Using Scopesim to Plan Research With the
Extremely Large Telescope

Master’s thesis
University of Turku
Astronomy
2024
Kristen Gardner
Supervisors:
Dr. Johanna Hartke
Prof. Seppo Mattila
Dr. Hanindyo Kuncarayakti
Examiners:
Prof. Seppo Mattila
Dr. Johanna Hartke



The originality of this thesis has been checked in accordance with the University of

Turku quality assurance system using Turnitin Originality Check service.



UNIVERSITY OF TURKU
Department of Physics and Astronomy

Gardner, Kristen Using Scopesim to Plan Research With the ELT

Master’s thesis, 84 pp. + Appendix
Physics
September 2024

The python package Scopesim was used to simulate observations with the Extremely
Large Telescope. The simulations were used to assess potential research objectives
for the ELT. Two case studies were conducted with a set of transient observation sim-
ulations: a type la supernova and a host galaxy were simulated at varying redshifts,
and a supernova progenitor in a star cluster was simulated at varying distances. The
simulations were used to analyze the point spread function of the ELT in the K, J
and Y bands. Difference imaging was used to isolate each target PSF. Strehl ratios
were higher at longer wavelengths: 0.55 in the K band, 0.22 in the J band, and
0.16 in the Y band. The full-width at half-maximum of the PSF in each respective
band was 13.5 mas, 6 mas, and 6 mas, when simulating a 1.5 mas pixel scale. For
an exposure time of 1h, the detection limit for a point source is in the range of 26 to
28 mag. Signal-to-noise ratio values were higher at shorter wavelengths, and higher
when using a larger pixel scale (4 mas). The PSF was closer to its diffraction limit
at longer wavelengths.
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1 Introduction

The Extremely Large Telescope (ELT) is currently under construction. When com-
pleted, it will be the largest, most advanced optical and infrared telescope ever
created. It will be capable of providing images 15 times sharper than images from
the Hubble Space Telescope, and will collect more light than all of the 810-meter
telescopes currently in operation. The ELT will make use of an advanced adaptive
optics (AO) system to maximize its potential for resolving faint objects. With the
ELT, it will be possible to observe fainter, more distant objects than ever before.

In preparation for the opportunity to utilize this new technology, researchers
are studying the ELT’s optical system, to plan future research as realistically as
possible. Computational simulations can provide a detailed depiction of possible
observational data.

The purpose of this research is to gain a realistic first impression of observational
data from the ELT, to determine the feasibility of various observational objectives.
The primary topic that is considered in this research is highly redshifted, distant

supernovae.

1.1 The Point Spread Function

A point spread function (PSF) describes the intensity of light across a focal plane
after the light emitted from a point source has been transformed by an optical
system. The PSF is an indication of an optical system’s ability to resolve details in
an image. The more narrow a point spread function is, the higher the resolution of
the optical system. The sharpness of the PSF is determined by the diffraction limit

and aberrations of the system [1].
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Figure 1: Huygens’s Principle: Each point on a wavefront is the source of a spherical

wavelet. (Created by the author)

1.1.1 Diffraction PSF

According to Huygens’s Principle, each point on a wavefront can be considered a
point source, where a spherical wavelet is emitted [2]. A plane wave that is unbridled
by any aperture will continue to propagate as a plane wave, because the sum of the
spherical wavelets is still a plane wave, as shown in Figure 1.

Light that passes through an aperture will display a diffraction pattern. The
sum of the limited set of wavelets will interfere constructively and destructively in
different directions [2|. Light waves are in phase when passing through the aperture.
When they propagate at an angle 6 they will have different path lengths, and will
converge on the image plane in different phases. If the path difference between
two wavelets is a multiple of their wavelength, they have maximum constructive
interference; if the path difference is an odd multiple of half the wavelength, the
wavelets have maximum destructive interference. The sum of all wavelets passing
through the aperture is maximally destructive if the wavelet at the center of the

aperture is out of phase with the wavelets at the edge of the aperture. For an
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Figure 2: Single slit diffraction through an aperture of width a. The apparent

intensity of light is dependent on the angle of the rays. Figure from [3]

aperture with a width a, and a plane wave with a wavelength of A\, the angle of
maximum destructive interference 6 can be found with the equation asinf = mA.
This concept is summarized by Figure 2.

For a circular aperture, the interference pattern appears as a bright central area,
with alternating rings of light and dark. This pattern is called the Airy disk, and is
shown in appendix A, in Figure A3b. The width of the Airy disk is the minimum
area in which the light from a point source can be focused. The diffraction limit of
a system determines the minimum distance needed between two point sources such
that the Airy disk patterns are distinguishable. The angular radius of the Airy disk

0 for a wavelength A and an aperture diameter D is
1.22)
f=sin" | ——). 1
sin < 5 ) (1)

The mathematics describing the size of the Airy disk is considerably more compli-
cated than that of a thin rectangular aperture. To examine this diffraction pattern

more thoroughly, refer to appendix section A.



The wave nature of light guarantees that a point source image will have a finite
angular size, and limit the resolution of an image. We require larger telescopes
to increase the resolution of our observations. No other design improvements for
a single telescope that will be able to decrease the area of an Airy disk and the
diffraction limit. A perfectly designed optical system with no flaws or aberrations
of any kind would not be able to resolve two points within the diffraction limit of

the telescope [4].

1.1.2 Aberrations

An optical aberration is any distortion of an image in the focal plane of an optical
system caused by limitations or flaws of that system. Aberrations can be described
with ray-tracing (geometric optics).

Spherical aberration is a common problem in reflecting telescopes. A spheri-
cal mirror with a small radius, relative to its radius of curvature, makes a decent
approximation of a parabolic mirror. Spherical surfaces rely on a small-angle ap-
proximation for calculating a single focal point for multiple parallel rays. The farther
away the approaching rays are from the optical axis, the more they will diverge from
the calculated focal point, as shown in Figure 3a. To avoid spherical aberrations, a
parabolic mirror is needed. Spherical mirrors are still more common than parabolic
mirrors, because spherical surfaces are easier to manufacture [5].

Comatic aberration is an off-axis aberration; it occurs in light rays that are not
parallel to the optical axis. When comatic aberration is present, parallel rays that
reflect off of the mirror at points that are equidistant from the center of the mirror
will form an off-centered circle on the image plane. For greater distances from the
center of the mirror, the circle is larger, and centered farther from the image point.
This results in a point-source appearing to have a cone shape. This aberration is also

present in optical systems with spherical lenses. The geometry of comatic aberration
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(a) A diagram of spherical aberration (b) Diagrams of comatic aberration
in a mirror. (Created by the author) and astigmatism. Figure from [6]
Figure 3

is shown in Figure 3b.

Astigmatism is another off-axis aberration, where tangential and sagittal rays
have different focal lengths. For an off-axis object, the chief ray (the ray passing
through the object and the center of the aperture) and the optical axis define the
tangential plane. The sagittal plane is perpendicular to the tangential plane. Rays
in each of these planes have different focal lengths when the chief ray has a wide
angular separation from the optical axis. This aberration can also occur on-axis if
the mirror or lens has different radii of curvature in different planes. The geometry

of astigmatism is shown in Figure 3b.

1.1.3 Comparison of PSFs

The resolution of an optical system depends on its PSF. The narrower the PSF, the
closer two separate point sources can be to each other and still be resolved.
The full width at half-maximum (FWHM) is a value that indicates the overall

width of a normal distribution. For a distribution with a central maximum that



decreases with increasing distance from the center, the FWHM is the distance be-
tween points on either side of the center where the value of the distribution function
is equal to half of the central maximum. The FWHM is useful for judging the width
of non-uniform distributions. Instead of including the complexities of the distribu-
tion’s shape, the FWHM is an option for reporting the width of a distribution with
a single numerical value [7].

Another way to measure the quality of an optical system is to find the Strehl
ratio of the PSF. The Strehl ratio is the ratio of the maximum light intensity of an
aberrated PSF, to the maximum light intensity of an ideal, unaberrated PSF [8].
If the light in a PSF is spread across a wider area than the Airy disk, the peak
intensity of the PSF must be lower than the peak intensity of the Airy disk, so that
the real and ideal versions of the PSF contain the same total quantity of light. A
higher Strehl ratio means that a PSF is narrow and close to the diffraction limit; a
low Strehl ratio indicates that a system heavily affected by aberrations and has a
low resolution for its aperture size. One way to calculate the Strehl ratio of a point
source image is to calculate the Airy disk diffraction pattern across an array, for the
same wavelength and pixel scale as the PSF image. This diffraction pattern must
then be normalized to the same total flux as the PSF. The ratio of the central peak
of the PSF and the central peak of the Airy disk is the Strehl ratio of the PSF.



1.2 Atmospheric Turbulence and Adaptive Optics

The quality of an observation through a ground-based telescope is not only limited
by diffraction and optical aberrations, it is limited by atmospheric seeing. The light
from astronomical sources must pass through the Earth’s atmosphere before being
observed with the ELT. Light passing through different areas will be refracted in
slightly different directions, depending on localized atmospheric conditions. The
atmosphere is turbulent; the refractive properties of any given optical path are con-
stantly changing with the changes in local air currents. Thus, it is very challenging
to reduce the effects of atmospheric interference. Modern ground-based telescopes
use AO to correct the distortions caused by the atmosphere. The ELT will have
a unique, advanced AO system, allowing the high spatial resolution of ELT to be

actualized.

1.2.1 Atmospheric Turbulence Parameters

There are three parameters describing the properties of atmospheric conditions that
must be measured for the successful implementation of AO [9].

The Fried Parameter (rg) relates to the width of the turbulent cells and their
effect on the wavefronts. Specifically, r( is defined as the length over which the wave-
front changes phase by 1 radian. This length is dependent on both the atmosphere
itself, as well as the wavelength being observed, with the relation ry o< A8. The Fried
Parameter determines the necessary complexity of the AO system, i.e. the number
of lenslets in the wavefront sensor and mirror segments in the deformable mirror.
Having a larger fried parameter is ideal because the AO correction is effective across
a wider area, for a longer period of time. Because of the relation between ry and
the wavelength, AO corrections are easier to achieve in the infrared range of the
spectrum than in visible light.

Coherence time ty describes the temporal variance in the optical distortion. The



velocity v of the wind at the altitude of the turbulent cells moves a cell across a
distance equal to its own length in a time ¢, oc " with #; being the coherence
time. This time is generally on the order of milliseconds for visible light. It is
essential for the time between wavefront detection and mirror adjustment to be less
than the coherence time. Slower adaptations will not be correct for the interference
of turbulence in the present moment. Because the coherence time is proportional
to the Fried parameter, and the Fried parameter is related to the wavelength as
ro o )\g, the coherence time is also longer for observations of longer wavelengths.
AO corrections can be made more slowly when observing in the infrared, and are
therefore easier to utilize successfully. For example, in the K, band, with a central
wavelength of 2.16pum, the coherence time is 5x longer than in the green band, with
a wavelength of 565 nm.

The isoplanatic angle ©g is the angular width across an area in the sky in which
an AO correction is accurate. This angle relates to the Fried Parameter by ©¢ oc %%
where H is the distance between the turbulence and the telescope. Effective AO
corrections are easier to achieve with a larger isoplanatic angle. Figure 4 depicts a
set of turbulent cells in the atmosphere, the Fried Parameter in a particular area,
the corresponding isoplanatic angle, and a velocity vector. Two stars are located
within the isoplanatic angle, behind one turbulent cell. The cells are moving with
a velocity to the left. After the coherence time t; passes, a new turbulent cell will
be in-between these stars and the telescope, and a new AO correction will need to
be made. A third star on the right must be viewed with a different correction than

the two on the left.

1.2.2 Adaptive Optics

AO is a method of correcting optical degradation in an astronomical observation

caused primarily by turbulence in the atmosphere, and secondarily by vibrations in



Figure 4: A diagram of stars being observed from behind a set of tur-

bulent atmospheric cells.(Created by the author)
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the telescope. The main components of an AO system in a telescope are a wavefront
sensor, a deformable mirror, and a high speed computer.

Light rays from a distant point source approach Earth as a plane wavefront. The
wavefront sensor monitors the deformation of waves of incident light. Data from the
wavefront sensor is used to calculate the corrections that must be made by the
deformable mirror, to restore the deformed waves to plane waves. This information
is sent to the deformable mirror, which makes rapid changes across its surface to
counteract the detected wave deformations.

