑚 = 𝑚′ + 𝑚0                 3.2 

Since each source might have a different offset, we consider the point source calibrated 

magnitude as the magnitude obtained from converting the instrumental magnitude to a well 

understood and widely accepted system. The process of this conversion is actually calibrating the 

point source magnitude of an object with the standard stars in a way that allows comparison with 

other surveys. 

The apparent magnitude of supernovae can differ each night, depending on the air-masss in 

which the supernova was observed and the conditions of that specific night. The variations in 

brightness of the supernovae might not necessarily root in the variation of the supernovae 

magnitude itself. Therefore field stars are indirectly used for calibrating the magnitude of 

supernovae. Field stars are a collection of stars which are present in the same field where a 

supernova is observed and they are also known as a local sequence. Like the supernovae, field 

stars also vary in brightness and magnitude on different nights, but the fact that field stars are 

permanent residents of the sky facilitate the process of calibration.  

In order to calibrate field stars we measure the brightness magnitude of standard stars in the same 

field where the local sequences are located. Standard stars are stellar objects which tend to have 

a relatively constant brightness throughout a long period of time.  

Once the PSF instrumental magnitude for a standard star is measured, it is compared with the 

magnitude of the field stars in the vicinity of the supernova on the very same night. Since the 

magnitude of the standard star is known on a clear and perfect night, also referred to as a 

photometric night, by comparing the magnitude of the standard star and the field star it is 

possible to estimate the magnitude of the field stars on a photometric night. After the brightness 

magnitude of field stars on a photometric night is approximated then the field stars can be used 

to estimate the real magnitude of a supernova on a photometric night. Note that the magnitude of 

a supernova cannot be compared directly with the standard stars because the supernova tends to 



40 
 

naturally vary in its brightness through time. In this thesis we rely on the standard stars obtained 

from by Landolt, 1992, for the B and V filters and by Smith et al., 2002, for zs, up, gp, rp, ip.  

Standard stars observations intersect with the time periods the supernovae are observed and their 

measured brightness magnitude are used to determine the zero points. A zero point is the 

difference in between the natural magnitude of an object and its observed instrumental 

magnitude by considering the air-masss and the color (wavelength) within which an object is 

observed. 

The first step for calibrating a supernova is to measure the instrumental magnitude of the 

standard stars. To do so the instrumental photometry of standard stars should be measured in a 

long period of nights from different filters and different telescopes. As previously mentioned in 

this thesis for the objects followed by LCOGT, we only used the standard stars observed by three 

telescopes at the Cerro Tololo, simply because other sites did not have a long range of nights 

with observed standards and the Cerro Tololo telescope had better observing conditions. As 

mentioned before objects followed by CSP use the 1-m Swope telescope which its performance 

well-known and calibrated. 

The instrumental magnitude of the pre-defined standards from the SDSS database and Landoult 

stars will be observed for each image. Also by iterating through each image the instrumental 

magnitude (m) of the standard star will be compared to its preknown photometric magnitude 

known as catalog magnitude (M) for the specific filter. 

Many surveys tend to report the magnitude of standards, supernovae, or field stars in a 

photometric system referred to as the natural photometric system. The natural system provides 

photometry of different objects in its most genuine form and making it convenient to combine 

the resulted photometry with other surveys. In other words the natural photometry system is  

widely understood and eases the incorporation of a survey’s data with other surveys.  

After measuring the instrumental magnitude of a standard star (m) and its catalog magnitude 

(M), we want to take the photometry results to their natural system. In order to do so we should 

do as it follows: 

The catalog magnitudes (M) of the photometric standards which are provided by [8; 20] and [38] 

are implemented through equation 3.3-3.9 and used for calculating the magnitude of the standard 

stars in Swope’s natural system 

𝑚𝑢𝑝𝑛𝑎𝑡
= 𝑀𝑢𝑝 − 𝑐𝑡𝑢𝑝 × (𝑀𝑢𝑝 − 𝑀𝑔𝑝)  3.3 

𝑚𝑔𝑝𝑛𝑎𝑡
= 𝑀𝑔𝑝 − 𝑐𝑡𝑔𝑝 × (𝑀𝑔𝑝 − 𝑀𝑟𝑝)  3.4 

𝑚𝑟𝑝𝑛𝑎𝑡
= 𝑀𝑟𝑝 − 𝑐𝑡𝑟𝑝 × (𝑀𝑟𝑝 − 𝑀𝑖𝑝)  3.5 
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𝑚𝑖𝑝𝑛𝑎𝑡
= 𝑀𝑖𝑝 − 𝑐𝑡𝑖𝑝 × (𝑀𝑟𝑝 − 𝑀𝑖𝑝)    3.6 

𝑚𝐵𝑛𝑎𝑡
= 𝑀𝐵 − 𝑐𝑡𝐵 × (𝑀𝐵 − 𝑀𝑉)          3.7 

𝑚𝑉𝑛𝑎𝑡
= 𝑀𝑉 − 𝑐𝑡𝑉 × (𝑀𝑉 − 𝑀𝑖𝑝)        3.8 

Also equations 3.1.9-3.15 calculates LCOGT’s 1-meter telescope’s natural system which is 

located at Cerro Tololo. 

𝑚𝑔𝑝𝑛𝑎𝑡
= 𝑀𝑔𝑝 − 𝑐𝑡𝑔𝑝 × (𝑀𝑔𝑝 − 𝑀𝑟𝑝)    3.9 

𝑚𝑟𝑝𝑛𝑎𝑡
= 𝑀𝑟𝑝 − 𝑐𝑡𝑟𝑝 × (𝑀𝑟𝑝 − 𝑀𝑔𝑝)  3.10 

𝑚𝑖𝑝𝑛𝑎𝑡
= 𝑀𝑖𝑝 − 𝑐𝑡𝑖𝑝 × (𝑀𝑖𝑝 − 𝑀𝑟𝑝)    3.11 

𝑚𝑧𝑠𝑛𝑎𝑡
= 𝑀𝑧𝑠 − 𝑐𝑡𝑧𝑠 × (𝑀𝑧𝑠 − 𝑀𝑟𝑝)    3.12 

𝑚𝐵𝑛𝑎𝑡
= 𝑀𝐵 − 𝑐𝑡𝐵 × (𝑀𝐵 − 𝑀𝑉)          3.13 

𝑚𝑉𝑛𝑎𝑡
= 𝑀𝑉 − 𝑐𝑡𝑉 × (𝑀𝑉 − 𝑀𝑅)           3.14 

𝑚𝐼𝑛𝑎𝑡
= 𝑀𝐼 − 𝑐𝑡𝐼 × (𝑀𝐼 − 𝑀𝑉)              3.15 

 

Where the subscript nat stands for the natural system and cti is the color terms which are derived 

along with the zero points through least square fitting transformation equations 3.14-3.26. The 

instrumental magnitude for equations 3.16-3.28  are calculated with the available standard stars 

which are the Johnson B and V filters used from Landolt (1992) and Bessell (1990) and the up, 

gp, rp, ip filters derived from Smith et al. (2002). Color terms are calculated for both the CSP 

and LCOGT telescopes and they are shown in Table 3.1. While least square fitting the 

transformation equations for 3.16 - 3.28, if the 𝑐𝑡𝑖 color terms differ from zero, the filters (band 

passes) will be shifted in their wavelength with no changes in shape. Afterwards the magnitude 

and color terms will be calculated again and this process continues until the color terms are 

consistent with zero. The color correction in this thesis is based on methods used in Contreas et 

al, (2010), Hamuy et al.. (2006) and Stritzinger et al. (2005). 

