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ABSTRACT

Ultra-wideband submillimeter observations are crucial to study the process of star and galaxy formation and
for characterizing cosmic dust in the interstellar medium. The Deep Spectroscopic High-redshift Mapper 2.0
(DESHIMA 2.0) will use an integrated superconducting spectrometer chip with a 220-440 GHz band coverage
and a spectral resolution of Aif = 500, enabling submillimeter observations with an unprecedented instanta-
neous band coverage.

However, the octave bandwidth of DESHIMA 2.0 poses a challenge: the atmospheric transmission is highly
nonlinear in the broad frequency window of DESHIMA 2.0, complicating the removal of atmosphere noise
from the signal.

In this thesis, I present the Time-dependent End-to-end Model for Post-process Optimization (TiIEMPO). TIEMPO
provides realistic time-dependent simulations of high-redshift galaxy observations. It consists of the following
components:

Galaxy model. A galaxy is modeled using a two-component modified blackbody spectrum as a template. The
model outputs the flux density, which is converted to power spectral density using the frequency-dependent
effective aperture area of the telescope.

Atmosphere model. TIEMPO makes use of atmosphere model ARIS, which models a spatially and dynami-
cally varying atmosphere and outputs Extra Path Length [1]. TIEMPO converts this to precipitable water vapor
using a relation that was found with the Smith-Weintraub value of the Extra Path Length and the ideal gas law.
Telescope beam. TIEMPO can be adapted to use any arbitrary beam shape for the near-field telescope beam.
The far-field beam is modeled using the effective aperture area. Finally, the output of TIEMPO is given at mul-
tiple positions, enabling simulations of sky chopping and nodding in two directions.

Radiation transfer. A static model of the sensitivity of DESHIMA, determining the attenuation and the emis-
sion of the atmosphere and transmitting the signal through each component of the telescope and instrument.
Spectrometer chip. TIEMPO can adopt any filter transmission of the channels inside a spectrometer chip. In
this work, they are approximated with Lorentzian curves. The photon and recombination noise are modeled
with the NEP mentioned in [2], and the noise distribution is approximated with a normal distribution. The noise
is incorporated with an integration over the filter response, treating photon-bunching over the wide bandwidth
of DESHIMA 2.0 accurately.

Conversion to sky temperature. Finally, the power measured in the chip is related to the sky temperature
with an interpolation made with a skydip simulation in the radiation transfer model.

We compare the first TIEMPO simulations to observation data by comparing the time signal, power spectral
density and noise equivalent flux density. Apart from a small offset in the power spectral density, the simulation
data closely resembles the observation data. TIEMPO allows us to test algorithms for atmosphere removal and
galaxy detection, to study the effect of different weather conditions and to evaluate the performance of different
observing techniques. TiEMPO is modular, making it usable for the original DESHIMA instrument and its
successor DESHIMA 2.0. The use of TIEMPO can be extended to other spectrometers besides DESHIMA 2.0,
like a grating spectrometer, and other telescopes, such as the promising 50m-aperture AtLAST/LST telescope

[3] [4].
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INTRODUCTION

Distant galaxies are a treasure of cosmic history. There is much left to be discovered about the way stars form
and galaxies evolve, especially in the early Universe. As many distant galaxies go through an intense star
formation phase, they are a likely source of many discoveries about star formation and galaxy evolution [5].
However, dusty star-forming galaxies are largely unexplored as observing them poses two main challenges:
they are (almost) only detectable with submillimeter observations and their radiation covers a wide frequency
spectrum, making it difficult to study these galaxies with a single telescope instrument.

First of all, star formation causes thick clouds of dust to form, hiding the galaxy inside it. Dust particles absorb
optical and ultraviolet emission from stars, and re-radiate this light as infrared and submillimeter light (Figure
1.1). Hence, these galaxies are called optically faint Submillimeter-Bright Galaxies (SMGs). This explains why
we require submillimeter observations to give an insight into how stars form and why the development of
instruments capable of making these observations is crucial.

Increasing Wavelength (A) —»=

< Increasing Energy

107% 107 10 10® 103 10° 102 100 A(m)

Microwave

10% 100 10" 10 100 10° 100 10 V(HZ)
. <— Increasing Frequency (v)
Submmimm
domain

Figure 1.1: The electromagnetic spectrum with values of wavelengths and values of frequencies shown. The submm/mm
domain is denoted at the bottom of the picture. The picture was made using [6].