Making these corrections requires understanding the general form of air currents
above a telescope. Turbulent airflow in the atmosphere consists of moving cells of
air, with similar indices of refraction inside the cell, and different indices of refraction
outside. Within each cell, the refraction of the wave is similar, and the wavefront
remains approximately planar. The original wave is essentially broken into multiple
plane waves of smaller area. The area of these new wavefronts is determined by the
size of the turbulent cells. Ideal observing conditions are characterized by larger

cells, and therefore fewer distortions.

1.2.3 Wavefront Sensors

Wavefront sensors are a necessary component of any AO system. They are used
to measure the phase and amplitude of incoming light to an optical aperture, from
a distant point source. In an ideal system, light from a distant point source is
received as homogeneous plane waves. Heterogeneity of wavefronts is caused by
disturbances in the optical path. These distortions are identified and corrected
using data obtained from wavefront sensors. This section discusses three general
types of wavefront sensors used in optical systems.

One of the types of wavefront sensor typically used in AO, and the type used
by the ELT, is the Shack-Hartman wavefront sensor (SHWFS). A SHWFS uses a
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lenslet array: a grid of identical tiny lenses that each focus incident light onto a
charge-coupled device (CCD) or an infrared detector. An undistorted plane wave
would yield a uniform grid of point source images on the focal plane. The wavefront
distortions cause the light from each wavelet to propagate in slightly different di-
rections. The resulting image on the detector consists of points that are misaligned
from the ideal uniform grid. The positions of each point are used to calculate the
corrections that must be made by the deformable mirror [10-12].

Another type of wavefront sensor is the lateral shearing interferometry (LSI)
type. A LSI sensor uses a diffraction grating to split the wavefront into four identi-
cal adjacent waves. A few millimeters beyond the grating, the waves interfere with
each other and form an interferogram on a CCD detector. The nature of the defor-
mation of these identical waves is revealed in the interference pattern captured by
the detector, so that corrections can be made by the deformable mirror [12, 13].

The SHWFEFS is ideal for AO because it is a simple, compact, robust system that
allows rapid real-time calculations. The main disadvantages of the SHWFS are that
the spatial resolution is limited by the size and quantity of lenslets, and that it
must operate with a specific wavelength to maintain accuracy. The LSI sensors can
provide higher-resolution data, and use a range of wavelengths. However, the LSI
is an undesirably complex, heavy, bulky system, with a high sensitivity to micro-
vibrations.

One type of wavefront sensor that will be used by the ELT is the pyramid
wavefront sensor (PWS) [14]. A PWS uses a pyramidal prism to split a wavefront
into separate beams. The apex of the pyramid is placed in the image plane of
the system, where the wavefront converges [15]. For a wavefront that is free of
aberrations, the pyramid would split the beam into four identical beams, which are
then focused by a relay lens, and projected as four identical images on a detector

[16]. With aberrations, the refraction of the wavefront through a surface of the
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pyramid will vary, causing the resultant images to be different. The refraction of
light through a pyramid face from any given direction will depend on the gradient
of the wavefront through that optical path. The gradient of the wavefront can be
determined by measuring the discrepancies in light distribution between each of the
images [17].

A PWS often requires modulation of either the pyramid itself, or the light beam,
to ensure that the light beam spends equal amounts of time at each surface of
the pyramid. This can be accomplished with a tip-tilt mirror, which can rapidly
modulate the path of the beam around the center of the pyramid, or by rapidly
vibrating the pyramid about the optical axis [15|. This allows the beam to refract
through each face of the pyramid evenly. While pyramid wavefront sensors are
generally disadvantaged by a need for moving parts, they are highly sensitive and
yield very accurate wavefront measurements, making them ideal for high-resolution

imaging [18, 19].

1.2.4 Guide Stars

AO requires the presence of a "guide star" within the isoplanatic angle of the ob-
servation target. A guide star is a bright point source that can be reliably observed
at very short exposure times. The target itself can potentially serve as a guide star,
but observations are often made of faint objects that require much longer exposure
times than the AO coherence time. A natural guide star can be used, if a bright
star happens to be close to the target. However, this is not an option throughout
much of the sky [20].

A more reliable method of using a guide star for any target in the sky is to
generate one using laser beams; this is known as a laser guide star. The main
advantages of using a laser guide star are that they can be placed anywhere in the

sky, and they can have any desired brightness. A few disadvantages are: laser beams
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experience some distortion when they travel from the telescope to the sky, and are
therefore less precise point-sources, there is significant cost and difficulty to building
and using high powered lasers, there are safety concerns for any aircraft flying near
the beams, and laser guide stars cannot be used to detect tip-tilt of the telescope.
Laser guide stars fall into two categories. Sodium beacons are guide stars that are
made using lasers that have a wavelength of 589.0 nm. This wavelength interacts
with a layer of sodium in the upper atmosphere, at an altitude of about 90km.
This wavelength is absorbed by the Na I D2 transitions, and is then re-emitted.
The result is the appearance of a point source 90km above the Earth’s surface
[21]. The Rayleigh beacon is made with a laser that causes Rayleigh scattering
in the lower atmosphere, at about a 20km altitude [22]. This beacon slightly less
advantageous because the guide star appears much lower in the atmosphere, and
may not experience the full extent of the turbulence that a point source from a
higher altitude would. Most of the turbulence, however, exists in the troposphere:
the lowest layer of the atmosphere. The top of the troposphere ranges from 6 km to
20 km. Beyond the troposphere, air is no longer moved by convection, and movement
is generally much less turbulent. Figure 5 depicts the relative locations of different

laser guide stars and atmospheric turbulence [23, 24].
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1.3 The ELT

The ELT is a near-infrared and optical astronomical telescope that is currently
under construction at the top of Cerro Armazones, in Chile. When completed, it
will be the largest optical and infrared telescope in the world. The ELT is part of
the European Southern Observatory (ESO).

The selection of Cerro Armazones as the site of this telescope was the conclusion
of a thoughtful and extensive investigation. This mountain is located in Chile’s
Atacama Desert, with an altitude of 3046m, a median relative humidity of 15%, and
annual rainfall of the order of 100 mm [25]. The location is ideal for astronomical
observations with minimal environmental interference. The site was selected by
the ESO in 2010, and an agreement was made between the ESO and the Chilean
government in 2011. Construction began at Cerro Armazones in 2014. The ELT is

expected to be ready for technical first light in 2028 [26].

1.3.1 ELT Mirror System

The ELT will consist of a 5-mirror system, as shown in Figure 6. The primary
mirror will be 39.3 m wide and have a 68.7 m radius of curvature. This mirror will
be comprised of 798 mirror segments, acting as a single mirror [27].

The secondary mirror is a 4.25 m convex mirror, with an 800 mm central hole. It
will reflect light received from the primary mirror, to the third mirror. The tertiary
mirror is a 4 m concave mirror, with a 30 mm central hole [28|.

The quaternary mirror is a 2.4 m wide deformable mirror. It is an essential com-
ponent of the ELT’s AO system, and the largest mirror of its kind. The deformable
mirror will compensate for atmospheric turbulence, and vibrations of the telescope
itself, by making up to 1000 adjustments to its surface each second. The surface
of the mirror will be made of six segments of thin ceramic glass. The glass acts

as a malleable membrane, which is manipulated by about 5000 voice coil actua-



16

Quaternary
mirror (M4) |11

Fifth
mirror (M5) 1]

Tertiary
mirror (M3) §

Primary mirror (M1) Nasmyth focal surface

Figure 6: A diagram of the ELT mirror system. Figure from [31]

tors. The actuators use a permanent magnetic field and dynamic electric currents
to create high-speed, precise movements. The adaptive properties of this mirror will
drastically increase the resolution of the telescope [29].

The quinary mirror is a flat, elliptical mirror that is 2.7m by 2.2m. It is also an
important component of the AO system. This mirror will make precise adjustments
to its tip and tilt angles to correct any image movements caused by wind and vi-
brations of the telescope itself. It was designed to be very lightweight and rigid, so
it could make these adjustments with a spatial accuracy of tens of milli-arcseconds,

and temporal accuracy of tenths of a second [30].

1.3.2 MICADO

MICADO (Multi-AO Imaging Camera for Deep Observations) is one of the instru-
ments that will be utilized with the ELT, and is the instrument that was simulated
in this research. It is an infrared camera that — when combined with the ELT — has
six times the spatial resolution of the James Webb Space telescope. MICADO will
work with the ELT’s wide mirror system and advanced AO system to provide images

of the distant universe with unprecedented detail. It can use a coronagraph to block
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bright light sources, allowing observations of other, much fainter objects, such as
exoplanets. As an extremely precise infrared camera, MICADO will be housed in a
cryostat, to prevent interference from ambient thermal radiation [32].

MICADO has two filter wheels and a pupil wheel, with several options for filtering
light: IYJHK broad band filters, and medium and narrow band filters. MICADO
images will have relative astrometric accuracy 50 pas. There will be two options
for the field of view: 50.5"x50.5" (4mas pixels) and 18"x18" (1.5mas pixels). The
MICADO single-slit spectrometer will cover a wavelength range of 0.84-2.46 um over
two exposures, with one exposure covering the range 1.45-2.46pm, and another
covering the range 0.84-1.48 ym. The dimensions of the spectrograph’s slit are 16mas
and 3arcsec [32].

Figure 7 shows the main components of MICADO. The MICADO calibration

assembly (MCA) will assist in multiple calibrations. The MCA will offer
o flat-field calibration using a tungsten bulb
e wavelength calibration using multiple sources of emission spectra

e astrometric calibration using a set of miniature tungsten bulbs behind a ref-

erence target mask that yields point-sources through a set of pinholes

e moving source calibration, using a movable point source to calibrate the Single

Conjugate Adaptive Optics (SCAO) system for non-sidereal observations [33].

The relay optics (RO) receives light from the telescope, or the MCA, and directs
it into the "Green Doughnut" structure. This area contains the SCAO wavefront
sensor (WFS) and the Multi-Conjugate Adaptive Optics (MCAQO) natural guide
star low order and reference (LOR) WEFS; this is where the effects of atmospheric
turbulence are recorded [34]. The light is then sent through the focal plane mask
wheel and aperture wheel: which contain the field stops, slits, coronagraphs and

calibration mask [35]. The collimator makes the light rays parallel, before sending
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Figure 7: A diagram of the MICADO camera. Figure from [32]

the light to the atmospheric dispersion corrector (ADC) and the filter wheels. The
filter wheels contain a set of photometric filters, which will transmit only the desired
portion of the spectrum. After the light has been filtered, it is directed to one of
four optical components at the end of the optical path, either: the spectrometer,
the pupil viewer, the low resolution imager, or the high resolution imager. The
spectrometer is selected if a spectrum is being observed. The pupil viewer is used
for testing and checking the functionality and alignment of MICADO in the ELT.

The detector is used to record the signal.
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1.3.3 MORFEO

The AO instrument MORFEO (Multi-conjugate adaptive Optics Relay For ELT
Observations) is part of the ELT’s MCAO system. It will not make any observations
on its own; it will work with MICADO for optimal imaging. It has been designed to
also work with a new spectrograph in the future. MORFEQO will use three deformable
mirrors, and nine guide stars: three natural guide stars and six laser guide stars. It

will make AO corrections for turbulence at three altitudes [36].

1.3.4 Adaptive Optics in the ELT

The ELT will utilize multiple AO modes. MICADO will be able to use SCAO and
MCAO (Figure 8).

Single Conjugated Adaptative Optics Multi-Conjugate Adaptative Optics

(a) A diagram of the SCAO system. Fig- (b) A diagram of the MCAO system.

ure from [37] Figure from [37]

Figure 8
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Multiple guide stars or a single guide star can be used in an observation. SCAO
uses a single natural guide star to correct for turbulence in a small area around the
guide star. This method is effective, but limits an observation to a narrow field
of view. A more sophisticated approach is MCAQ, which uses multiple laser guide
stars, multiple natural guide stars, and multiple wavefront sensors, to measure inter-
ference in several directions, and make corrections over a wider area. Tomographic
reconstruction is used to process multiple distorted wavefronts, estimate 3D turbu-
lence, and make corrections with multiple deformable mirrors. The ELT instrument
MORFEO contains additional deformable mirrors, which work with MICADO to
utilize MCAO [37].

The ELT will also use Ground Layer Adaptive Optics (GLAO) with the in-
strument MOSAIC, a multi-object spectrograph. This mode makes corrections for
turbulence at the ground level, using multiple wavefront sensors. The ground level
turbulence is uniform across the telescope’s field of view, so this correction is effective
across the entire image [37].