𝑀𝑢𝑝 − 𝑚𝑢𝑝𝑖𝑛𝑠
= 𝑐𝑡𝑢𝑝 × (𝑀𝑢𝑝 − 𝑀𝑔𝑝) + 𝑧0𝑢𝑝

 3.16 

𝑀𝑔𝑝 − 𝑚𝑔𝑝𝑖𝑛𝑠
= 𝑐𝑡𝑔𝑝 × (𝑀𝑔𝑝 − 𝑀𝑟𝑝) + 𝑧0𝑔𝑝

 3.17 

𝑀𝑟𝑝 − 𝑚𝑟𝑝𝑖𝑛𝑠
= 𝑐𝑡𝑟𝑝 × (𝑀𝑟𝑝 − 𝑀𝑖𝑝) + 𝑧0𝑟𝑝

 3.18 

𝑀𝑖𝑝 − 𝑚𝑖𝑝𝑖𝑛𝑠
= 𝑐𝑡𝑖𝑝 × (𝑀𝑟𝑝 − 𝑀𝑖𝑝) + 𝑧0𝑖𝑝

   3.19 
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𝑀𝐵 − 𝑚𝐵𝑖𝑛𝑠
= 𝑐𝑡𝐵 × (𝑀𝐵 − 𝑀𝑉) + 𝑧0𝐵

         3.20 

𝑀𝑉 − 𝑚𝑉𝑖𝑛𝑠
= 𝑐𝑡𝑉 × (𝑀𝑉 − 𝑀𝑖𝑝) + 𝑧0𝑉

        3.21 

 Equations 3.1.20-3.1.26 are the equations used for LCOGT’s 1meter telescope located at Cerro 

Tololo color correction 

𝑀𝑔𝑝 − 𝑚𝑔𝑝𝑖𝑛𝑠
= 𝑐𝑡𝑔𝑝 × (𝑀𝑔𝑝 − 𝑀𝑟𝑝) + 𝑧0𝑔𝑝

   3.22 

𝑀𝑟𝑝 − 𝑚𝑟𝑝𝑖𝑛𝑠
= 𝑐𝑡𝑟𝑝 × (𝑀𝑟𝑝 − 𝑀𝑔𝑝) + 𝑧0𝑟𝑝

     3.23 

𝑀𝑖𝑝 − 𝑚𝑖𝑝𝑖𝑛𝑠
= 𝑐𝑡𝑖𝑝 × (𝑀𝑖𝑝 − 𝑀𝑟𝑝) + 𝑧0𝑖𝑝

       3.24 

𝑀𝑧𝑠 − 𝑚𝑧𝑠𝑖𝑛𝑠
= 𝑐𝑡𝑧𝑠 × (𝑀𝑧𝑠 − 𝑀𝑟𝑝) + 𝑧0𝑧𝑠

      3.25 

𝑀𝐵 − 𝑚𝐵𝑖𝑛𝑠
= 𝑐𝑡𝐵 × (𝑀𝐵 − 𝑀𝑉) + 𝑧0𝐵

             3.26 

𝑀𝑉 − 𝑚𝑉𝑖𝑛𝑠
= 𝑐𝑡𝑉 × (𝑀𝑉 − 𝑀𝑅) + 𝑧0𝑉

              3.27 

𝑀𝐼 − 𝑚𝐼𝑖𝑛𝑠
= 𝑐𝑡𝐼 × (𝑀𝐼 − 𝑀𝑉) + 𝑧0𝐼

                   3.28 

 

Table 3.1: Color Values Measured for LCOGT’s 1m-04 Telescope and CSP’s 1m Swope Telescope 

Filter LCOGT-Cerro-Tololo color 

term for telescope 1m-04 

CSP II- Swope 

color term 

B 0.020 0.066 

V 0.054 -0.061 

I -0.003 N/A 

up N/A 0.045 

gp 0.104 -0.015 

rp -0.024 -0.014 

ip 0.008 0.002 

zs 0.350 N/A 
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The standard stars selected for determining a color term were carefully selected so that they 

covered a wide range of color. It should be noted that the up filter color correction for the 

LCOGT images is missing, this is because there were insufficient good standards observed with 

a wide color range to determine the color term. Also CSP did not do any observations in the I 

and zs filter, therefore there are no color terms needed for CSP in these two filters. 

After implementing the color terms in equations 3.1.3 - 3.1.15 and deriving the natural 

magnitudes we expect the new magnitudes in the natural system of the telescope to satisfy 

equation 3.29 After the instrumental magnitude (m) is measured by an IRAF-based pipeline 

originally developed by the Carnegie supernova project but later modified by LSQ group we can 

insert the natural magnitudes in equation 3.29  

𝑚𝑛𝑎𝑡 = 𝑚 − 𝑘𝑋 + 𝑧0  3.29 

Where k stands for the extinction coefficient which depends on the site of and the different filters 

used for photometry, X is the air-masss coefficient for the particular exposure (image), and z0 is 

the zeropoint of the observation which is a constant that represents the difference that the 

instrumental magnitude of a source should have with its catalog magnitude. 

k is not known and can’t be determined for a single exposure (image); however, for a series of 

observations of the standards we can calculate k and X  by getting the best fit. In order to 

calculate k and X, standards should be observed on a clear photometric night with different 

ranges of air-massses. 

If we have n standards with catalog magnitudes 

M1, … ,Mn 

And instrumental magnitudes  

m1,….mn 

While these images were taken at air-massses  

X1, … ,Xn 

Then z0 and k could be approximated by 3.30 

𝑀𝑖 = 𝑚𝑖 − 𝑘𝑋𝑖 + 𝑧0             1 < 𝑖 < 𝑛       3.30 

These equations can be put into vector format so that implementing a linear least square 

regression will assist in finding the values for k and z0 which minimizes the summation of square 

residuals. 