Secondly, observations of SMGs are affected by a phenomenon called redshift. The further a galaxy is from
Earth, the longer its light takes to travel to us. For SMGs, this typically takes billions of years. As space is
expanding while light is traveling towards us, the wavelength of this light becomes larger (Figure 1.2). If the
light were optical, the light would move more towards the red ‘side’ of the spectrum, explaining the name
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Figure 1.2: Illustration of the cosmological redshift. Blue light that comes from a galaxy travels a long time before it reaches

Earth. In the mean time, space expands, increasing the wavelength of the light. This causes the light to be red by the time
it reaches Earth, hence the name redshift. The figure is inspired by [9].

redshift. Redshift implies that the light we observe on Earth has a longer wavelength than the light originally
emitted by the galaxy. The further away a galaxy is, the larger this effect. The redshift of SMGs is in the range of
1+ 2z = femit — 110, where ff:ztve denotes the ratio between the emitted and the observed frequencies [2].

Redshlft is advantageous for our observations, as it allows us to relate a galaxy spectrum to its distance, and thus
its age '. However, the large redshift range also complicates measurements, as we require a large bandwidth in
order to observe galaxies at different distances from Earth. Coherent heterodyne receivers, which measure the
power of the signal as well as the phase, currently only cover a bandwidth up to about 36 GHz, which is not
enough to explore the range to which SMGs can be redshifted [7] [2]. Quasioptical spectrometers, like Fourier

Transform spectrometers, have a wider bandwidth, but have large components, making it difficult to scale them
up [8].

The Deep Spectroscopic High-Redshift Mapper (DESHIMA) overcomes these challenges [2] [10]. Whereas
traditional telescope instruments, like quasioptical spectrometers, use large optical components to sort and
detect the incoming light, DESHIMA uses a superconducting spectrometer chip. The spectrometer chip uses
bandpass filters to sort the light of distant galaxies on frequency, and hence on age. DESHIMA is installed on
the ASTE telescope in the Atacama Desert in Chile, where it has been operating since 2017 (Figure 1.3) [11]. The
first light campaign of DESHIMA demonstrated atmospheric foreground photon-noise limited sensitivity. The
experiments from the first light campaign showed that the DESHIMA technology has the potential of efficiently
determining the redshift of a galaxy and making spectral maps of cosmic structures with unprecedented speed.

In 2020, the improved version of DESHIMA, DESHIMA 2.0, will be installed on ASTE [12]. DESHIMA 2.0 will
have a 220-440 GHz band coverage and it will be the first spectrometer chip spanning an octave in bandwidth,
enabling observations in a broad redshift range [12] [13]. Its optical efficiency and spectral resolution will be
significantly increased compared to DESHIMA [13]. This instrument is very promising, but hardware is not the
only thing needed to make DESHIMA 2.0 succeed. The observing strategy and the post-processing software
plays a large role as well, because the atmosphere adds noise to the signal.

ASTE is a ground-based telescope, meaning that the atmosphere obscures the astronomic signal and adds extra
foreground power before it arrives at the telescope. In the submillimeter domain, the atmosphere is opaque in
some frequency intervals, caused mainly by water vapor [14]. The composition of the atmosphere changes with
position and with time, causing an ever-changing opacity of the atmosphere during an observation. Further-
more, DESHIMA 2.0 will observe an octave bandwidth, so the atmospheric transmission is highly nonlinear as
a function of the frequency (Figure 1.4). Because of this, removing the atmospheric noise from the signal and

Isince light travels longer if it comes from a larger distance, light with a larger redshift is older



(b)

Figure 1.3: (a) The Atacama Submillimeter Telescope Experiment (ASTE) with a 10 m dish, located in the Atacama Desert in
Chile. The DESHIMA instrument is installed in ASTE. This picture is from the National Astronomical Observatory of Japan
(NAQJ). (b) The integrated superconducting spectrometer chip of DESHIMA. This picture is from David Thoen (private
communications).

calibrating the instrument output signal with the signal coming from the sky are significantly more compli-
cated. Before this project, only static models existed, calculating the sensitivity of DESHIMA, but these models
are not sufficient for this complicated problem. To be able to remove the atmospheric noise properly, we re-
quire a model that simulates the atmosphere spatially as well as dynamically. To make simulations as realistic
as possible, it should be an end-to-end model of the whole process — from the galaxy emitting the light to the
photodetection process in the spectrometer chip.