Laser Tomography Adaptive Optics (LTAO) uses multiple wavefront sensors to
analyse the center of the field-of-view, and makes corrections with only one de-
formable mirror. LTAO is essentially a compromise between SCAO and MCAO. It
will be utilized with the spectrograph HARMONTI [37].

Implementing AO in the ELT entails greater challenges than its implementation
in smaller telescopes. Having a primary mirror with such a large area means that
a greater area across the atmosphere will contribute to the distortions. A larger
area will have a greater quantity of turbulent cells, which will be present in the
observations. These turbulent cells, and the high resolution of the telescope, require
higher order corrections to be made, to allow the resolving power of the telescope
to be actualized [38, 39]. Higher order corrections require more advanced mechan-

ical and computational systems. A greater number of actuators are needed in the



21

deformable mirror, to increase the complexity of deformations. These additional
actuators must all be tightly controlled, move rapidly, and coexist in a small area.
High order corrections require sophisticated algorithms, and a large amount of com-
putational power; corrections must be computed rapidly, and large amounts of data
must be transferred to the deformable mirror [40].

The ELT has multiple AO systems with multiple deformable mirrors, wavefront
sensors, and laser guide stars. These multiple systems must coexist harmoniously
within the greater ELT system. The added complexity of these many components
make it challenging to design an ELT system. Coordinating the use of these AO
systems make observations with the ELT a more sophisticated endeavor. These
complexities also necessitate excellent design and manufacturing of ELT compo-
nents. Parts must be robust, and work flawlessly for long periods of time. Regular

maintenance will also be necessary to ensure the continued functionality of the ELT.

1.4 Supernovae

A supernova is a bright, transient astronomical event that occurs when a star be-
comes unstable and explodes. During a supernova, a star releases an extremely large
amount of energy and mass; a star from beyond the local universe can become bright
enough to be observed by astronomers. The physical characteristics and elemental
composition of the dying star determine the spectral and photometric properties
of the supernova [41|. Every extragalactic supernova provides astronomers with
an opportunity to learn about the galaxy in which the supernova occurs [42, 43|.
Humanity’s ability to observe and study very distant supernovae is limited by the
quality of our telescopes. With the ELT, astronomers endeavor to expand their

horizon of supernova observation, and study the properties of the distant universe.
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1.4.1 Types of Supernovae

Some stars will experience a supernova when their internal pressures can no longer
counteract their gravitational force. The two general ways that a supernova occurs
depend on the main force that had been resisting gravity within the star.

White dwarf stars are small, dense stars that have ceased nuclear fusion. They
resist collapse through electron degeneracy pressure [44]. If a white dwarf star
accretes mass from a companion star, its mass can increase until it reaches the
Chandrasekhar limit: the mass limit of a white dwarf star, beyond which, electron
degeneracy pressure cannot sustain the star’s structure [45]. This sudden collapse
results in a type Ia supernova. This type of supernova occurs with a relatively
consistent quantity of mass, and therefore it has a consistent luminosity. Type Ia
supernovae serve as an indicator for the distance of the galaxy they are located in
46, 47].

More massive stars experience a supernova when nuclear fusion no longer yields
the necessary pressure to resist gravity. Stars with a mass of at least 8 solar masses
will fuse heavier and heavier elements throughout the course of their life, until they
reach iron [48, 49]. The fusion of iron into heavier elements would require more
energy than is released by the reaction. When this limit is reached, a star can no
longer resist the inward pressure of gravity. The star’s core rapidly collapses, until
either a neutron star or a black hole is created, and the remaining mass is expelled
from the system. These supernovae can occur with a wide range of stellar masses,
and a diverse set of elemental compositions. Depending on these properties, they
can be classified as type Ib or Ic if hydrogen absorption lines are absent from their

spectra, or any subcategory of type II if hydrogen lines are present [50, 51].
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1.4.2 Redshift

When observing distant objects, its important to consider the redshift of the ob-
ject’s light curve. Distant objects are moving away from the Milky Way due to the
expansion of the universe. The more distant an object is, the faster it is moving
away [52]. The expansion of space causes cosmological redshift to increase the wave-
lengths of light being received from the receding source. The amount of redshift
indicates how distant they are. Cosmological redshift appears, effectively, like the
relativistic Doppler effect, however, these concepts differ significantly. The Doppler
effect is the result of an objects relative velocity through space as a wave is emitted
and received. Cosmological redshift is caused by the expansion of space itself, and
the passage of light through this ever-expanding area of space.

Hubble’s law states that a galaxy’s recession velocity v is proportional to its

distance D from Earth [53]. This law can be expressed as
vV = H()D

where Hj is Hubble’s constant (approximately 70 km/s/Mpc). The redshift z is
expressed in terms of the emitted wavelength and observed wavelength as

o )\emit - >\obs
)\emit

For velocities much smaller than the speed of light ¢, the relationship between v and
z 18

z R
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In general, the relationship between between v and z is

1+v/c
1—v/c

1+2=

For small distances, the relationship between the redshift and the distance of an
object have a simple, linear relationship. For sources with greater redshift values,

general relativity must be included when calculating the distance [54].
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1.4.3 Distant Supernovae

In this research, the predictable and consistent nature of the type Ia supernova
lends itself to preliminary calculations regarding the potential results of observing
a distant, red-shifted supernova. The ELT and MICADO will be used to observe
very distant objects in the infrared. The observed infrared light may have originally
been emitted in the visible or ultraviolet range of the electromagnetic spectrum,
before the effects of cosmological redshift made the light observable in the infrared.
Astropy’s cosmology package is used here, along with known magnitudes of type la
supernovae in visible and UV bands to calculate the possible apparent magnitudes
that may be observed in the infrared. Redshift values relate the observed and
emitted wavelengths, as well as the apparent and absolute magnitudes.

Type ITa supernovae have peak absolute magnitudes close to -19 mag in the V
band, -19 mag in the B band, -19.5 mag in the U band, and -18 mag in the uvwl
band, in the Vega magnitude system. These bands have central wavelengths of 544
nm, 437 nm, 346 nm and 260 nm respectively [55]. The J and K bands have central
wavelengths of 1240 nm and 2160 nm respectively [56].

At a redshift of z = 2.97, the central wavelength of the V band is redshifted to
the central wavelength of the K, band. This redshift corresponds to a luminosity
distance of d = 25.6 Gpc. This distance, and the absolute magnitude Mp = —19
mag can be used to find the apparent magnitude — which has been shifted to the K
band — using the equation

m — M = 5log

10pc
At this distance, the apparent magnitude of a type Ia supernova in the K, band
is predicted to be mg, ~ 28 mag. This approach can be used to find approximate
apparent magnitudes of supernovae with other redshifts. A redshift value of 3.77
corresponds with the uvwl band being redshifted to the J band, and a luminosity

distance of d = 34.1 Gpc. The absolute magnitude of a type Ia supernova in the
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uvwl band is M,,,1 = —18 mag. The calculated apparent magnitude in the J band
is my ~ 29.7 mag. At a redshift of z = 1.84, the distance of a source is d = 14.3
Gpc. This redshift value corresponds to the B band being redshifted to the J band.
Using Mg = —19 mag, the calculated absolute magnitude is m; = 26.8 mag. At a
redshift of z = 5.24, the luminosity distance of a source is d = 50.3 Gpc; the U band
is redshifted to the K band. The calculated apparent magnitude in the K band at
this redshift is mgs ~ 29 mag. These hypothetical sources are very faint. Scopesim
will be used to simulate the observation of point sources at magnitudes around this

range.

1.5 Scopesim

Scopesim is a python package that is used to simulate astronomical observations with
various instruments [57, 58|. This research consists of simulations of the MICADO
camera and the ELT. Scopesim works with another python package called Scopesim
Templates, which generates data describing a luminous celestial object. Scopesim
performs operations according to parameters of the optical system, to transform
source data as if it had passed through the optical system and recorded by the
camera. The simulation yields a 2D image, and saves it as a FITS file. Changes can
be made to the observation parameters, such as: the airmass, the right ascension
and declination, photometric filters, and exposure time. Environmental conditions
can also be modified, such as the target location, humidity, air pressure, atmospheric

temperature and telescope temperature.

1.6 Scopesim Templates

Scopesim Templates is a python package that is used to generate source objects to
use in Scopesim simulations. Each object contains spatial and spectral data about

the source. The package offers options to generate stellar and extragalactic objects:
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a single star, multiple stars, a star cluster, a star grid, a simple galaxy, a 3D galaxy,
a spiral galaxy, or an elliptical galaxy. There are also templates for more general
objects: a point source, a uniform source, a numpy array, or an image file. These
objects require spectral properties to be specified; scopesim uses spectral data from
the speXtra python library [59]. After generating any of these objects, the optical
source is defined as the sum of one or more of the objects.

Scopesim Templates also offers calibration templates: an empty sky, a flat field,
and a lamp with a specified emission line spectrum. The corresponding effects
are automatically applied to the simulation, so they should be switched off if the

calibration frames are used to reduce the data [60].
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2 Simulating MICADO observations with Scopesim

Using Scopesim to gain insight into future use of the ELT was a multi-step process.
When using scopesim, the python code has three main parts: the source parameters,
the telescope parameters, and the observation. Here is a more detailed summary of

what the code does:

e Load necessary packages and files

Generate one or multiple objects with Scopesim Templates

Set parameters of the observation

Use the optical train to run a simulation

Save the image as a FITS file

2.1 Input Objects

There are multiple functions in the Scopesim Templates package for generating
source objects. In general, these functions require coordinates, magnitudes, and
spectral types to be specified; these parameters will vary. After generating and
defining a source, the source can be viewed without passing it through an optical
system. Here are some examples of sources, before the observation, in Figure 9.
These plots are helpful when troubleshooting code by determining if the intended
source was successfully generated. These example sources will be shown later in this
section, with an observation being simulated.

Each source generated with scopesim templates, except for an empty sky, in-
cludes a source spectrum. The spectrum of a source can be specified in the function
if the source is a star, a point source, a galaxy, an array, or a fits file. Some source
types have spectral properties already established, such as a star cluster. If a source

contains multiple objects with different spectra, scopesim will produce a spectrum
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for each source type. Scopesim gets its spectra from the speXtra database. Figure

10 shows two examples of spectra from Scopesim source objects.
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Figure 10: Example spectra from Scopesim source objects

2.1.1 Observing with MICADO and the ELT

The following sections will display examples of different objects generated with
scopesim templates, and observed with the scopesim optical train function. The
units in each image are photons per pixel. The default parameters of these obser-

vations are displayed in table I.

Default Parameters
AO System Pixel Scale | Size
SCAO 4 mas 1024 x1024
Exposure Time | Filter Airmass
1000 s K 1.2
Temp Humidity | Air Pressure
7°C 0.1 0.755 atm

Table I

The MICADO detector has a size of 12288x 12288 pixels. The field of view,

when the pixels are 4 mas wide, is 50.5" x50.5". This impressive spatial resolution

will be useful in many scientific endeavors. However, the focus of this research is
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very distant point sources, where such a large image size is not needed. Figure 11a
shows a simulated observation of a star cluster that contains 100000 solar masses,
at a distance of 50 kpc, using the entire field of view. These stars serve as examples
of point sources with varying magnitudes. It would be easier to visually assess the
PSF of MICADO using a more narrow field of view. For this reason, the figures
presented in this section after Figure 11a will have a size of 1024 x1024.

, Star Cluster mass = 100000M o, Distance = 50000pc ,—Star Cluster mass = 1000M o, Distance = 50000pc
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(a) A star cluster simulation, in the Kj (b) A star cluster simulated with a 4mas
band, with a pixel scale of 4 mas, and a pixel scale, and a field of view of 4.1 arc-
field of view of 50.5" x50.5". seconds.

Figure 11

2.1.2 Star Clusters

A simple way to simulate many stars together is to generate a star cluster. Rather
than specifying locations, magnitudes, and spectral types of many individual stars,
the star cluster function receives the total mass and radius of the cluster, its dis-
tance and location. The output is a random star cluster with the specified properties.
Studying distant stellar populations is one of the intended uses of MICADO, there-
fore the star cluster function is an important, relevant feature of scopesim. Figure

11b is an observation of the same random star cluster shown in Figure 9a. This
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simulation image, as well as the others that follow in this section do not show the
full field of view of the MICADO, because the PSFs in the images would be difficult
to see, and the full field of view does not benefit this examination of the image
quality. The size of the following images is 1024 x1024. With a 4 mas pixel scale,
this size yields a field of view of 4.1 arcseconds. With a 1.5 mas pixel scale, the field
of view is 1.54 arcseconds. Figure 11b can be compared to Figure 11a, which shows

another star cluster equally distant from the ELT.