The vector format will be 3.31 
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𝒀 = 𝑘𝑿 + 𝑧0        3.31      

Where Y is the vector the components of which are constructed by  Mi-mi   and X is the vector 

with components Xi . Equation 3.32 provides the estimated values for Xi  and z0  for a particular 

filter, site, and night. Once the air-masss coefficient is known the zero points can be simply 

calculated by 

𝑧0 = 𝑚𝑛𝑎𝑡𝑖
− 𝑚𝑖 − 𝑘𝑋𝑖        3.32    

And after calculating the zero point for different standards at one night, the average zero points 

over all standards can be considered as that particular night’s zero point. The described 

procedure is also beneficial when the standard stars are not observed at different values of air-

masss and a two variable regression will turn out to be problematic for k  and z0. The extinction 

values (k) for LCOGT and CSP are shown in Table 3.2 

Table 3.2: The Extinction Values Measured for LCOGT’s Telescope 1m-04 telescope and CSP’s 1m Swope 

Telescope 

Filter LCOGT-Cerro-Tololo color 

term for telescope 1m-04 

CSP II- Swope 

extinction coefficient 

B 0.264 0.249 

V 0.160 0.136 

I 0.041 N/A 

up 0.540 0.502 

gp 0.210 0.193 

rp 0.140 0.103 

ip 0.049 0.060 

zs 0.013 N/A 

 

As previously mentioned the observation of standard stars should be done on photometric nights, 

and to figure whether a night is photometric or not, one looks to the variation of zero points. For 

LCOGT we determined photometric nights as the following: zero points were calculated for all 

the standard stars as explained during a course of nights at different air-massses. Knowing that 

Cerro Tololo is a site with a very high ratio of photometric nights, after throwing out the outliers 

the median point of the calculated zero points for 30 measured nights are assumed to be the zero 

point of a photometric night. Once the zeropoint of a photometric night is calculated, any night 

the zero point scatters of which deviate less than 5% from the photometric zero point for the B, 
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V, g, r, i filters is  categorized as photometric and if the scatter is less than 20% for the u filter 

the night would be photometric. In order to calibrate supernovae and eventually construct their 

light curves, a supernova should be observed at least once in a photometric night, therefore there 

should be some intersection between the nights that standard stars and the supernovae were 

observed. This is important in order to let us know whether a night is photometric or not. Once a 

night is identified as photometric, the zero point of the supernova and its field stars are used to 

calibrate the magnitude of the supernova for the non-photometric nights and for the nights that 

the standards were not simultaneously observed with the supernovae.  

For CSP in addition to exploiting a similar method, a human observer is located at the 

observatory to provide night logs regarding observing conditions and whether a night is 

photometric or not. For CSP a night is labeled as photometric if the scatter of its zero points in 

filters B, V, gp, rp, ip deviates less than 3% from the photometric night magnitude  and less than 

8% from  the photometric magnitude for the up filter. 

The next step is to perform photometry for any observed supernova by LCOGT or CSP. To do so 

after measuring the supernovae instrumental magnitude msn we need to know about the catalog 

magnitude of the supernovae Msn for a specific filter system.  

At this point we could insert the calculated air-masss coefficient k and the zero point z0 of a 

photometric night obtained from the standards into equation 3.33 

𝑚𝑛𝑎𝑡𝑠𝑛
= 𝑚𝑠𝑛 − 𝑘𝑋 + 𝑧0   3.33              

If the night that the supernova has been observed is photometric then the zero point correction 

and air-masss coefficient correction obtained from the standards would be also valid to be used 

for the supernova exposures. However, note that supernovae are not always observed on 

photometric nights therefore other means of calibration are needed. 

When supernovae are not observed on photometric nights, due to poor observing conditions the 

instrumental magnitude of the supernova will increase (become fainter). Therefore, the air-masss 

coefficient and zero points of the photometric night can no longer be used. 

At this point the importance of field stars should be emphasized. If we happen to know the real 

natural magnitudes of the field stars on a photometric night  for a given filter and denote the real 

magnitude as 𝑚𝑛𝑎𝑡𝑛

𝑓
  where we assume to have n field stars, and if we measure the instrumental 

magnitude of the same field stars on a non-photometric night denoted as 𝑚𝑛
𝑓
  then from        

𝑚𝑛𝑎𝑡𝑛

𝑓
− 𝑚𝑛

𝑓
 we can calculate the approximate air-masss and zeropint correction for the 

measured instrumental magnitude of the supernova for a specific non photometric night. 

If we average 𝑚𝑛𝑎𝑡𝑛

𝑓
− 𝑚𝑛

𝑓
over the number of field stars then we could estimate the catalog 

(real) magnitude of the supernova at a specific non-photometric night from equation 3.34 
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𝑚𝑛𝑎𝑡𝑠𝑛
= 𝑚𝑠𝑛 +

1

𝑛
∑(𝑚𝑛𝑎𝑡𝑛

𝑓
− 𝑚𝑛

𝑓
)

𝑛

𝑖=1

  3.34 

where 𝑚𝑛𝑎𝑡𝑠𝑛
 is the natural magnitude of the supernova and 𝑚𝑠𝑛 is the instrumental magnitude 

of the supernova observed on a non-photometric night at a given filter. 

To our advantage all necessary corrections, like color corrections, air-masss corrections, and the 

difference in the observational site, which are needed to calibrate the supernovae instrumental 

magnitude to its natural magnitude are included in (𝑚𝑛𝑎𝑡𝑛

𝑓
− 𝑚𝑛

𝑓
).  

However still one question remains and that is how do we know the catalog magnitudes of the 

field stars. The answer is quite simple. 

The same field stars used to calibrate the supernova on a non-photometric night will also be 

observed on photometric nights, therefore by inserting the zero point correction, the color 

correction and the air-masss correction of a photometric night into equation 3.35 we can obtain 

the natural magnitude 𝑚𝑛𝑎𝑡
𝑓 of the field stars. 

𝑚𝑛𝑎𝑡
𝑓 = 𝑚𝑓 − 𝑘𝑋 + 𝑧0    3.35         

A good check is measuring the catalog magnitude of field stars 𝑀𝑓  at each photometric night and 

then comparing the catalog magnitudes together. If the catalog magnitude remains constant then 

we have been successful in precisely estimating the catalog magnitude of field stars. Therefore 

more photometric nights adds up to the precision of estimating the catalog magnitude of field 

stars. 

It is obvious that supernovae and field stars have larger differences between their instrumental 

magnitude and their catalog magnitude at nights with poor observing conditions due to the higher 

magnitude (fainter) of objects on such nights. 

Assume that the field stars have been observed on  j  different clear and photometric nights from 

different observing sites. We already know the zero points and air-masss coefficients by 

observing the standards stars at the very same nights. If X1 , … , Xj  are the air-masss of each of 

these nights and images (observations) and z0,1 , … , z0,j are the zero points for each of these 

nights, and if the instrumental magnitude for j photometric nights for the i th field star would be 

𝑚1,𝑖,
𝑓

, … , 𝑚𝑗,𝑖
𝑓

 then the natural magnitude for field star i would be measured from equation  3.36 

𝑚𝑛𝑎𝑡𝑖,𝑙

𝑓
= 𝑚𝑖,𝑙

𝑓
− 𝑘𝑙𝑋𝑙 + 𝑧0,𝑙    3.36 

in which   1≤ 𝑙 ≤ 𝑗 . These calculations offer a series of approximations for the magnitudes of 

each of the field stars. Furthermore the correlated errors can be determined by 3.37 
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𝜎
𝑚𝑛𝑎𝑡𝑖,𝑙𝑓
2 = 𝜎

𝑚,𝑖,𝑙𝑓
2 − 𝑋𝑙

2𝜎𝑘,𝑙
2 + 𝜎𝑧0,𝑙

2    3.37 

Therefore after considering all the j estimates for the magnitude of the field stars we can 

calculate the natural magnitude of a field star by getting a weighted average over all estimates 

from equation 3.38 

𝑚𝑛𝑎𝑡
𝑓 =

∑ 𝑤𝑙𝑧1
𝑗
𝑙=1

∑ 𝑤𝑙
𝑗
𝑙=1

     3.38 

where 

𝑧1 ≡ 𝑚𝑛𝑎𝑡
𝑓  

and  

𝑤𝑙 ≡
1

𝜎
𝑚𝑛𝑎𝑡𝑖,𝑙𝑓
2  

The fact that some nights might have poor observing conditions which generates large errors is a 

good reason in support of the idea that considering a weighted average for the catalog magnitude 

of field stars will make the results more precise. 