The goal of this project is to develop a model to produce realistic observation simulations of DESHIMA 2.0.
To this end, we present the Time-dependent End-to-end Model for Post-process Optimization (TiEMPO) in
this thesis. We explain the theory, assumptions and implementation of the model, and validate the output
from the subcomponents as well as the entire system. The development of the TIEMPO model required a
highly interdisciplinary approach, incorporating knowledge from astrophysics, solid-state physics, atmosphere
science, quasioptics, and quantum optics. To give an idea, length scales in TIEMPO span over 30 orders of
magnitude, from gigaparsecs (~ 10%° m - distance to galaxies), kilometers (atmosphere), to sub-millimeter
(~ 1075 m, length of superconducting filters). In the ‘Early results of full simulations’ chapter (Chapter 4), we
show a few benchmark comparisons between the time-domain signal produced by TiIEMPO and on-sky data
taken by DESHIMA in 2017. The excellent agreement shows the potential of TIEMPO as a powerful tool for
optimizing the software and observing strategies of DESHIMA 2.0.

0.8 1

0.6

0.4

0.2 4

Atmospheric transmission

0.0 1

22IS 230 27'5 360 32IS 35IO 37IS 460 42'5
Frequency (GHz)

Figure 1.4: The atmospheric transmission plotted against the frequency in the domain of the DESHIMA 2.0 chip, showing
that the atmospheric transmission is highly nonlinear in this domain. The data in this plot were obtained using [15] [16].
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TiEMPO is modular, making it usable for the original DESHIMA instrument and its successor DESHIMA 2.0.
It can even be used to test similar spectrometers, like a grating spectrometer, and on different telescopes, such
as the promising 50m-aperture AtLAST/LST telescope [3] [4].



DESHIMA

The goal of the DESHIMA project is to observe SMGs and the interstellar medium, explore cosmic large-scale
structures, and ultimately, make a 3D map of the Universe. This chapter explains how the DESHIMA instru-
ment and the spectrometer chip work, discusses important observations made with DESHIMA, and shows the
improvements that are made in the upgraded version of DESHIMA, DESHIMA 2.0.

2.1. DESHIMA INSTRUMENT

Rt w Cassegrain focus
w N of the ASTE telescope
:II Chopper
R
I 1
1
[
PM I I
¥ wPE [
4K — 1 Ve

‘ Readout electronics

\—r De:code pipeline

Figure 2.1: a. Cryostat. After entering the telescope, the signal is guided to the cryostat via an ellipsoidal tertiary mirror
(EM) and a hyperbolic quaternary mirror (HM). Between these mirrors and the cryostat, the chopper wheel is located. The
light then passes to the spectrometer chip through an optics tube, consisting of two parabolic mirrors (PM) and a wire grid
(WG) polarizer, a stack of low-pass filters (LPF), and a bandpass filter (BPF). The readout electronics work with a frequency
of 160 Hz. b. Spectrometer chip. The spectrometer chip in a copper housing. These pictures are taken from [2].

After the light has been focused by the telescope, it is guided into the DESHIMA instrument. A set of mirrors
and other optical components lead the signal to the chip (Figure 2.1). The environment around the spectrometer
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Figure 2.2: Illustration of the concept of the DESHIMA chip. It sorts the light on frequency, and thus on redshift and age.
The DESHIMA 2.0 chip has 347 bandpass filters, with center frequencies ranging from 220 to 440 GHz. The signal enters
the chip via the leaky-lens antenna and passes on to the filterbank. Each spectral channel contains a bandpass filter and a
Microwave Kinetic Inductance Detector (MKID). The signal only creates resonance in the bandpass filter that matches the
frequency of the signal. This filter gives power to the MKID in its channel. The MKID measures the power and finally, the
power is absorbed in the aluminium section (colored pink in the image). The rest of the signal is absorbed by an aluminium
strip at the end of the filterbank to prevent wave reflection causing standing waves in the sky signal line. All MKIDs
are read out simultaneously with a readout signal (colored green in the image). This image is from Akira Endo (private
communications).

chip is cooled down to 120 mK, to give the chip superconducting properties and suppress thermal noise.

2.2. SPECTROMETER CHIP

In Chapter 1, we saw that a galaxy’s redshift increases when a galaxy is further away from us. Since light
travels longer when it comes from a larger distance, light with a larger redshift is older. The spectrometer chip
of DESHIMA uses this property by sorting light on frequency, and thus on redshift and age. The DESHIMA 2.
0 chip has 347 logarithmically spaced bandpass filters, with center frequencies ranging from 220 to 440 GHz,
see Figure 2.2. If a galaxy has a low redshift, z = 3.3 for example, its light has a high frequency and the 440
GHz filter gives a response; if a galaxy has a large redshift like z = 7.6, it has a lower frequency and the 220
GHz filter gives a response. After the light is sorted, it enters the Microwave Kinetic Inductance Detectors
(MKIDs), where it is detected. Microwave Kinetic Inductance Detectors are incoherent detectors, meaning that
they only measure the intensity of the signal and not the phase, and are hence not subject to quantum noise. A
readout signal reads out the detected light using frequency division multiplexing. This has two advantages: the
measuring bandwidth is decoupled from the readout bandwidth and the MKIDs can be read out simultaneously
with a single pair of coax cables. The signal is read out with a frequency of 160 Hz. The spectrometer chip
length is only a few centimeters as opposed to a meter in quasioptical instruments. Cooling multiple of these
chips to 120 mK is feasible, making DESHIMA intrinsically scalable in bandwidth as well as number of pixels.