2.1.3 Stars

To simulate multiple stars with more specific parameters, the stars function can be
used. This function takes a photometric filter name for scaling the stars, a list of

magnitudes, a list of spectral types, and lists of x and y coordinates.

2.1.4 Galaxies

Scopesim has multiple functions for producing galaxies. The spiral galaxy function
called "spiral two component" makes a galaxy based on data from galaxy NGC1232.
This function has arguments that ostensibly allow the angular size and the magni-
tude of the galaxy to be varied. However, only the size parameter appears to work
correctly; all changes to the magnitude leave the image unchanged. Figure 12a
shows an example of the spiral galaxy observation. The galaxy NGC1232 is located
at a distance of approximately 15 Mpc [61].

The elliptical galaxy function makes a generic elliptical galaxy, with parameters
for its size, ellipticity, brightness, Sersic index, and spectrum. Figure 12b shows an
elliptical galaxy with a magnitude of 14. It’s important to note that while adjusting
the radius of this galaxy does change the distribution of light, there appears to be
an outer perimeter, beyond which, scopesim does not add any light from the galaxy:.

This outer limit can be seen clearly in Figure 12b.
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Spiral galaxy NGC1232L Elliptical Galaxy, magnitude = 14
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(a) Spiral galaxy NGC1232, with an expo- (b) An elliptical galaxy with a magnitude
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posure time of 1000 seconds.

Figure 12

The scopesim templates documentation lists two other galaxy functions: galaxy
and galaxy3d. These functions take similar arguments to the other functions offered.

At the time of this research, these functions do not yield an observable source object.

2.1.5 Point Sources

Point sources have been the most utilized object type in this research. Point sources
can represent any object with a sufficiently small angular size, and a spectral type
in the speXtra library. The point source function is used in this research primarily
to simulate supernovae observations. The function takes a spectrum, magnitude,
photometric filter, and coordinates. Simulating point sources is an easy way to view
the point spread function of the simulated optical system. Figure 13 shows a set
of point sources with varying magnitudes in the K, band. This grid is useful for
determining how visible point sources of various magnitudes will be with the utilized

observation settings.
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Figure 13: A grid of 25 point sources with magnitudes ranging from 15 to 27 mag
in the K, filter band.

2.1.6 Source From File

Scopesim templates also offers functions called "source from file" and "source from
array" which are supposed to take a 2D array, either from a fits file, or a numpy
array respectively, and generate a light source to be observed with scopesim. These
functions, however, do not yield an observable source. These functions should be

available to use at a later time, as scopesim is still being developed.

2.2 Carrying Out Observations

This section shows examples of sources being observed with MICADO to compare

different optical parameters.
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(a) A star cluster simulated with SCAO. (b) The same star cluster, simulated with the

same parameters, except that MCAOQO is used.

Figure 14

2.2.1 SCAO vs MCAO

MICADO has two AO systems: MCAO and SCAQO. Scopesim supports simulations
that use either of these systems. Each AO system is simulated with a static PSF
distribution. The examples shown thus far have simulated observations with SCAO.
To compare the quality of observations between these systems, the star cluster shown
previously is also simulated using MCAQO, shown in Figure 14.

The observation with MCAO has more prominent background radiation, and a
wider distribution of the point spread function. So far, it appears that SCAQO is
more effective at providing a sharp image. The MCAO simulation also appears to

limit the radius of a PSF, beyond which the brightness abruptly cuts off.

2.2.2 The Pixel Scale and Field of View

The pixel scale of the MICADO camera can be either 4 mas pixels (a 50.5" x 50.5"
field of view), or 1.5 mas pixels (an 18" x 18" field of view). Both of these options
are supported by scopesim. The examples shown so far have had a pixel scale of 4

mas. Figures 15a and 15b are shown side-by-side to compare the quality of images
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(a) The previously shown star cluster sim- (b) The same star cluster simulated with a
ulation with a 4 mas pixel scale, and SCAO 1.5 mas pixel scale.
system, cropped to compare the simulation

to a more narrow field of view.

Figure 15

with these pixel scales. Figure 15a is from a simulation of the 4 mas pixel scale. It
has been cropped further to show the middle of the image, at a field of view that
is nearly the same as the one shown for the 1.5 mas pixel scale. These figures show
the same set of stars, with other parameters remaining unchanged between them.
A star cluster with a greater density has been used in these figures to show the
usefulness of the 1.5 mas pixel scale when viewing an area that is densely populated
with light sources.

The larger pixel scale has more background radiation per pixel, and the stars
appear brighter. The width of the point spread function appears the same or similar
in each image. More exposure time is needed for an equivalent observation in the

1.5mas pixel scale, relative to the 4mas pixel scale.
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2.2.3 Environmental Parameters and Telescope Pointing

The optical train has a large set of parameters that can be modified to customize
a simulation. Some notable changes that can be made represent environmental
conditions that can vary, and potentially impact the outcome of an observation,
namely, atmospheric temperature, humidity, and air pressure. This section also
considers changes in airmass.

To investigate the impact of environmental conditions and airmass on an ob-
servation, the star cluster in Figure 11b, is shown again in Figure 16a, alongside
observations of the same star cluster with varying conditions. In four observations,
all but one parameter are unchanged, so that each change can be assessed indi-
vidually. It is also important to consider how multiple environmental changes can
potentially intensify any changes, due to the complex nature of the atmospheric
system. The final simulation combines all of the previous environmental changes.
The values used in these simulations are intended to be unlikely and extreme, so
that if a simulation doesn’t appear significantly different from the default simula-
tion, it is evident that scopesim does not calculate a drastic change in the outcome
of observing with any possible value of the varied parameter.

The changes to the environment and telescope pointing have changed the level
of background radiation present to varying degrees. The point spread function
appears not to be significantly changed. The most drastic change appears when
the temperature is changed from 7°C to 20°C; the amount of background radiation
increases with the increase in temperature. The simulation with the humidity set
to 1, the highest relative humidity possible, does not visibly appear to be different
from the simulation with default parameters. The simulation with an air pressure
of 1 atm, a pressure unlikely to occur at the location of the ELT, also appears to be
negligibly different from the simulation of default parameters. The simulation with

an airmass of 2.25 has slightly more background radiation than what appears in the
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simulation of default parameters. This is not the expected outcome of drastically
increasing the airmass. An increase in airmass should cause a loss in brightness of

the image, as well as a widening of the PSF [62].
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(c) The star cluster observed with the Y

filter.

Figure 17: A star cluster observed in the H, J and Y bands.

2.2.4 Photometric Filters

Scopesim offers an assortment of photometric filters, split between two MICADO

filter wheels. Light of different wavelengths will interact with the environment and
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optical system differently, and thus will yield different point spread functions. The
same star cluster used to compare other scopesim features is observed in the J, H
and Y, bands (Figure 17 below). The complete list of filters supported by scopesim
is in the MICADO YAML file.

These figures all appear very visually different. The cluster in the H band has
considerably more background radiation than what is seen in the other images. A
wide, faint hexagonal area of light appears around the brighter stars. The cluster
observed in J and Y bands feature this pattern more prominently, with larger areas

of high intensity light.

2.3 Empty Sky Calibration

Scopesim has a set of calibration functions. A very useful function in this research is
the empty sky function, which simulates an observation containing only background
radiation. Figure 18c shows an empty sky that has been observed with the K| filter,
and an exposure time of 1000 seconds.

To reduce the presence of background radiation in an observation of an object, an
empty sky should be simulated with the same parameters as the object observation,
so that the background radiation in each is equivalent. The empty sky file can be
used to subtract the radiation from object observation. The star cluster simulation in
Figure 11b appears to have a significant amount of background radiation diminishing
the view of the stars. Here it is shown alongside the reduced image, in Figures 18a
and 18b. The reduction of background radiation facilitates the observation of the
point spread function displayed by each star, and increases the visibility of dim

objects.
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Figure 18: A star cluster observation, with and without the subtraction of an empty

sky frame, and the empty sky frame.
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3 Metrics For Analyzing the PSF

The following section introduces 3 methods for quantifying the area of a point spread
function produced by scopesim, by determining the FWHM of the cross-section of
the PSF, the Strehl ratio, and the signal-to-noise (SNR) of the PSF.

3.1 Intensity Cross-Section of a Point Source Image

For each point source image that is analyzed, a 1-dimensional set of pixels is selected
from the image, such that the center of the pixel set is the center of the point source.
The values in the pixel set are then plotted, showing light intensity vs position. The
FWHM of each PSF is obtained from each of these sets. As with the images shown
in the previous section, the intensity units are in photons per pixel.

To obtain an accurate value for the FWHM, the selected pixels must span an area
of space that is wider than the PSF, and contain pixels that are only illuminated
by background radiation. The difference between the background intensity and
the maximum light intensity is used to find the half maximum. The full width
is the greatest distance between two pixels with values greater than or equal to
the half maximum. The PSFs generated by scopesim do not strictly decrease in
intensity with increased distance from the center of the point. There are zigzags
in the PSFs. Therefore, the PSFs may have areas with intensity less than the
half maximum, within the span of the FWHM. The simulations evaluated with
this method have been reduced using a blank sky image, simulated with identical
observation parameters.

The PSFs generated by scopesim do not have circular symmetry. The images
of point sources display a hexagonal pattern. Therefore, the distribution of a PSF
obtained from a 1-dimensional slice of an image is dependent on the axis through
which a set of points is selected. At least two slices should be considered for a

comprehensive analysis. Horizontal and vertical segments are the most convenient
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satisfactory choices. Figure 19 shows a point source with a magnitude of 18, viewed
with SCAO in the K, band. The background radiation has been subtracted. Ad-
jacent to this plot are the two PSF cross sections. The horizontal cross section has
a FWHM of 13 pixels, and a vertical cross section FWHM of 23 pixels. Figure 20
shows an Airy disk distribution with the same magnitude, alongside its vertical and

horizontal cross sections. The FWHM value of the Airy disk cross-section is 3 pixels.
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Figure 19: A point source with a magnitude of 18 mag in the K band, and the
cross section of the PSF through the horizontal and vertical axes. The lines on the
image indicate where data was taken to plot and analyze the PSF. The brightness

of the center of the PSF is cut due to effects of saturation of the detector.
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Figure 20: An Airy disk distribution, with the same magnitude as the PSF shown in
Figure 19, (18 mag), and its cross section plots through the horizontal and vertical

axes.
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3.2 The Strehl Ratio

The quality of a PSF can also be quantified with the Strehl ratio. Each AO system
and pixel scale are compared using the Strehl ratios that are calculated for each
observation parameter. The effect of airmass on the PSF is assessed in the same
manner.

To calculate the Strehl ratio, the Airy disk distribution was calculated for each
band central wavelength and each pixel scale. For each simulated PSF, the corre-
sponding Airy disk distribution was normalized to the total flux of the PSF. The
Strehl ratio was then found by simply taking the ratio of the peak of the PSF and
the peak of the Airy disk. For a visual example, consider, figures 19 and 20, which
show a PSF and Airy disk, respectively. The total flux in the images is equal. The
strehl ratio is the ratio of the peak intensities in each image.

Scopesim simulates the detector as having a saturation limit. This will neces-
sarily cause the Strehl ratio to be unreasonably low for any exposure that is long
enough to allow the central light intensity to reach that limit. It is important to
verify that the detector is not over-saturated, to obtain a valid Strehl ratio.

Figure 21 shows the Strehl ratios of point source images generated with each AO
system and pixel scale, in the K, J and Y bands. The magnitude and exposure
time for each PSF are 22 mag and 1000s respectively. For each band, the highest
Strehl ratios are found when SCAO is used for an observation. The MCAO system
corrects for atmospheric turbulence over a wider area than SCAQO, while SCAO
makes a more effective correction over a smaller area. Thus, when observing single
point sources, without a need to consider the surrounding area, SCAO will yield
more favorable results. The 1.5 mas pixel scale, used with SCAQO, produced the
highest Strehl ratios. In the K, J and Y bands, the Strehl ratios obtained with
these parameters are 0.54, 0.20, and 0.13 respectively. Scopesim does not offer the

option to generate a MICADO PSF without an AO-correction.
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Strehl Ratio vs Photo Band
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Figure 21: Strehl Ratio of a PSF with magnitude 22, using SCAO, MCAO, a 4 mas

pixel scale, and 1.5 mas pixel scale, and the K, J, and Y bands.