By exploiting standard statistical theory the squared standard deviation for 𝑚𝑛𝑎𝑡𝑖

𝑓
 would be 

derived from equation 3.39 

𝜎
𝑚𝑛𝑎𝑡𝑖

𝑓
2 = (

1

∑ 𝑤𝑙
𝑗
𝑙=1

) (
1

𝑗 − 1
) ∑ 𝑤𝑙

𝑗

𝑙=1

(𝑧𝑙 − 𝑚𝑛𝑎𝑡𝑖

𝑓
)

2
   3.39 

To summarize, for calibrating the field stars to a supernova, one can do photometry on all 

photometric nights in an iterative manner and by benefiting from equation 3.36 obtain 

approximations for the catalog magnitude of the field stars. Respectively we can use equation 

3.38 to get an average over all these magnitudes and calculate one definite magnitude for a 

specific field star. Afterwards one can use equation 3.34 and exploit the calculated magnitudes of 

the field stars to derive the difference of a supernova’s instrumental magnitude with its catalog 

magnitude. 

Deriving the zero points for targeted field stars facilitates calibration of the magnitude of 

different sources observed by different LCOGT sites on a widely understood scale. 

The whole process of extracting and performing photometry on supernovae can be summarized 

in the two steps below: 
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1-Observing the standard stars and measuring their instrumental photometry for the purpose of 

calibrating supernovae and field stars. 

2-Going into each and every supernovae, selecting field stars and performing instrumental 

photometry on the supernovae and its corresponding field stars, then afterwards calibrating the 

supernovae’s magnitude with the parameters obtained from standard stars and field stars.  

 

3.2. Galaxy Background Light Subtraction 

Our first objective is to measure only the magnitude of a supernova, though this would not be 

possible unless we take away the light of the sources surrounding the supernova which will 

affect our measurement. 

The galaxy that a supernova might be embedded in could be a source of luminosity, therefore the 

background intensity of the galaxy should be taken away. In other words if a supernova is 

located nearby the host galaxy ,then any aperture drawn to measure the flux of the supernova 

will be contaminated by the flux of the host galaxy and it will measure a magnitude brighter than 

reality. In order to avoid such contamination of unwanted flux, a template or reference image is 

taken from the sight of the supernova well after the supernova’s light has faded away ( mostly 10 

-11 months is safe). The template images for the LCOGT images could have been taken by any 

of LCOGT 1m telescopes and sites, however for the CSP images they could be taken from either 

the Swope telescope or the du-pont telescope at the same site were the supernova image had been 

taken. It is well preferred that the template should be taken by the same instrument that the 

supernova was observed, this is because different instruments have slight differences in the 

measurement of the host galaxy. These templates are taken with the very same filters that the 

supernova was observed and as mentioned they are used to take away the presence of the host 

galaxy in the images which the supernova itself is still present. Note that subtracting a too large 

radius of the host galaxy might result in eliminating the field stars used to calibrate the 

supernovae, therefore it is important to cut an appropriate and not too large radius of the host 

galaxy. Usually two programs are used for subtracting the galaxy background light from the 

supernovae. The first one is a fast and automated program which exploits the HOTPANTS image 

subtraction program. This program subtracts a 35 arcsecends radius (Figure 3.2(b)) of the galaxy 

surrounding the supernova. Initially all our supernovae were subtracted by the automated 

version. It is possible that parts of a galaxy will still remain close to the supernova or the 

supernova itself might be over subtracted therefore the subtracted images were then tested to see 

how successful the subtraction turned out. In case a supernova failed to be successfully 

subtracted by HOTPANTS a second manual program will be used to perform the subtractions. 

This will ensure that all background light of the galaxies have been properly subtracted. Figure 

3.2 (a) shows the un-subtracted exposure of LSQ12gef taken by the Swope telescope while 

figure 3.2 (b) shows the galaxy subtracted image of LSQ12gef. Note how deep the supernova 
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was imbedded in the galaxy, therefore had we refused to perform the galaxy subtraction the 

galaxy’s  brightness would drastically  effected the brightness of the supernova .Since LSQ12gef 

was deep inside it’s host galaxy, an automatic galaxy subtraction had a very low chance of 

success. So LSQ12gef perfect galaxy subtraction in Figure 3.2(b) is an example of a very 

delicate and time consuming subtraction. However a successful HOTPANTS galaxy subtraction 

would have resulted in an identical image as figure 3.2(b) and the difference in the two 

subtraction methods lies in the procedure the subtraction was carried out. 

 

 

Figure 3.2: Nongalaxy and Galaxy Substracted LSQ12gef. LSQ12gef unsubtracted (original) exposure on the left 

(a). Galaxy subtracted image of LSQ12gef on the right (b). Note that the point brightness inside the red circle for 

image (b) is the actual supernova and the area where the faint lights start to appear are where the 35 arc second 

radius, mentioned in section 3.2, ends. 

 

3.3. Supernova Light Curves 

Light curves are constructed by the plot of supernovae’s brightness magnitude versus time. 

Knowing the width of each supernova and comparing it to the width of a typical Ia supernova 

enables one to derive the stretch factor, which is an important parameter in terms of the 

cosmology. After identifying the zero points using the very same formula in equation 3.31 the 

light curves are produced for each supernova. By exploiting point spread function fitting for 

aperture independent photometry the light curves were generated in CSP and LCOGT’s natural 

system. The lightcurve for Type Ia supernova LSQ12fxd in the filters gp, rp, ip, zs are shown in 

Figure 3.3. 

a b 
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The light curves for the other 46 supernovae are shown in Figures attached in Appendix 1. The 

magnitude of LSQ12fxd in different filters and on different dates (the very same data that 

generated Figure 3.3) is presented in Table 3.3. 

 

 

Figure 3.3: The Photometric Light Curve of LSQ12fxd. There are four filters: gp (green), rp (red), ip (pink) and zs 

(cyan). 

 

Table 3.3: LSQ12fxd Light Curve Data. The magnitude of LSQ12fxd from 6th of November 2012 to 28th of March 

2013 in filters gp,rp,ip and zs with measurement errors included. Note that N/A means a measurement was not done 

for that specific filter. 