2.3. MicROWAVE KINETIC INDUCTANCE DETECTORS

Microwave Kinetic Inductance Detectors (MKIDs) are radiation detectors that use a superconducting material.
Superconductors have an energy gap of the order of a meV, which corresponds to a frequency of approximately
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Figure 2.3: Both images are taken from [17].

100 GHz, which is perfect for our application. MKIDs are extremely sensitive and capable of making large
detector arrays because of their limited frequency bandwidth. In addition, by cooling down the MKIDs to a
temperature lower than approximately 1/10 of the critical temperature of the superconductor, thermal noise is
suppressed very well. These properties make MKIDs extremely suitable for observations in the submillimeter
domain.

Inside a superconductor, electrons are paired up in Cooper Pairs as this configuration is energetically favourable.
When an incident photon has an energy of E = hf > 2A, where h is Planck’s constant, f is the frequency and
A is the gap energy of the superconductor, it is able to break a Cooper pair into two quasiparticle excitations
(see Figure 2.3a). Thus, when a higher number of photons is absorbed, the number of quasiparticles increases.
As this increase affects the kinetic inductance, the resonant frequency of the resonator is lowered. Next to that,
the quality factor is reduced as well. This can be seen in Figure 2.3b, where the peak becomes higher, broader
and the peak value is shifted to the left when radiation is absorbed [17]. To read out the signal, the resonant
frequency Fy is constantly fed to the MKID, and its transmission is measured. When radiation is absorbed, the
resonance frequency of the MKID decreases (see Figure 2.3b). This can be probed as a change in phase and
amplitude of the microwave tone measured at the output of the readout microwave line.

2.4. DE:CODE

De:code stands for DESHIMA code for Data Analysis and is the post-processing code of DESHIMA [18]. It is
available as a python package and it extracts a galaxy spectrum from the data of DESHIMA. TiEMPO’s output
will be used as input for De:code, so that the features of De:code can be tested and improved.
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Figure 2.4: lllustration of the process causing the [CII] emission line. OB classified stars, which are typically heavy, hot and
short-lived, emit ultraviolet light. This light causes electrons to be emitted by dust grains, via the photoelectric effect. These
electrons heat up hydrogen gas. Hydrogen atoms collide with carbon atoms, exciting electrons and when these electrons
fall back, the 158 pym ( = L;FHZ) light of the [CII] line is emitted [8]. This image is based on [21].

>

2.5. EMISSION LINES

Carbon is ubiquitous in the Universe, making it very useful for galaxy research. The intensity of carbon emis-
sion lines in a galaxy gives a good estimate of its intensity of star formation, because carbon is naturally pro-
duced in stars [19]. Transitions in the energy shells (n shells) of an atom correspond to a large change of energy,
resulting in photons in the optical or UV domain; fine structure transitions (transitions in the S and L subshells
rather than the n shells) correspond to a smaller change of energy, resulting in mm/submm photons. Hence,
we look at the fine structure line of singly ionized carbon (C*), the so-called [CII] line.

Heavy, short-lived stars, which fall in the OB star classification, emit photons in the far UV domain, see Figure
2.4. These photons cause electrons to be emitted from dust grains in the dust cloud of a galaxy via the photo-
electric effect. These electrons heat up hydrogen and helium gas, exciting carbon atoms by collisions. When
the carbon atoms fall back to their original state, they emit photons in the fine structure line [20]. In this way,
the intensity of [CII] line emission is related to the star formation rate in the galaxy.

The wavelength of the [CII] line, combined with the fact that it is the brightest emission line in an SMG makes
it suited for our research. In addition to the [CII] line, we also look at the CO emission lines. Even though
these are less bright, they consist of multiple linearly spaced lines, which enables us to determine the redshift
unambiguously.

2.6. OBSERVATIONS OF DESHIMA

The first light campaign of DESHIMA on ASTE in 2017 was very successful and provided a proof of concept
for two applications of DESHIMA: as an efficient redshift machine and a multiline spectral mapper [2].