The highest Strehl ratios were observed in the K band. This can be explained
by considering the relation between the Airy Disk width, and the observed wave-
length. The width of the Airy disk is proportional to the wavelength. For a longer
wavelength, such as 2.16pum in the K, band, the Airy disk will be wider than an
Airy disk with a wavelength of 1.24pm or 1.03um, in the J or Y bands, respectively.
With a wider Airy disk, the central height of the distribution is lower, relative to
the total flux. Taking the ratio of the PSF peak to this lower Airy disk peak will

yield a higher Strehl ratio.

3.2.1 Airmass

The airmass of an observation can have a significant impact on the quality of the
PSF [62, 63|. To further assess the effects of airmass, as purported by Scopesim’s
simulation results, the SCAO system and 1.5 mas pixel scale were selected for sim-

ulating point source observations in the K, J and Y bands, with varying airmass
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Strehl Ratio vs Airmass in Ks, ], and Y Photo Bands
Magnitude = 23, AO system = SCAQ, pixel scale = 1.5 mas
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Figure 22: Strehl Ratio vs Airmass in the K, J, and Y bands.

values. The results are shown in Figure 22. The point source has a magnitude of 23
in all observations. Each observation has an exposure time of 1000s. The average
Strehl ratio in the K band is 0.56; the range of the Strehl ratios in this set is less
than 0.02. The average Strehl ratio in the J band is 0.19; the range of the Strehl
ratios in the J band is within 0.006. The average Strehl ratio in the Y band is 0.13;
the range of the Strehl ratios in the Y band is 0.004. The calculated Strehl ratios
for varying airmass values have very little variation in each of the tested bands.
Airmass is an important consideration when planning an astronomical observa-
tion. However, varying the airmass value in scopesim simulations does not yield any
change in the Strehl ratio of a PSF. In reality, one would expect an increase in the

airmass to widen a PSF, and yield a lower Strehl ratio [62].
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3.3 Signal-To-Noise Ratio

The signal-to-noise ratio is the ratio of the intensity of the point source (the signal) to
the uncertainty of the intensity (the noise). It is calculated by selecting an aperture
around a point source and finding the average signal value inside the aperture, then
selecting an area near the point source and calculating the standard deviation of
the noise in that area. The ratio of these values is the signal-to-noise ratio [64—66].
Figure 23 shows the signal-to-noise ratio of a set of point source observations with
magnitudes ranging from 22 to 29 in the K, band, observed using SCAO and the 4
mas pixel scale. An aperture radius of 4 pixels was used. The point source with a
magnitude of 26 has a signal-to-noise ratio of 4.5. The points that are dimmer than

this are barely detectable or undetectable.

Signal-to-Noise Ratio vs Magnitude
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Figure 23: Signal-to-noise ratio vs magnitude, in the K band, with an exposure

time of 1000 s.
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4 Observing a Supernova and a Galaxy

The analysis tools introduced in the previous section were used to analyze simu-
lations of a supernova observation. The following steps were taken to make the

simulations more realistic:

e Bach point source was simulated with a host galaxy.

e Multiple exposures were simulated, with the telescope position changed for

each exposure.
e The detector exposure time was set to 1s.
e The total integration time of each observation was 1h.

e Apparent magnitudes and angular separations between the host galaxy and
supernova were based on calculations similar to those in section 1.4.3, and

other calculations made using astropy’s cosmology package.

Supernova And Host Galaxy Simulation

Supernova With Galaxy Subtracted Supernova With Host Galaxy Galaxy Without Supernova
0

200 200 200

400 400 400

600 600 600

800 800 800

400 600 800 0
pixels

Figure 24: Difference imaging example: host galaxy with and without a SN; SN with
the galaxy flux subtracted. Supernova magnitude: 21 mag, filter: Ky, exposure time:

1000 s, galaxy offset: 0.11 arcsec.

An empty sky frame was subtracted from each exposure. Observations of each host

galaxy were simulated without a supernova, so that the flux from the host galaxy
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could be subtracted from each frame. Figure 24 shows an example of a host galaxy
that has been simulated with and without a supernova, and the flux from the host
galaxy subtracted from the supernova-galaxy system.

This image-subtraction method is intended to simulate the use of difference imag-
ing in astronomy. Difference imaging can be used to improve photometric analysis
and enable detection of faint transients against a host galaxy [67-69]. The simu-
lated difference images do not account for some of the challenges of using difference
imaging, such as: changes in airmass, detector noise, and atmospheric conditions.
Such complications would require a pre-supernova image to be modified using more
advanced algorithms than what is within the scope of this project.

Only the SCAO system is simulated in this section, for a few reasons. In the
previous section, where the Strehl ratio is introduced, Figure 21 shows that the use
of SCAO produces PSFs with higher Strehl ratios than when MCAO is used. This is
consistent with what is expected from these AO systems. SCAO is expected to give
a superior AO correction over a narrow field of view, compared to MCAO providing
a moderate AO correction over a larger field of view [70]. For analysis of a single
point source close to a reference source, SCAO is the optimal choice. For imaging
across a wider area, MCAQO should be used. The analyses in this section are of a
single point source in each simulation; SCAO would likely be used in observations
of this type. The background flux in an image is significantly higher when MCAO is
simulated. This is likely an error in scopesim. The amount of background radiation
in an image should be unchanged by the AO system used [71]. Thus, analysis of
simulations that use MCAO should be done later in the development in Scopesim.

Observations were simulated using the K, J and Y bands, the 4 mas and 1.5
mas pixel scales, default atmospheric parameters, and default airmass, shown in
table I, and a 1 hour exposure time. For each filter band and pixel scale, 3 sets of

observations were made: with the projected distance between the supernova and the
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center of the host galaxy set to 500 pc, 1 kpc, and 2 kpc. Each set of observations
uses the same galaxy-supernova system, with varying distances of the system from
the telescope. The signal-to-noise ratio, Strehl ratio, and FWHM values were derived
for each observation. The signal-to-noise ratios were plotted as a function of redshift.
The magnitudes of the supernovae were set to represent Type Ia supernovae at peak

luminosity.

4.1 Angular Resolution

When simulating supernova-galaxy systems at very large distances, it’s important
to consider whether or not the optical system will be able to resolve the center of
the galaxy and the supernova as two discrete points. Figure 25 was created us-
ing FlatLambdaCDM (Flat Lambda Cold Dark Matter), from astropy’s cosmology
package, with the Hubble constant Hy = 69.6 km/s/Mpc and matter density pa-
rameter €2, = 0.286; the plot shows the angular scale of an area in space vs the
redshift of the object being viewed. With this model, the largest angular scale is 8.6

pc/mas, occurring at a redshift of 1.5.

Angular Scale vs Redshift

pc/mas

Figure 25: The angular scale of an area in the sky (pc/mas) vs redshift.
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The limiting case of the systems shown in this section is the supernova with
a projected distance of 500 pc from its host galaxy, at a redshift of 1.5. For an
observation using the 4 mas pixel scale, the displacement between the supernova

and the center of the galaxy is:

mas pixels
500 pc x

= 15 pixel 2
8.6 pc % 4 mas b pixels )

When the 1.5 mas pixel scale is used, the number of pixels is 39. For each of these
pixel scales, if the calculated FWHM of a PSF is greater than the number of pixels
needed for the limiting case, it will be important to check if the system can be

resolved.
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4.2 Observation Results

Figure 26 shows the SNR vs redshift of each observation in the K, J and Y bands.
Each projected distance is plotted separately, with the two pixel scales plotted to-
gether. For each set of observations, the 4 mas pixel scale yields higher SNR values
at every redshift. SNR values vary slightly for each projected distance. In the K
band, the SNR values are very low for redshifts greater than 1.5. To observe this
type of supernova at a greater redshift, longer exposure times are needed. In the J
band, the supernova cannot be observed at redshifts greater than 3. In the Y band,
the supernova cannot be observed at redshifts greater than 2. The SNR values are
the lowest for observations in the K band, and highest for observations in the Y

band. The detector has greater sensitivity at shorter wavelengths.

Pixel
Measurement K, J Y
Scale
FWHM
9 4 4
1.5 mas (pjxels>
Strehl
0.55+0.02 | 0.22+0.02 | 0.16£0.005
ratio
FWHM
3 1 1
4 mas (pixels)
Strehl
0.56£0.04 | 0.26£0.02 | 0.18£0.01
ratio

Table II: FWHM values and Strehl ratio values of supernovae in the K, J and Y

bands.

Table IT shows the FWHM and Strehl ratio values of each supernova observed in
the K, J and Y bands. In the K band, only the two lowest redshift values yielded

results that could be used to calculate valid values for the FWHM and Strehl ratio
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Figure 26: SNR vs redshift for projected distances of 500pc, 1kpc and 2kpc between

the center of the host galaxy and the supernova, in the K, J and Y bands.
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when the 1.5 mas pixel scale was used. When the 4 mas pixel scale was used, all but
the highest redshift value yielded results that could be used to obtain valid values.
When using the 1.5 mas pixel scale, the FWHM of a PSF is 9 pixels; when using
the 4 mas pixel scale, the FWHM of a PSF is 3 pixels. These values are equivalent
to 13.5 mas and 12 mas respectively.

In the J band, when the 1.5 mas pixel scale was used, the four lowest redshift
values yielded results that could be used to calculate the FWHM and Strehl ratio.
Using the 4 mas pixel scale allowed supernovae with the five lowest redshifts to be
observed, and used to calculate FWHM and Strehl ratio values. When using the 1.5
mas pixel scale, the FWHM of a PSF is 4 pixels; when using the 4 mas pixel scale,
the FWHM of a PSF is 1 pixel. These values are equivalent to 6 mas and 4 mas
respectively.

Observations in the Y band have the lowest Strehl ratio values. The FWHM
values for each pixel scale are the same as those found for observations in the J
band. For each pixel scale, only the five lowest redshift values yielded results that
could be used to calculate FWHM and Strehl ratio values.

For each band and pixel scale, the FWHM values are constant across the set of
redshift values and projected distances. The SNR and Strehl ratio values changed
very little with the change in position of the supernova. Having a small, but non-
zero change in these values demonstrates that in Scopesim simulations, the flux
distribution obtained from observing a point source and galaxy together does not
equal the sum of the fluxes of each source observed separately. Therefore, there
is value in simulating the observation of a constant celestial object, both with and
without a transient light source, and subtracting the flux from the constant object
from the frame that contains the transient object.

In the K, band, supernovae with redshifts higher than 2 could not be detected.

In the J and Y bands, supernovae with redshifts higher than 3 could not be detected.



95

In the J and Y bands, the Strehl ratio values appear slightly higher when the 4 mas
pixel scale is used. In each band studied, the FWHM values in mas appear slightly
lower when the 4 mas pixel scale is used.

The SNR values and detection limits are a result of the exposure time used. The
SNR of an image is proportional to the square root of the exposure time used. With
an exposure time of 4 hours, the SNR values of the simulated observations would

be approximately doubled.
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5 Observing a Supernova Progenitor and a Star Clus-
ter

In this section, a supernova progenitor is observed at the center of a star cluster.
The magnitude of the progenitor comes from photometry data of the progenitor of
supernova 2008bk [72]. The star cluster is generated using Scopesim’s star cluster
function, using inputs of: a total mass, cluster radius, and distance. The brightness
and quantity of individual stars is determined by scopesim. The progenitor of super-
nova 2008bk has an apparent magnitude of 18.39 mag in the K, band, 19.45 in the
J band, and 20.02 in the Y band. The distance of the host galaxy is 3.5 Mpc [72].
These values were used to calculate the magnitude of the simulated progenitor at
distances ranging from 3.5 Mpc to 94.5 Mpc. In each simulation, the progenitor is
placed at the center of the cluster. The cluster masses used are 10° Mg and 5 x 10°
Mg; the cluster radius used in the simulations is 7 pc.

The purpose of these simulations is to explore the potential to resolve and identify
a supernova progenitor from its neighbors. An anticipated advantage of using the
ELT is its ability to resolve point sources with very small angular separations. In the
previous section, it was found that the angular size of point sources (the FWHM)
remains constant for varying magnitudes. Thus, the angular distance needed be-
tween two stars, for the stars to be resolved, is already known for each pixel scale
in the K, J and Y bands. In this section, only the SCAO system was simulated.
Each observation has an exposure time of 1 hr, and uses the parameters shown in
table L.