Year Month Day mgp mgp error mrp mrp error mip mip error mzs mzs error 

2012 11 6 16.601 0.004 16.88 0.005 17.203 0.005 17.416 0.004 

2012 11 7 16.505 0.002 16.796 0.003 17.149 0.002 17.413 0.005 

2012 11 8 16.383 0.002 16.69 0.003 17.061 0.002 17.254 0.003 

2012 11 9 16.302 0.004 16.614 0.004 17.176 0.007 N/A N/A 

2012 11 10 16.13 0.002 16.427 0.002 16.969 0.005 17.158 0.006 

2012 11 12 16.089 0.001 16.361 0.002 16.976 0.002 17.071 0.002 

2012 11 14 16.026 0.003 16.281 0.003 16.935 0.004 17.079 0.006 

2012 11 16 16.089 0.003 16.301 0.003 17.03 0.004 17.107 0.002 
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2012 11 18 16.107 0.002 16.314 0.003 17.1 0.002 N/A N/A 

2012 11 20 16.224 0.002 16.377 0.002 17.202 0.003 N/A N/A 

2012 11 22 16.296 0.001 16.45 0.002 17.232 0.002 17.351 0.006 

2012 11 27 16.609 0.003 16.717 0.003 17.532 0.003 N/A N/A 

2012 11 29 16.715 0.004 16.822 0.004 N/A N/A N/A N/A 

2012 12 2 17.006 0.005 16.898 0.004 17.55 0.004 17.574 0.008 

2012 12 3 17.154 0.003 16.995 0.004 17.62 0.003 17.598 0.005 

2012 12 4 17.2 0.002 16.973 0.002 17.668 0.003 17.534 0.007 

2012 12 5 17.294 0.003 16.993 0.004 17.584 0.003 17.604 0.004 

2012 12 6 17.373 0.002 17.016 0.003 17.587 0.004 17.596 0.003 

2012 12 7 17.427 0.002 17.044 0.002 17.607 0.002 17.59 0.002 

2012 12 8 17.463 0.003 16.959 0.004 17.516 0.004 17.52 0.006 

2012 12 10 17.682 0.002 17.086 0.002 17.555 0.001 17.654 0.004 

2012 12 11 17.775 0.002 17.149 0.003 17.568 0.004 17.66 0.006 

2012 12 12 17.841 0.003 17.138 0.002 17.577 0.005 17.647 0.005 

2012 12 13 17.932 0.003 17.157 0.004 17.54 0.004 17.61 0.005 

2012 12 14 18.001 0.004 17.187 0.004 17.528 0.004 17.608 0.004 

2012 12 15 18.044 0.003 17.206 0.005 17.51 0.004 17.635 0.004 

2012 12 16 18.125 0.003 17.26 0.003 17.576 0.005 17.646 0.004 

2012 12 17 18.22 0.005 17.295 0.004 17.888 0.009 17.891 0.01 

2012 12 20 18.415 0.004 17.478 0.005 17.934 0.005 17.869 0.006 

2012 12 21 18.387 0.004 17.482 0.004 17.811 0.005 17.853 0.006 

2012 12 22 18.56 0.003 17.654 0.004 17.869 0.003 17.908 0.003 

2012 12 23 18.497 0.003 17.621 0.004 17.857 0.004 17.957 0.005 

2012 12 24 18.604 0.004 17.698 0.004 18.05 0.005 18.018 0.009 

2012 12 25 18.576 0.005 17.683 0.005 18.068 0.007 18.09 0.007 

2012 12 26 18.672 0.006 17.757 0.005 18.076 0.004 18.314 0.008 
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2012 12 27 18.634 0.006 17.781 0.004 18.137 0.006 18.228 0.006 

2012 12 28 18.735 0.006 17.769 0.006 18.148 0.008 18.3 0.009 

2012 12 29 18.768 0.004 17.924 0.005 18.317 0.005 18.268 0.007 

2013 1 2 18.89 0.007 18.022 0.005 18.617 0.008 N/A N/A 

2013 1 3 18.924 0.006 18.149 0.005 18.74 0.007 18.39 0.011 

2013 1 4 18.912 0.006 18.15 0.005 18.887 0.008 N/A N/A 

2013 1 5 18.93 0.003 18.176 0.002 18.671 0.006 18.547 0.005 

2013 1 6 18.939 0.003 18.115 0.003 18.659 0.003 N/A N/A 

2013 1 8 18.907 0.006 18.225 0.003 18.71 0.007 N/A N/A 

2013 1 15 19.111 0.005 18.4 0.005 18.936 0.007 N/A N/A 

2013 1 16 19.023 0.004 18.409 0.003 18.99 0.005 N/A N/A 

2013 1 22 19.068 0.004 18.602 0.008 N/A N/A N/A N/A 

2013 1 23 19.143 0.004 18.643 0.005 N/A N/A N/A N/A 

2013 1 24 19.098 0.003 18.768 0.004 N/A N/A N/A N/A 

2013 1 25 19.163 0.003 18.817 0.005 N/A N/A N/A N/A 

2013 1 26 19.093 0.007 18.677 0.007 N/A N/A N/A N/A 

2013 1 28 19.238 0.003 18.869 0.008 N/A N/A N/A N/A 

2013 1 30 19.228 0.006 18.855 0.007 N/A N/A N/A N/A 

2013 2 1 19.24 0.003 18.915 0.008 N/A N/A N/A N/A 

2013 2 2 19.276 0.004 N/A N/A N/A N/A N/A N/A 

2013 2 3 19.296 0.003 18.898 0.004 19.268 0.008 N/A N/A 

2013 2 4 19.354 0.003 19.026 0.004 19.68 0.009 N/A N/A 

2013 2 8 19.396 0.003 19.029 0.003 19.738 0.009 N/A N/A 

2013 2 10 19.399 0.004 19.122 0.003 19.812 0.006 N/A N/A 

2013 2 11 19.376 0.004 19.07 0.004 19.69 0.004 N/A N/A 

2013 2 15 19.403 0.006 19.054 0.009 19.838 0.008 N/A N/A 

2013 2 16 19.427 0.005 19.264 0.003 N/A N/A N/A N/A 
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2013 2 17 19.328 0.005 19.225 0.007 19.634 0.01 N/A N/A 

2013 2 18 19.579 0.003 19.387 0.002 20.027 0.007 N/A N/A 

2013 2 19 19.529 0.003 19.285 0.006 19.604 0.007 N/A N/A 

2013 2 20 19.449 0.005 19.216 0.008 19.99 0.011 N/A N/A 

2013 2 21 19.481 0.005 19.362 0.008 19.81 0.011 N/A N/A 

2013 2 22 19.426 0.004 19.214 0.007 20.024 0.009 N/A N/A 

2013 2 23 19.574 0.009 19.561 0.005 19.898 0.007 N/A N/A 

2013 2 24 19.494 0.004 19.337 0.007 19.876 0.011 N/A N/A 

2013 2 25 19.545 0.013 19.288 0.009 19.931 0.007 N/A N/A 

2013 2 26 19.645 0.005 19.398 0.005 20.273 0.007 N/A N/A 

2013 2 27 19.649 0.003 19.471 0.006 N/A N/A N/A N/A 

2013 2 28 19.58 0.005 19.421 0.008 N/A N/A N/A N/A 

2013 3 1 19.706 0.003 19.548 0.008 20.011 0.007 N/A N/A 

2013 3 2 19.66 0.005 19.587 0.005 20.241 0.01 N/A N/A 

2013 3 3 19.694 0.004 19.514 0.006 20.1 0.004 N/A N/A 

2013 3 4 19.618 0.005 19.558 0.005 19.963 0.006 N/A N/A 

2013 3 5 19.751 0.005 19.516 0.005 20.086 0.007 N/A N/A 

2013 3 13 19.634 0.007 19.728 0.011 N/A N/A N/A N/A 

2013 3 15 19.686 0.008 19.759 0.012 N/A N/A N/A N/A 

2013 3 16 19.77 0.007 19.839 0.013 N/A N/A N/A N/A 

2013 3 17 19.685 0.01 19.698 0.011 N/A N/A N/A N/A 

2013 3 18 19.901 0.005 19.972 0.008 N/A N/A N/A N/A 

2013 3 23 19.828 0.01 N/A N/A N/A N/A N/A N/A 

2013 3 25 19.856 0.013 N/A N/A N/A N/A N/A N/A 

2013 3 26 19.657 0.017 N/A N/A N/A N/A N/A N/A 

2013 3 27 19.719 0.017 N/A N/A N/A N/A N/A N/A 

2013 3 28 19.566 0.011 N/A N/A N/A N/A N/A N/A 
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3.4 Supernova Template Fitting using SALT2.4. 

SALT2.4 is a fitting program [17; 9] which contains a wide variety of supernovae spectra with 

different redshifts, width of light curves, colors, and phases. This information obtained from 

previous surveys and embedded in SALT2.4 provides a reliable fit to the light curve of a 

supernova and helps estimate the rest frame of the peak magnitude of a supernova and its 

corresponding width of the light-curve in the B filter. The B filter’s peak magnitude is really the 

magnitude that cosmologists use as the peak filter of a supernova and all other filters help 

estimating the correct parameters for the B filter. 

SALT2.4 uses the information from previous surveys to offer the best fit to the light curves 

obtained from supernovae in different filters and it gives the best K corrections mentioned in 

formula 3.33 to convert the filter bands to the rest frame of the supernovae.  

The inputs that we feed into SALT2.4 are the milky way extinction coefficient for each 

supernova which is obtained from NED and the dust maps of Schlegel et al. (1998) with the 

Schlafly et al. (2011) recalibration, the heliocentric redshift, and the  supernovae’s light curves 

data (magnitude, Julian date, and error) for several filters.  

On the other side the output that SALT2.4 provides the peak magnitude mB* of the supernova in 

the rest frame of the B band, the stretch factor x1 of the light curve, the color c, and the time 

where the supernova reached its peak. The color factor c equals the excess B-V color over the 

natural B-V of a typical Type Ia supernova embedded in the SALT synthetic spectrum. The 

mentioned SALT values obtained from our assessed supernovae are summarized in Table 3.4. 

Also the distribution in the stretch parameter x1  and the color parameter c obtained from 

SALT2.4 are presented in Figure 3.4 and Figure 3.5 respectively. 

Table 3.4: Salt2.4 Parameters. Parameters obtained from fitting SALT2.4 to the available LSQ-CSP-LCOGT 

sample. 

Object RA DEC Redshift mB* δ mB* c δc x1   δx1 

LSQ11bk  04:20:44.25   -08:35:55.75  0.037 16.901 0.018 -0.097 0.017 1.086 0.04 

LSQ11ot  05:15:48.34   06:46:39.36  0.027 17.822 0.018 0.293 0.018 -0.073 0.036 

LSQ11pn  05:16:41.54   06:29:29.40  0.033 17.413 0.019 0.136 0.019 -3.016 0.073 

LSQ12agq  10:17:41.67   -07:24:54.45  0.064 18.494 0.022 0.078 0.02 0.267 0.071 

LSQ12aor  10:55:17.64   -14:18:01.38  0.093 19.447 0.021 -0.002 0.021 -2.528 0.106 

LSQ12bld  13:42:44.03    08:05:33.74  0.083 19.022 0.02 0.048 0.02 -0.847 0.07 

LSQ12blp  13:36:05.59   -11:37:16.87  0.074 18.333 0.03 -0.054 0.025 -0.357 0.093 

LSQ12btn  09:21:30.47   -09:41:29.86  0.054 18.242 0.019 0.075 0.017 -1.578 0.054 



55 
 

LSQ12ca  05:31:03.62   -19:47:59.28  0.098 19.122 0.021 -0.016 0.018 -0.01 0.16 

LSQ12cda 13:50:02.32 +09:37:47.10 0.138 20.202 0.047 0.068 0.026 -1.341 0.358 

LSQ12cdl  12:53:39.96   -18:30:26.16  0.111 19.171 0.022 -0.108 0.021 0.554 0.267 

LSQ12fuk  04:58:15.88   -16:17:58.03  0.02 15.842 0.029 0.102 0.025 0.923 0.042 

LSQ12fvl  05:00:50.04   -38:39:11.51  0.056 18.668 0.027 0.214 0.026 -3.177 0.133 

LSQ12gef  01:40:33.70   18:30:36.38  0.065 18.975 0.027 0.327 0.025 0.976 0.207 

LSQ12gln  05:22:59.41   -33:27:51.32  0.112 18.962 0.024 -0.123 0.022 0.552 0.121 

LSQ12gpw  03:12:58.24   -11:42:40.13  0.058 17.432 0.026 -0.032 0.025 2.386 0.24 

LSQ12gxj  02:52:57.38   01:36:24.25  0.035 18.087 0.027 0.262 0.024 0.896 0.048 

LSQ12gyc  02:45:50.07   -17:55:45.74  0.093 18.768 0.025 -0.058 0.024 0.945 0.251 

LSQ12gzm  02:40:43.61   -34:44:25.87  0.1 19.514 0.027 0.021 0.029 0.356 0.344 

LSQ12hjm  03:10:28.72   -16:29:37.08  0.072 18.266 0.025 -0.111 0.023 -0.358 0.069 

LSQ12hno  03:42:43.25   -02:40:09.76  0.048 17.92 0.027 0.056 0.024 0.187 0.155 

LSQ12hvj 11:07:38.62 -29:42:40.96 0.071 18.403 0.025 0.043 0.023 0.741 0.088 

LSQ12hxx  03:19:44.23  -27:00:25.68  0.069 18.193 0.025 -0.012 0.023 0.541 0.113 

LSQ12hzj 09:59:12.43 -09:00:08.25 0.029 16.481 0.027 -0.112 0.023 -0.406 0.038 

LSQ13abo 14:59:21.20 -17:09:09.34 0.068 18.835 0.029 0.17 0.025 -0.922 0.135 

LSQ13lq 13:44:10.81 +03:03:43.42 0.085 18.356 0.098 0.162 0.074 1.178 0.108 

LSQ13pf  13:48:14.35 -11:38:38.58 0.085 19.758 0.027 0.316 0.026 -1.38 0.246 

LSQ12fhs 22:52:23.45 -20:36:53.3 0.033 17.211 0.047 0.217 0.031 -1.608 0.122 

LSQ12fxd  05:22:17.02   -25:35:47.01  0.032 16.126 0.028 -0.125 0.023 1.472 0.033 

LSQ12gdj  23:54:43.32   -25:40:34.09  0.03 15.771 0.029 -0.089 0.024 1.338 0.035 

LSQ12hzs  04:01:53.21  -26:39:50.15  0.072 18.614 0.033 0.14 0.029 2.227 0.138 

LSQ13aiz 13:15:14.81 -17:57:55.65 0.009 13.351 0.021 -0.139 0.019 -0.143 0.027 

LSQ13apt 22:10:34.27 -22:39:47.9 0.031 16.388 0.019 -0.072 0.018 -0.104 0.02 

LSQ13avx 16:46:01.93 +06:27:59.3 0.025 16.453 0.034 -0.192 0.023 4.105 0.276 

LSQ13avy 16:09:16.17 +11:58:27.0 0.064 17.583 0.02 -0.073 0.019 0.931 0.034 

LSQ13bic 22:11:54.31 +03:29:39.1 0.07 17.878 0.025 -0.111 0.042 4.364 0.373 
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LSQ13bjq 22:00:48.53 -13:07:17.2 0.07 18.566 0.022 0.03 0.039 0.452 0.089 