The FWHM of point sources are summarized in Table III. In the J and Y bands,
the FWHM of a point source is only one pixel, when the 4 mas pixel scale is used.
Thus, at least two pixels (8 mas) should be between two point sources. At a distance

of 94.5 Mpc, the angular size of the simulated star cluster is 30.5 mas. Given the
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Pixel
K, J|Y

Scale

4 mas 12 4 |4

15mas | 1356 | 6

Table IIT: The FWHM in mas of point sources for the K, J and Y bands, and the

4 mas and 1.5 mas pixel scales.

previously determined angular resolution of the optical system, the density of stars
will far exceed the density at which individual stars could be resolved. Thus, 94.5
Mpc serves as a reasonable upper limit for the distances used in this exercise. This
is nearly the distance to the Coma Cluster [73].

For each distance and cluster mass, the star cluster was observed both pre-
supernova and post-supernova, (with and without the progenitor). The same difference-
imaging technique used in the previous section is applied here. In this case, the ref-
erence image would be taken after the supernova has dissipated, and no light source
appears at the location of the transient. The progenitor was also observed without
the presence of the star cluster, so that the effects of including a star cluster in
the observation can be compared to the results yielded by observing the progenitor
without a star cluster. An example is shown in Figure 27, with a cluster mass of
5 x 10° Mg, a distance of 3.5 Mpc, in the Y band.

The simulated supernova progenitor, with photometric values taken from pro-
genitor 2008bk, is substantially brighter than the stars generated by scopesim’s star
cluster function. For distances where the star cluster and progenitor are visible, and
for cluster densities where stars can be resolved, the presence of the progenitor in the
cluster is immediately evident. Scopesim’s star cluster function does not allow the
magnitudes of the stars to be set manually. Future analysis of simulated difference

images would benefit from such customization, and the inclusion of subtracted stars
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Figure 27: Upper left: the star cluster with a supernova progenitor at its center,
upper right: the same star cluster without a progenitor, lower left: the difference
image, lower right: the progenitor observed without a star cluster. Observed in the
Y band, for 1 hour. The cluster distance is 3.5 Mpc, and the progenitor magnitude

is 20 mag.

that are as bright, or brighter than the target object.

The difference image in Figure 27 appears significantly different from the image
taken of an isolated progenitor observation. The subtraction of the star cluster has
left remnants of light from the surrounding stars, increasing the noise in the image.

This increase in noise may make it difficult to identify a progenitor in a difference
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image. In the figures that follow in this section, the SNR of the difference images
are plotted as a function of distance.

5.1 Results

Figure 28 shows the SNR vs distance of the supernova progenitor, with 10° M
and 5 x 10° M, star clusters subtracted from the frame, and with no star cluster
subtracted, using the 4 mas and 1.5 mas pixel scales. When the 4 mas pixel scale is
used, the mass of the star cluster makes a negligible contribution to the noise in the
image. The presence of the star cluster decreases the SNR slightly from the values
obtained without a star cluster in the observation. The SNR values are lower when
the 1.5 mas pixel scale is used, however, the relative values between the points appear
very similar. Regardless of pixel scale, the difference image of the progenitor has

only a slightly lower SNR than what is obtained from a lone-progenitor observation.

Ks Band Supernova Progenitor Observations Using Difference Image and Lone-observation
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Figure 28: SNR vs distance of a supernova progenitor difference image in the K

band. 4 mas pixel scale on the left, 1.5 mas pixel scale on the right.

Figure 29 shows the SNR vs distance of the supernova progenitor, with 105 Mg,
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and 5 x 10° M, star clusters subtracted from the frame, and with no star cluster

subtracted, using the 4 mas and 1.5 mas pixel scales. When the 4 mas pixel scale
is used, a small difference can be seen between the lower and higher star cluster
masses. The subtraction of a higher mass yields a lower SNR for the progenitor
difference image. When the 1.5 mas pixel scale is used, the star cluster mass makes
significantly more of a difference in the SNR calculation. For distances less than
40 Mpc, the SNR value of the progenitor image with a 5 x 10° M, star cluster

subtracted from the frame is nearly half of the SNR value obtained for an isolated
star cluster.

J Band Supernova Progenitor Observations Using Difference Image and Lone-observation
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Figure 29: SNR vs distance of a supernova progenitor difference image in the J

band, 4 mas pixel scale on the left, 1.5 mas pixel scale on the right.

Figure 30 shows the SNR vs distance of the supernova progenitor, with 10° M
and 5 x 10° M, star clusters subtracted from the frame, and with no star cluster
subtracted. When the 4 mas pixel scale is used, the greatest difference in SNR
values occurs at a distance of 10.5 Mpc. When the 1.5 mas pixel scale is used,

the two smallest distances yield a drastic difference in the SNR values between the

progenitor observed with no stars, and those that were observed in a cluster.
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Y Band Supernova Progenitor Observations Using Difference Image and Lone-observation
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Figure 30: SNR vs distance of a supernova progenitor difference image in the Y

band, 4 mas pixel scale on the left, 1.5 mas pixel scale on the right.
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For each band, the effects on the SNR by the presence of the cluster decrease with

increasing distance. As the distance increases, the magnitude of the stars decreases,

causing them to contribute less to the noise in the difference image. There are some

exceptions to this, where the difference in the SNR values increases from the distance

of 3.5 Mpc to 10.5 Mpc. A possible reason for this is the increase in the density of

stars in the area around the progenitor in the image. For larger distances, there are

more stars within a small angular area around the progenitor, where the noise in

of the stars.

5.1.1 Detection Limit

the difference image is measured. The higher density of stars causes more noise. For

distances beyond 10.5 Mpc, this effect is counteracted by the decrease in magnitude

A progenitor was considered detectable if the SNR of its image was at least 10. Table

IV displays the greatest distances at which the progenitor was detected, and the SNR

values of the progenitor image for those distances. In the K, band, it appears that
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the progenitor could have been detected at even greater distances using the 4 mas
pixel scale; for each cluster mass, the SNR value at the largest distance tested was
much higher than 10. For each band and pixel scale, the presence of a star cluster

shortens the distance at which a progenitor could be detected.

Pixel Cluster Max. detection
Band SNR
Scale | Mass (My) | distance (pc)
0 9.45 x 107 24
4 mas 10° 9.45 x 107 18
5x 10° 9.45 x 107 18
K
0 7.35 x 107 12
1.5 mas 10° 6.3 x 107 11.5
5 x 10° 6.3 x 107 11.5
0 9.45 x 107 11.5
4 mas 10° 8.4 x 107 11
5 x 10° 8.4 x 107 11
J
0 9.45 x 107 12.5
1.5 mas 10° 8.4 x 107 11
5% 10° 8.4 x 107 11
0 8.4 x 107 10
4 mas 10° 6.3 x 107 13
5 x 10° 6.3 x 107 12
Y
0 8.4 x 107 10
1.5 mas 10° 7.35 x 107 11
5 x 10° 7.35 x 107 11

Table IV: The maximum distance at which a progenitor was detected, for each band,

pixel scale, and cluster mass, and the SNR of the progenitor image for that distance.
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6 Discussion

6.1 Procedure Summary

The purpose of this research was to generate and study simulated astronomical
observations, using the scopesim python package, and the properties of the ELT
telescope and MICADO camera, to make an assessment of the feasibility of fu-
ture research with the ELT. Scopesim was used to generate objects with various
properties and to simulate observations with various observation parameters. The
results were compared to determine which parameters produced the highest-quality
images. The Strehl ratio, SNR and FWHM were obtained for a small selection of
point source observations, to provide a quantitative comparison between observa-
tions, and to introduce these methods for further use. Supernovae were simulated
with a host galaxy and observed at varying redshifts. The SNR, FWHM and Strehl
ratio values of the supernovae are presented as a function of redshift, projected dis-
tance from the galaxy center, and the detector pixel scale. A supernova progenitor
was simulated within a star cluster, with varying distances and cluster densities,
to explore the ELT’s potential to resolve a supernova progenitor from neighboring

stars. The SNR of the progenitor is presented as a function of distance.

6.1.1 Scopesim Templates

The python package scopesim templates was used to simulate sets of stars, individual
stars, star clusters, elliptical galaxies, a spiral galaxy, and point sources. These
source objects enabled scopesim to successfully simulate observations. There are
some source objects in scopesim templates that were found to not function correctly.

At the time that this research was conducted, the functions called "galaxy",
"galaxy3d", "source from file" and "source from array" did not generate observable

sources. Scopesim has since been updated, and some of these functions now work
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as intended.

Scopesim templates also offers an empty sky function, so that an observation
simulation can be run with no sources. The result of this observation is an image
with only background radiation. This empty sky image is useful for reducing images
of other observations. If the empty sky is observed with the same parameters as
another source object, the empty sky frame can be used to subtract the background
radiation from the image by subtracting the flux from the empty sky frame, pixel
by pixel, from the science observation image.

The two AO systems, SCAO and MCAO were compared by using each to observe
the same star cluster, with all other parameters kept the same. The star cluster was
observed in the "Ks" band. The use of MCAO yielded a larger amount of background
radiation, and the PSFs of the stars appeared to be wider.

The two pixel scales, 4 mas and 1.5 mas were compared in a similar manner as
the AO comparison. In this case, a star cluster that is 15x more dense was used,
to demonstrate the advantage of using a smaller pixel scale when observing an area
with a dense population of light sources. When the 1.5 mas pixel scale is used,
each pixel receives photons from a smaller area of the sky. Predictably, the image
generated with the smaller pixel scale appears less bright. The 1.5 mas pixel scale
is better at showing a dense set of light sources as separate points.

Scopesim’s use of the atmospheric conditions: humidity, temperature, and air
pressure, and the observation parameter airmass, were examined by changing each
parameter to an extreme value, while keeping all other parameters at their default
values. This was done to determine which parameters would yield drastic results
with their variation, and which were considered negligible by scopesim. Increasing
the airmass from 1.2 to 2.25 yielded a slight increase to the background radiation.
Increasing the temperature from 7°C to 20°C yielded a drastic increase in the back-

ground radiation. Increasing the relative humidity from 0.1 to 1 showed no visible
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changes to the image. Increasing the air pressure from 0.755 atm to 1 atm also
showed no visible changes to the generated observation image. The shape of the
PSF does not change with any changes in these parameters. These results should
not be taken as a representation of how these conditions would affect a real observa-
tion. These results only definitively demonstrate the significance of modifying these
parameters in a scopesim simulation.

The K, H, J, and Y bands were compared by simulating the same star cluster
through each filter. The resulting images indicated that the PSF distribution is

dependent on which filter is being used.

6.1.2 Introducing Analysis Tools

Three methods of analyzing a PSF were introduced, the FWHM, SNR, and Strehl
ratio. The FWHM of a PSF was taken from a cross-section of the PSF. This cross
section is presented along with the cross-section of an airy disk, in Figures 19 and
20. The FWHM of the cross-section is how the width of PSFs are quantified in this
research.

To introduce the Strehl ratio, a point source of 22 mag was observed with each
combination of AO systems and pixel scales, in the K, J and Y bands. The
Strehl ratios of each image are plotted together for an easy comparison in Figure
21. Additionally, the Strehl ratio was used to assess how the airmass parameter is
utilized by scopesim when generating a PSF. A point source was observed with a
range of airmass values, and the Strehl ratio was plotted as a function of airmass,
in Figure 22. The results show that the airmass has a negligible effect on the PSF
produced by scopesim.

The SNR was introduced by observing a set of point sources with a range of
magnitudes, calculating the SNR from each PSF, and plotting the SNR as a function

of magnitude.
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6.1.3 Supernovae And Galaxies

After introducing the PSF analysis tools, the goal was to simulate and study plausi-
ble observations of distant, redshifted supernovae, accompanied by a host galaxy. To
select the magnitudes of the supernovae in the K, J and Y bands, the known prop-
erties of type Ia supernovae and astropy’s cosmology package were used to calculate
approximate apparent magnitudes of supernovae at various redshifts. The angular
size of the galaxy, and the projected distance between the galaxy center and the
supernova were also calculated using astropy’s cosmology package. The supernova
was simulated with three distances from the galactic center: 500 pc, 1 kpc, and 2
kpc. The host galaxy was simulated with and without the point source, and the
flux from the host galaxy was subtracted from the image containing the supernova-
galaxy system. Each difference image was used to obtain the SNR, FWHM, and
Strehl ratio.