LSQ13bjs 22:09:25.32 -01:38:52.8 0.033 17.467 0.037 0.114 0.039 -0.585 0.085 

LSQ13bug 21:09:04.07 -26:54:19.9 0.029 17.104 0.021 0.362 0.029 -0.059 0.023 

LSQ13bwa 01:18:41.78 -07:26:40.9 0.018 14.712 0.021 -0.128 0.026 2.697 0.119 

LSQ13bwn 22:10:09.00 +11:16:46.9 0.056 17.695 0.02 -0.015 0.02 1.991 0.041 

LSQ13cnl 00:14:56.00 -30:33:26.1 0.065 17.666 0.02 -0.201 0.022 1.345 0.048 

LSQ13cpk 02:31:03.77 -20:08:49.6 0.033 16.128 0.02 -0.141 0.019 1.998 0.035 

LSQ13cwp 04:03:50.66 -02:39:18.0 0.067 18.588 0.027 0.271 0.026 -1.871 0.147 

LSQ13ry  10:32:48.00  04:11:51.75 0.03 16.227 0.02 -0.226 0.019 -0.828 0.036 

LSQ13vy  16:06:55.85  03:00:15.23 0.032 17.518 0.021 0.002 0.02 -0.545 0.021 

 

 

Figure 3.4: Distribution in the Stretch Parameter x1 from SALT2.4., bin size 1 
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Figure 3.5: Distribution in the Color Parameter c from SALT2.4, bin size 0.05 

 

 

3.5 The Distance Moduli 

Distance moduli 𝜇 is a parameter that reveals the difference between the absolute magnitude and 

apparent magnitude of an object. Distance modules which define the absolute magnitude of an 

object are described as the magnitude of an object at a distance of 10 pc from the object itself. 

This value is determined by equation 3.40 

𝜇 = 5𝑙𝑜𝑔10 (
𝑑𝐿

10𝑝𝑐
)    3.40 

in which 𝑑𝐿 stands for the luminosity distance (in units of pc). This parameter depends on other 

cosmological parameters in addition to the Hubble constant H0. The distance moduli for our 

supernova sample was calculated and it was compared to the Hubble curve (where the Hubble 

curve is the expected distance modulus μH versus z curve seen in the curve on Figure 3.7(a).  

Equation 3.41 shows how the parameters mentioned in Table 3.4 relate to each other to calculate 

the distance moduli 

μ = 𝑚𝐵
∗ − 𝑀𝐵 + 𝛼𝑥1 − βc   3.41 

 in which α and β are the stretch and the color correction coefficients that are determined in a fit 

to the Hubble curve while µ is the distance moduli 
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The calculated distance modulus along with its error and its deviation from the Hubble diagram 

are shown in Table 3.5 .To compare the distance moduli of our sample with the Hubble Curve 

(the anticipated distance modulus μH versus redshift which is the curve on figure 3.7(a)) we used 

the standard parameters of  Ωm = 0.3, ΩΛ = 0.7, Ωk = 0, and w = -1. Despite the fact that low 

shift Type Ia supernovae have a small dependence on these parameters still they were 

considered. For the Hubble constant we used the value of H0 = 70 km/sec/Mpc. Refer to Section 

1.3, equation 1.1.-1.13 to understand these parameters. 

Table 3.5: The Calculated Distance Moduli (first column). Also shown are its error (third column) and its deviation 

from the Hubble diagram (second column). 

object µ δµ error µ 

LSQ11bk  36.347 0.285 0.159 

LSQ11pn  35.825 0.018 0.213 

LSQ12agq  37.421 0.127 0.151 

LSQ12aor  38.251 0.102 0.197 

LSQ12bld  37.895 0.008 0.157 

LSQ12blp  37.51 -0.114 0.153 

LSQ12btn  36.966 0.057 0.169 

LSQ12ca  38.246 -0.024 0.151 

LSQ12cda 38.97 -0.1 0.168 

LSQ12cdl  38.583 0.024 0.154 

LSQ12fuk  34.785 0.086 0.158 

LSQ12fvl  36.872 -0.12 0.221 

LSQ12gef  37.376 0.047 0.16 

LSQ12gln  38.41 -0.17 0.154 

LSQ12gpw  36.867 -0.204 0.194 

LSQ12gyc  38.103 -0.046 0.16 

LSQ12gzm  38.589 0.273 0.161 

LSQ12hjm  37.582 0.02 0.152 

LSQ12hno  36.891 0.247 0.151 
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LSQ12hvj 37.469 -0.061 0.155 

LSQ12hxx  37.37 -0.095 0.153 

LSQ12hzj 35.794 0.274 0.152 

LSQ13abo 37.402 -0.029 0.159 

LSQ13pf  37.918 -0.024 0.168 

LSQ12fhs 35.586 -0.221 0.176 

LSQ12fxd  35.684 -0.055 0.168 

LSQ12gdj  35.226 -0.369 0.165 

LSQ12hzs  37.612 0.05 0.191 

LSQ13aiz 32.759 -0.187 0.15 

LSQ13apt 35.638 -0.03 0.15 

LSQ13avy 36.953 -0.341 0.157 

LSQ13bic 37.73 0.233 0.281 

LSQ13bjq 37.63 0.133 0.17 

LSQ13bjs 36.209 0.402 0.165 

LSQ13bug 35.302 -0.218 0.157 

LSQ13bwa 34.416 -0.05 0.207 

LSQ13bwn 37.044 0.052 0.181 

LSQ13cnl 37.395 0.065 0.166 

LSQ13cpk 35.785 -0.022 0.18 

LSQ13ry  35.77 0.174 0.155 

 

In order to calculate the distance modulus μ of a supernova we tend to used equation 3.41 

As discussed earlier the parameters mB*, x1, and c are parameters generated by SALT2.4. While 

M is the absolute magnitude of the B filter for a Type Ia supernova and α and β are the stretch 

and color correction coefficients identified from the fitting of a Hubble curve. The determination 

of M also depends on H0 in such a way that the dependence on H0 cancels out. Thus the value of 

M we quote below is appropriate for the value of H0 we use in calculating the distance moduli. 

The values of α and β vary somewhat depending on the choice of the width and color of a 
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“typical” SNe Ia with respect to which the stretch factor x1 and the color c are calculated by 

SALT2.4. 

The M, α, and β values are calculated as follows: Exploiting some of the initial values of the 

mentioned parameters the distance moduli μi are derived for each supernova and then the 

obtained distance moduli is plotted  versus its corresponding  redshift. This is similar to the 

construction of the Hubble diagram. Once this has been achieved we vary the parameters M, α, 

and β in order to minimize the
 𝜒2 points around the Hubble curve, we can define the 𝜒2 as 3.42 

 

𝜒2 = ∑
(𝜇𝑖 − 𝜇𝐻)2

𝜎𝑖
2

𝑖

  3.42 

The Summation takes place over the number of supernovae with distance moduli μi that is 

calculated by SALT2.4.  While μH is the expected and estimated distance modulus for a Type Ia 

at a given redshift, μH could be derived by turning redshifts into luminosity distances and 

eventually inserting the luminosity distance into equation 1.3 to derive the distance moduli. 

The σi parameter which is constructed from three parts 𝜎𝑖
2 = σmeas

2
 + σsys

2
 +σint

2 
is the error of 

supernova i. σmeas is defined as the measurement error  for the corrected magnitude in B filter, 

σsys is the systematic error and σins represents  intrinsic spread for magnitude of the supernova.  

The measurement error for each supernova could be calculated with a 3x3 correlated error matrix 

Cij in the variables mB*, x1, and c which are output from the SALT2.4 fit  calculated by SALT2.4 

The measurement error for the distance moduli will then be calculated from  

𝜎𝑚𝑒𝑎𝑠
2 = 𝑉𝑇𝐶𝑉       3.43 

At equation 3.43 V
T 

vector is defined by V
T
=(1, α, -β). Figure 3.6 shows the distribution for σmeas 

or the measurement error and the average measurement error for our sample is 5.34%. 
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Figure 3.6: Distributions for the measurement errors of the supernovae distance moduli, bin size 0.005 

 

The σsys, which stands for the systematic errors, includes the systematic errors from the flux 

calibrations originating in the systematic errors in the measured luminosities of the standard 

stars. The systematic errors which arise from bad galaxy subtraction most probably constitute the 

majority. According to the state of the galaxy subtracted images and how consistent the results of 

several galaxy subtractions are, the analysis discussed in this thesis approximates M, α, and β 

and it is not highly dependent on the systematic errors 

The fits which are supposed to approximate M, α, and β parameters are performed in an iterative 

way. Initially all of the 40 available supernovae for the Hubble diagram are used and by inserting 

an initial value of 0.17 for the intrinsic spread we obtain an intrinsic spread of σint = 0.14. 

 

3.6 The Hubble Diagram 

As was explained in Section 3.5  𝜒2   
was fitted to the Hubble diagram. The results of this fit have 

been presented in Table 3.6. Benefiting from the parameters presented in Table 3.6 we 

constructed the Hubble diagram for our sample, which plots the distance moduli versus 

supernovae’s redshift (Figure 3.7 a and b) The Hubble diagram presented in Figure 3.7(a) has a 

16.7% Root Mean Square spread of points around its curve. Please note that the error bars in 

Figure 3.7 represent the measurement errors, the quadrature sum of the intrinsic spread of our 

supernovae and the errors created from uncertainty in M, α and β.  
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Table 3.6: The Results of Fitting 𝜒2    to the Hubble Curve 

Parameter Value of the best fit 

MB -19.086 

α 0.114 

β 2.436 

σintrinsic 0.14 

 

 

 

Figure 3.7: Hubble Diagram. Figure 3.7 (a) shows the distance moduli of our supernovae with their corresponding 

error bars versus redshift (blue) and the predicted distance moduli or the Hubble curve (red solid line) versus 

redshift. Figure 3.7 (b) shows the deviation of each supernova, from the predicted Hubble curve versus their 

redshifts. 
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4. DISCUSSION AND FUTURE PLANS 

 

This thesis is among the efforts which provide the first series of results and data release for 46 

Type Ia supernoave followed, observed and analyzed in a collaboration formed by LSQ-CSP-

LCOGT. However much more supernovae are awaiting processing from both LCOGT and CSP, 

some of these supernovae need to be calibrated and some are pending a template image to be 

taken. As of May 12
th

 2015  78 confirmed LSQ low redshift Type Ia supernovae have been 

followed or are in the process of being followed by CSP and 45 others are being followed by 

LCOGT to make it a total of 123 low redshift supernovae. However this number will definitely 

increase since the processes of discovering new supernovae are ongoing. 

For the current 46 available Type Ia,s the analysis and methodology used on the data have been 

explained and the resulting light curves have all been shown in Appendix 1. After testing the 

resultant distributions in the SALT2.4 output stretch parameter x1 and the color parameter c, we 

realize that the ranges in x1 and c for this sample turns out to be almost consistent with the ranges 

measured from other reliable surveys with larger samples of supernovae. In order to support this 

claim one could compare Figures 3.3 and 3.4 of this thesis with Figure 1 in Conley et al. (2011) 

or Figure 2 of Woods Vasey et al. (2007). 

It should be noted that in addition to the X1 stretch factor derived by SALT2.4, the common 

stretch parameter S which relates to X1 by x1 = 10(1-s) could be calculated. It represents the 

width of a given supernova divided by the width of a standard supernova. 

Moreover the values presented at Table 3.6 are almost consistent with other supernovae samples 

and the fact that the M, α, and β values are not perfectly consistent with other samples comes as 

no surprise. Because it is widely accepted for the α and β values to vary for different inputs of 

supernovae. 

Figure 3.6 presents the average measurement errors distribution. The average measurement error 

turns out to be 5.34 %. This is good news and it proves that the CSP and LCOGT telescopes 

have a reliable calibration. The 14% intrinsic spread of the Hubble diagram is expected for 

photometric supernovae samples. It should also be considered that the intrinsic spread obtained 

from this sample is very sensitive to the systematic magnitude errors of the supernovae, from the 

fit of which the 6 peculiar supernovae have been omitted.  

For the future plans the collaboration between CSP, LCOGT and LSQ will continue with the 

sample of the low redshift supernovae being increased by the addition of the new supernovae. It 

is also important to start following supernovae as soon as they are identified by the Quest 

camera. To do so the LSQ group have been actively in contact with CSP via email and LCOGT 

via the SNex webpage which provides access to LCOGT telescopes. The goal of continuing the 

collaboration between these groups is to achieve a sample of 300 low redshift Type Ia 
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supernovae. This kind of sample with the addition of date from other low redshift surveys will 

make the available data extremely precious, because it will be considered a low redshift anchor 

for high redshift supernovae surveys such as  SNLS, ESSENCE, DES, LSST, and WFIRST. In 

order to rapidly increase the photometry of newly discovered supernovae, rather than only using 

the LCOGT telescopes located at Cero Tololo, LSQ desires to use all LCOGT telescopes for 

magnitude calibration, this will ease the process of calibrating supernovae’s light curve and it 

will increase the number of supernovae followed by LCOGT. To achieve this goal LCOGT 

needs to observe more standards on different photometric nights with different air-massses and a 

wide range of color so that all LCOGT telescopes can be calibrated to the natural system. 

 Also the completion of a large number of low redshift surveys will hone our understanding of 

Type Ia supernovae as cosmological distant indicators (see for example Maguire et al., 2012; 

Silverman et al., 2013). For instance, there are indications [33] that categorizing Type Ia 

supernovae into sub-classes (comparing twins to twins) will not only reduce the systematic errors 

but will boost our understanding for Type Ia supernovae. Therefore a large sample of low 

redshift supernovae will be required to form the statistics needed for building subclasses and we 

hope LSQ will be one of the major contributors. 
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