Of the three quantities that were calculated, only the SNR changed significantly
with changes in redshift. The SNR varied slightly with changes in projected distance;
in some instances, the SNR increased slightly with increased projected distance, in
others, the opposite occurred. The 4 mas pixel scale consistently yielded higher
SNR values than the 1.5 mas pixel scale. The Y band simulations had the highest
SNR values, and the K band had the lowest.

The FWHM is invariant with redshift and projected distance. In the J and Y
bands, the FWHM is 1 pixel, when the 4 mas pixel scale is used, and 4 pixels when
the 1.5 mas pixel scale is used. In the K band, these values are 3 pixels and 9 pixels
respectively.

The Strehl ratio changes very little with redshift and projected distance. In the
K, band, the Strehl ratios are within the range of 0.54-0.58. In the J band, the
Strehl ratios were within the range of 0.21-0.27, with the 4 mas pixel scale yielding

values slightly higher than when the 1.5 mas pixel scale was used. Observations in
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the Y band yielded the lowest Strehl ratios: between 0.16 and 0.18; the Strehl ratios
were slightly higher when the 4 mas pixel scale was used.

For each set of observations, the supernovae with the highest redshifts did not
yield a detectable signal. In the K, band, supernovae with redshifts less than 2
were detectable. In the J and Y bands, supernovae with redshifts less than 3 could
be detected. The point source images with the lowest SNR values could not be
used to compute valid FWHM and Strehl ratio values, and thus, these sources were

considered entirely undetectable for the exposure time used.

6.1.4 Supernovae Progenitors and Star Clusters

A supernova progenitor was simulated with a star cluster, with varying cluster
masses and distances, to investigate the potential for a supernova progenitor to be
detected and resolved among a dense star population. The photometric parameters
of the progenitor were taken from the progenitor of supernova 2008bk [72].

The angular size of a point source was already determined in the previous section,
and thus, the limit of the density of point sources which can be resolved in an image
is already known. Difference imaging was used to analyze observations which surpass
this limit. For each distance and star cluster mass, the star cluster was observed
both with and without the progenitor (pre and post supernova). The post-supernova
frame was subtracted from the pre-supernova frame. The subtracted star cluster left
substantial noise in each difference image. These difference images were compared
to images of a supernova progenitor that was observed without a star cluster, to
determine how much the additional noise would obscure the progenitor. The SNR
was calculated for each progenitor image, and the SNR was plotted as a function of
distance.

For each set of simulations, the SNR was consistently higher for progenitors that

were observed without a star cluster. In some cases, the density of the star cluster
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had no impact on the SNR of the difference image. The presence of a star cluster
in the observation decreased the maximum distance at which the progenitor could

be detected.

6.2 Analysis
6.2.1 The FWHM, Strehl Ratio, and SNR

For the central wavelengths of the K, J and Y bands, the diameters of the Airy
disk are 27.9 mas, 8.0 mas, and 6.6 mas respectively. In the K band, the Airy disk
diameter is approximately twice as large as the calculated FWHM of the PSF. The
FWHM and Airy disk widths are correlative, but not directly comparable, because
the radius of the Airy disk is defined at the distance of the first local minimum,
and the FWHM is defined at the distance where the intensity is half of the central
maximum. In the K, band, the area of the PSF that has at least 50% of the intensity
of the central maximum is within an area that is approximately half as wide as the
Airy disk. In the J band, the ratio of the PSF FWHM and Airy disk diameter is
also 0.5 when the 4 mas pixel scale is used; the ratio becomes 0.75 when the 1.5
mas pixel scale is used. In the Y band, the ratio of the PSF FWHM and Airy disk
diameter is approximately 0.6 when the 4 mas pixel scale is used, and approximately
0.9 when the 1.5 mas pixel scale is used. These numbers indicate that the width of
the PSF relative to the Airy disk increases with decreasing wavelength.

The Strehl ratio values were the highest when the K band was used, and the
lowest when the Y band was used. These results are consistent with the comparison
between FWHM and Airy disk values. For shorter wavelengths, the PSF is wider
relative to the Airy disk, and therefore it is also shorter relative to the Airy disk.

The PSF is closer to the diffraction limit of the telescope at longer wavelengths
because of the nature of AO corrections. The Fried Parameter (the length over which

a wavefront changes phase by 1 radian) is smaller for shorter wavelengths, resulting
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in a more spatially complex wavefront distortion. The coherence time (the amount of
time that one arrangement of the deformable mirror yields a proper correction of the
wavefront) is proportional to the Fried Parameter. Thus, for shorter wavelengths,
AOQ corrections require greater spatial and temporal resolution.

ESO has an exposure time calculator (ETC) that, like scopesim, can be used to
predict the SNR values of observations with the ELT [74]. For a redshift of z = 1.84,
the apparent magnitude of the simulated supernova is 26.8 mag in the .J band.
When using the 4 mas pixel scale, the SNR of the supernovae were approximately
30. To compare this SNR with output from the ESO ETC, the parameters of the
simulation were copied as closely as possible. Some of the parameters used in these
simulations are not offered by the ESO ETC; the smallest pixel scale offered is 5
mas, and the AO modes offered are LTAO and GLAO. To compare the SNR of
scopesim simulations using SCAO mode, LTAO was selected, as it is a system that
also prioritizes mitigating on-axis turbulence, and works "almost as well as SCAO
mode" [37]. Using these parameters, and airmass = 1.2, dit = 1 s, ndit = 3600, and
the J band, the SNR value returned by the ESO ETC is 38.5.

This result is only 28% higher than the result found with the scopesim supernova
simulations. Two obvious reasons that these values differ are the different pixel
scales and the different AO systems that were used for each calculation. These
parameters were chosen to be as similar as possible, but the results cannot offer a
direct comparison. The noise may also be higher in the simulation of supernovae
observations because of the observation and subtraction of a host galaxy. These
SNR results are well within an order of magnitude of each other, indicating that
these tools are decently consistent. This result is also consistent when the ETC is
used to compare SNR values of dimmer point sources. For redshifts that are higher
than 1.84, table V shows the SNR values obtained from the supernova simulations,

SNR values obtained from the ETC, and SNR values obtained from the ETC using
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a 4x longer exposure time. Each SNR obtained from the ETC is slightly higher
than the respective SNR from the scopesim simulations. As expected, when the
exposure time is 4x greater, the calculated SNR is approximately twice as high.
The supernova with the highest redshift in the set, z = 5.39, would not be visible

with 4 hours of exposure.

Apparent SNR SNR SNR (ESO ETC,
Redshift

Magnitude | (Scopesim) | (ESO ETC) 4h exposure)
2.58 27.5 15 20 40
3.77 29.7 1.8 2.7 5.3
5.39 32.6 0.1 0.18 0.37

Table V: A comparison of theoretical SNR values for dim point sources observed in

the J band.

6.2.2 Comparison With Other Telescopes

When completed, the ELT will be the most powerful infrared telescope ever created.
It will be more capable of observing faint, distant objects than the Hubble Space
Telescope (HST), or the James Webb Space Telescope (JWST). The signal-to-noise
calculators for each of these telescopes were used to compare the SNR calculations
from Scopesim simulations of the ELT with the anticipated results of comparable
observations made with the ELT.

The JWST is a space-based infrared telescope that was launched in 2021[75]. It
has a 6.5m primary mirror, and an angular resolution of 0.07 arcsec |76, 77]. Much
like the ELT, the JWST is intended to observe distant stars and galaxies. For near-
infrared imaging with the JWST, the NIRCam instrument is used. The performace
of the ELT and MICADO, and the JWST and NIRCam is compared in the following

tables.
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Table VI shows SNR values obtained from Scopesim simulations in the J band,
and SNR values obtained from the JWST ETC for observations using the F115W
filter. The filters used for each set of observations are close together on the elec-
tromagnetic spectrum, but are not exactly the same; the central wavelengths of
the F115W filter and J filter are 1.15um and 1.24 pm respectively. The detector
parameters used with the JWST ETC are as follows: 9 groups per integration, 1
integration per exposure, 4 or 16 total dithers, and the medium 8 readout pattern
[78, 79]. The total exposure times that were obtained with these parameters are

3779 s and 15117 s.

Apparent | SNR (ELT, | SNR | SNR (JWST,

Redshift
Magnitude | Scopesim) | (JWST) | 4h exposure)
1.84 26.8 30 24 48
2.58 27.5 15 13 26
3.77 29.7 1.8 1.8 3.6
5.39 32.6 0.1 0.1 0.25

Table VI: A comparison between SNR values from simulated ELT observations, and
the JWST ETC, for observations of point sources in the J band. The exposure

times used by the JWST ETC are 3779 s and 15117 s.

The SNR values for each set of 1h exposures indicate that the ELT will yield
slightly better SNR values for comparable observations in the J band. These tele-
scopes have similar sensitivity in the J band [80].

Table VII shows SNR values obtained from Scopesim simulations in the K, band,
and SNR values obtained from the JWST ETC for observations using the F210M
filter. The central wavelengths of the F210W filter and J filter are 2.10um and 2.16
pum respectively. The detector parameters used with the JWST ETC are identical

to those previously discussed.



72

Apparent | SNR (ELT, | SNR | SNR (JWST,

Redshift
Magnitude | Scopesim) | (JWST) | 4h exposure)
1.4 26.7 12 22.9 45.8
1.7 27.6 5.2 10.5 21
2.97 28 3.4 7.4 14.8

Table VII: A comparison between SNR values from simulated ELT observations, and
the JWST ETC, for observations of point sources in the K, band. The exposure
times used by the JWST ETC are 3779 s and 15117 s.

The calculated SNR values shown in table VII show that the JWST has greater
sensitivity than the ELT in the K band. One reason that the SNR values may be
lower for observations with MICADO is because of the width of the PSF relative to
the pixel width. Simulations of point source observations in the K band have the
widest PSFs of any simulations studied in this research; the FWHM of a PSF is 3
pixels when the 4 mas pixel scale is used. Having the intensity of the PSF spread
over a larger number of pixels results in a PSF with a lower central maximum, and
a lower SNR. The pixel scale of the JWST is 31 mas, much larger than MICADO’s
4 mas pixel scale [81].

The HST is a space-based telescope that was launched in 1990 [82]. It has a
2.4 m primary mirror, and a spatial resolution of 0.13 arcsec [82, 83|. Throughout
its decades of operation, the HST has facilitated many significant discoveries; it has
helped astronomers map dark matter, identify black holes, study the births and
deaths of stars, and much more [84]. For infrared imaging with the HST, the Wide
Field Camera 3 (WFC3) is used. The performance of the ELT and MICADO and
the HST and WFC3 is compared in table VIII. SNR values obtained form Scopesim
simulations are presented along with SNR values obtained with the HST ETC, for

the Y and J bands. The filters used by the HST ETC are F125W and F105Y, to
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compare against the J and Y filters in the ELT, respectively.

J Band
Redshift Apparent | SNR (ELT, | SNR | SNR (HST,
Magnitude | Scopesim) | (HST) | 4h exposure)
1.84 26.8 30 7.9 16
2.58 27.5 15 4.2 8.4
3.77 29.7 1.8 0.5 1.1
5.39 32.6 0.1 0.04 0.07
Y band
1.36 26 71 17 34
1.98 26.7 34 9.2 18
2.96 29 3.9 1.1 2.3
4.31 32 0.05 0.07 0.1

Table VIII: A comparison between SNR values from simulated ELT observations,

and the HST ETC, for observations of point sources in the J and Y bands.

The SNR values shown in table VIII indicate that the ELT is substantially more
sensitive than the HST in the J and Y bands. The SNR values of the ELT observa-
tion simulations are more than 3x higher than the values obtained for comparable
HST observations.

Three metrics that can be used to compare the capabilities of telescopes are:
detector sensitivity, spatial resolution, and spectral range. In the J band, the sensi-
tivity of the ELT and JWST are similar. With the use of the ELT, rather than the
JWST, in the J band, the distance at which a given supernova can be detected has
increased only slightly. The advantage of using the ELT for such an observation is

its superior spatial resolution. The pixel scale of the JWST is 31 mas — far wider
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than any PSF obtained through simulations of the ELT [81]. The ELT has a greater
capability of resolving a supernova from its host galaxy, or any other object with
a small projected distance. In the K band, the sensitivity of the JWST is nearly
twice as high as that of the ELT; the JWST can detect supernovae from a greater
distance than the ELT.

The detector sensitivity of the HST is considerably less than the ELT and the
JWST. The HST ETC predicts that an object with an apparent magnitude of 29.7
in the J band would have an SNR of 1.1 with a 4 hour exposure, making the HST
insufficient for such an observation. The ELT ETC predicts that the SNR would be
5.3 for the same observation with the ELT. Additionally, the spatial resolution of
the HST is poorer than that of both the ELT and JWST.

The range of wavelengths that will be observed with MICADO is 0.8um to 2.4pm
[32]. The ELT will have other instruments with other spectral ranges, making the
total spectral range of the ELT 0.47um to 2.45um [85]. The spectral range of the
JWST extends into the mid-infrared, to 28.5um, far exceeding the range of the
ELT [86]. The HST has a spectral range of 0.09um to 2.5um, covering visible and

ultraviolet light that will not be observed with the ELT [87].

6.2.3 Use of Multiple Exposures and Positions

The simulation of multiple exposures, with random displacements of the telescope
position, was used to make the noise in each exposure unique. This effort would be
unnecessary if Scopesim’s optical train included an optional random seed parameter
for the generation of noise. The effect that is achieved by displacing the objects in
the field of view could be achieved by changing the random seed with each use of the
optical train. This would be more computationally efficient because a single source
(or combination of sources) would be generated with scopesim templates and used

in each exposure, instead of generating a new source, with a new position, for each
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exposure.

However, the simulation of telescope movement between exposures would not be
obsolete if a field-varying PSF is implemented. The PSF obtained from multiple
exposures with varying telescope positions would be a linear combination of PSF
distributions from each position used. A new python package called AnisoCADO is
being developed; it will allow users to generate field-varying PSFs for the ELT [88].
If this package is made compatible with Scopesim, the dithering algorithm written

for and used in this research would be a greater asset in future projects.

6.2.4 Difference Imaging

Difference imaging was used in Sections 4 and 5 to analyze observations of transient
objects. The analysis of difference images offers a conservative outlook on what
could be possible with the ELT. The difference images were made without varying
observation parameters, such as exposure time, weather conditions, or airmass. The
current version of scopesim uses one hard-coded PSF for each filter; the PSF does
not change with any of these parameters. Therefore, no valid conclusions could be
drawn about the viability of difference imaging with respect to varying observation
conditions between each observation. Instead, this analysis shows what limitations
should be expected with the most ideal set of pre- and post-transient observations,
due to the additional noise that is present in difference images.

The analysis of difference images with scopesim could be greatly expanded in
the future, with the implementation of a variable PSF distribution. With a PSF
distribution that changes with atmospheric parameters and airmass, the simulation
of pre- and post-transient observations should be done with varying observation
parameters, to add greater complexity to the resultant difference image, and further

assess the limitations of difference imaging with the ELT.
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7 Conclusion

The purpose of this research was to use Scopesim to study the PSF of the ELT, and
make a preliminary assessment of its potential use in imaging distant supernovae
and supernova progenitors. In addition, Scopesim itself was studied to gauge the
scope of its utility.

Scopesim has been found to have great potential as a tool for astronomers to
use for planning their observations. Many source templates were tested (e.g. stars,
star cluster, elliptical galaxy, spiral galaxy, and point source), along with many
varying observation parameters. Multiple AO systems, pixel scales, filters, weather
parameters, airmass values, exposure times, and detector sizes were tested.

At the time of this research, some of the source-template functions did not work
correctly, such as the "source from file" and spiral galaxy functions. Variation
in some observation parameters did not yield changes in output that align with
expectations. The airmass parameter was found to have no effect on the Strehl
ratio of a PSF. For each AO system and filter, one non-variable PSF is used by
Scopesim. Scopesim cannot be used to investigate how any parameter other than
the AO system or the filter will affect the shape of a PSF.

The case studies that were conducted with Scopesim found that the detection
limits of point sources were in the range of 26 to 28 mag, with 1 hour exposures. The
sensitivity of the detector was greater at shorter wavelengths. Although the PSF
width is narrower at shorter wavelengths, the PSF is closer to the diffraction limit at
longer wavelengths. A compromise can be made between the spatial resolution and
the detection limit; using a larger pixel scale allows dimmer sources to be detected.

In general, difference imaging leaves a larger amount of noise in an image at
shorter wavelengths. Difference imaging will be the most effective when the light
being subtracted is diffuse. Point sources observed at longer wavelengths appear

wider, resulting in an advantage when point sources are present in a reference im-
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age: they can be subtracted with a smaller addition of noise. The effectiveness of
difference imaging should be studied more extensively, with consideration for how

varying observation parameters can affect a PSF.
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A Derivation Of The Airy Disk

Consider the electromagnetic disturbance that arrives at a point P, from a tiny area
dS, with dS being a piece of an arbitrarily sized and shaped aperture S. If dS is
small enough to be considered a point source, and the light intensity £, is constant
across all of S, and point P is a distance r away from dS, and a distance R away
from the center of S, then dE, the contribution to the disturbance at P from dS, is
the real or imaginary part of

i = EA giterin) g (3)

r

The strength of the electric field varies temporally and spatially due to its os-
cillation, with terms wt and kr respectively, and is inversely proportional to the
distance r from the source. The real and imaginary parts of the equation describe
the same system, with the only difference being a phase shift [89].

In this system, the aperture S sits in the yz-plane, the normal vector points in
the x-direction, the point P has coordinates (X,Y,Z), and dS has coordinates (0,y,z).
To obtain a useful equation for the total disturbance E at point P, the value r should
be expressed in terms of R,X,Y,Z,y and z, simplified, and substituted in equation 3.
The value r can be expressed using the coordinates of dS and P:

r=[X2+ (Y -y’ +(Z2 -2 (4)
The distance from the center of the aperture to P is
R=[X*+Y%+ 2?2 (5)

Equations 4 and 5 can be combined to obtain:

2 2 1/2
vy +22 2Yy+ Zz2)
- : (6)

r:R{l—O— 7 72

This equation can be simplified if we consider the term y2;222 to be negligible. This
term can be omitted, given that y and z are within the bounds of S, and the height
and width of S are much smaller than the distance between S and the image plane.

Without this term, Equation 6 becomes

2(Yy+Zz)]l/2

r:R[l— 7z

(7)
Using the binomial theorem to expand Equation 7 and using the first two terms
yields:

Yy+ 7
r:R{l——y—i_ Z}

R2? (8)

In Equation 3, the value r in the denominator can be substituted with R,
because these terms are very similar in the far-field case, and this approximation
will have a negligible effect on the result. The r term in the exponent determines the
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phase of the oscillating electric field; this value is much more sensitive to changes
in r, and shall be substituted with the value of r given in Equation 8. With
these substitutions, the equation for the electromagnetic disturbance at P from
light passing through S is

5 gAei(wt—kR) )

=4 ezk(Yy-l-Zz)/RdS 9

el 9
Aperture

To find a function describing the interference pattern produced with a circular

aperture, Equation 9 shall be evaluated for a system with a circular aperture S,

having a radius of a. The circular symmetry of this system makes polar coordinates

very convenient. Figure Al shows the geometry of the circular aperture system.

- /I;‘ /
Aperture \g/ —
/o

Image plane

Figure Al: Geometry of a circular aperture and image plane. (Created by the
author) [90]

The values y and z can be expressed in terms of their distance p from the center
of S, and angle ¢ from the z-axis. The values Z and Y can be expressed in terms of
their distance ¢ from the center of the diffraction pattern F,, and angle ® from the
zx-plane about the x-axis [90].

Z = pcos ¢ Yy = p sin ¢ Z =qcos O Y =¢qsin ®

The differential element dS in polar coordinates is

dS = pdp do
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Equation 9 can be rewritten as

i(wt—kR a 2
E = Eae™ 0 ( : / / ¢ilkpa/R) cos (9=®) g (10)
R p=0 J ¢$=0

Given that the system has cylindrical symmetry, the value of E on the image
plane will be independent of ®; this term can be set to & = 0 to simply the equation.
The integral in Equation 10 that is to be integrated with respect to ¢,

2
/ ¢(kpa/R) cos ¢d¢
0

has the form of a Bessel function. It cannot be simplified to a more common function.
In general, a Bessel function of order zero has the form

Jo(u) = % /027r ™ S Uy, (11)
Equation 10 can be rewritten in terms of Jy, with u = kpg/R and v = ¢.
E = w%r /Oa Jo (%) p dp (12)
A Bessel function of a general order m has the form
Jm(u) — ﬂ /27r ei(mv-‘rucosv)dv (13)
2 J,

The first few Bessel functions are shown in Figure A2.
Bessel functions conveniently have a property known as a recurrence relation,

which is expressed as

d m . m
S [0 (w)] = U™ T () (14)

The recurrence relation can be used to further simplify the equation for E. For
m=1, equation Equation 14 yields

/0“ ' Jo(u)du' = uJy(u) (15)

with u’ serving as a dummy variable.

The integral in Equation 12 can be modified with a new variable w = (kq/R)p.
Now, Jo(kpq/R) = Jo(w), p = wR/kq and dp = (R/kq)dw. The new integral has
the limit w € [0, kagq/R], and is expressed thusly:

p= kpq) ( R > ’ /W’mq/ f
Jo| —=—|pdp=1|— Jo(w)w dw. 16
/pO 0( R kq w=0 ofe) (16)

Using Equation 15, the right side of Equation 16 can be expressed as:

(i) (7)) (F)
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Bessel Functions

Jiu)

T T
—15 —10 —5 0 il 10 15
u

Figure A2: Bessel Functions of order 0, 1, 2, and 3.(Created by the author)
and the equation for F becomes
B Ea ei(wt—kR) R kaq
F="— 91— |, [ = 17
R a kaq "R (17)
The irradiance at point-P is proportional to ((Re E)?), or %EE* ie,

I x

282 A [Jl(kaq/ R)] ’ (18)

R? kaq/R

with the area of the aperture ma® replaced with A.
To obtain an equation for irradiance in terms of the irradiance at the center of
the image plane, Iy, the bracketed term in Equation 18 must be solved for ¢ = 0,

ie, lir% # must be solved. From the recurrence relation shown in Equation 14,
U—

the following equation can be found for the case of m = 1.

(19)

Substituting v = 0 into Equation 11 yields the result Jy(0) = 1; substituting u = 0

and m = 1 into Equation 13 yields the result J;(0) = 0. Instead of attempting to

solve for lirr(l) %Jl(u) directly, L’Hospital’s Rule can be utilized. L’Hospital’s Rule
u—

tells us that 0 ;
lim 9y, S0 (20)
u—=0 du u—0 U

Taking the limit of Equation 19 as u — 0 therefore yields

1 =lim Ni(w) + lim Ji(u)
u—0 U u—0 U

(21)
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making it obvious that liH(l) # and the bracketed term in Equation 18 are equal
u—

to L.

2

The irradiance can be expressed relative to Iy by replacing the physical constants
in Equation 20 with 7(0), and multiplying the term inside the brackets with a
normalization coefficient so that I = I(0) when g = 0. The result is
2.Jy(kag/R) ]

I'=10) [ kaq/R

The irradiance function can be rewritten as a function of the angular distance 6
between the center of the image and point-P, with sin 0 = ¢/ R:

(23)

ka sin 6

1= 10 [Pl s O

Figure A3a shows the general shape of this function across one axis, and includes the
relative values of local maxima and minima. Figure A3b shows how the irradiance
function would appear on an image plane. The central peak is more than 50x higher
than the next local maxima. It corresponds to a bright circular spot known as the
Airy disk. The Airy disk is surrounded by a dark ring where kasinf = 3.83 and
I = 0. Beyond the Airy disk are circular rings of relatively very low irradiance. For
a given wavelength A = 27/k and aperture diameter D = 2a, the angular distance
between the center of the Airy disk and its outer edge is

/122
0 = sin <—D : (24)

The size of the Airy disk limits the physical resolution of an optical system. The
Rayleigh criterion is a simple standard by which the potential to resolve two points
can be assessed: it states that two images are just resolvable when the center of the
diffraction pattern of one is directly over the first minimum of the diffraction pat-
tern of the other. Therefore, Equation 24 is also the minimum angular separation
between two resolvable points.

The aperture diameter of the ELT is 39m. The wavelengths of light that are
detected by the camera MICADO range from A = 0.84um to A = 2.46pum. The Airy
disk radius of the ELT for each of these wavelengths is # = 5.4mas and § = 16mas
respectively.
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Irradiance vs. ka sin @ ]
o Irradiance Pattern
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(a) The Airy pattern (b) The diffraction pattern from a point

source passing through a circular aperture.

Figure A3: (Created by the author)
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