The first application was demonstrated by making a spectrum of VV 114, a luminous infrared galaxy, with only
one bright emission line from CO, see Figure 2.5. The measured frequency of 339.0 GHz corresponds to the
literature value of 345.796 GHz with a redshift of z = 0.02 [22]. This experiment shows that DESHIMA can be
used to measure the redshift of SMGs and observe their emission line spectra.

The second application was demonstrated with a three-colour composite map of the Orion Nebula, consisting
of maps of the CO(3-2), HCN(4-3) and HCO(4-3) emission lines, see Figure 2.6. This experiment was done using
on-the-fly (OTF) mapping, meaning that the telescope observes while scanning across the sky. The coordinates
of the telescope are accurately measured, making it possible to reconstruct an image from the OTF data [23].
The background radiation was removed by subtracting the signal common to all channels. This experiment
demonstrates that DESHIMA can be used as a multiline spectral mapper using OTF mapping.
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Figure 2.5: The spectrum of the VV 114 galaxy (a luminous infrared galaxy), made with DESHIMA. The CO(3-2) line is
indicated in the graph. The horizontal dashed line represents the continuum flux for each filter in the DESHIMA chip. The
yellow shading underneath the horizontal errorbars represents the full-width at half-maximum (FWHM) of the channel
response, and the vertical errorbars stand for the standard deviation of the noise level per channel. The picture is taken

from [2].
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Figure 2.6: The image in the middle is an RGB image of the CO(3-2)/HCN(4-3)/HCO+ emission lines of the Orion Nebula,
made with DESHIMA. The images on the left and on the top right show the maps of which the RGB image consists. The
maps were produced by subtracting the continuum spectrum common to all filters in the spectrometer chip. The graph on
the bottom right shows the spectrum of the Orion KL region, made with DESHIMA. The CO(3-2)/HCN(4-3)/HCO+ lines
are indicated in the graph. The horizontal dashed line represents the continuum flux for each filter in the DESHIMA chip.
The yellow shading underneath the horizontal errorbars represents the full-width at half-maximum (FWHM) of the channel
response, and the vertical errorbars stand for the standard deviation of the noise level per channel. The picture is taken

from [2].
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2.7. DESHIMA 2.0

The improvements made in DESHIMA 2.0 are shown in Table 2.1. Most important to note, is that DESHIMA
2.0 is more efficient, more accurate, and more broadband with a bandwidth 5 times as large as in DESHIMA.
DESHIMA 2.0 will be the first instrument to observe an octave bandwidth in the submillimeter domain.

Table 2.1: The improvements made in DESHIMA 2.0, compared with DESHIMA [2] [13].

Property DESHIMA DESHIMA 2.0
Misalignment DESHIMA and telescope Not eliminated Eliminated
Optical efficiency 2% 16%
Bandwidth (GHz) 332-337 220-440
Number of channels 49 347

Spectral resolution (Aif) 380 500




MODEL

3.1. OVERVIEW OF THE MODEL

TiEMPO is an end-to-end model, containing models of SMGs, the atmosphere, the DESHIMA instrument and
the spectrometer chip and its noise (see Figure 3.1). This chapter explains each of these components, elaborating
on their properties and showing how TiEMPO models them.

ARIS ATM

EPL screen

/ pwv(t) \
| matrix
pwv ‘ “| blurred
L pwv

screen filter

Near-field screen resfonse

I ‘

T photon recombination
Flux density noise noise 0 Telescope
- PSAgaiaxy| @ Galaxy

) it @ chip

Luminosity ,5, chip properties

Redshift
Far-field ) revimen TIEM PQ/

@ Computation
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Figure 3.1: System decomposition of TIEMPO, showing each component with its input and output. The external models and
algorithms that TIEMPO uses are shown as well. This Figure is meant as a reference and guide while reading this thesis.
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3.2. SUBMILLIMETER-BRIGHT GALAXIES

Earlier, we saw that DESHIMA observes Submillimeter-Bright Galaxies, or SMGs, because these galaxies en-
able us to discover the history of the Universe. We can observe SMGs from the early Universe and they are the
birthplace of many stars; in some SMGs, hundreds of solar masses of stars are formed per year [24]. However,
they are hidden in thick dust clouds, making it hard to observe them. Dust particles absorb optical and ultravi-
olet emission from young stars, and re-radiate this light as infrared and submillimeter light, which is why we
can observe SMGs with a submillimeter wave instrument, such as DESHIMA [25].

In our observations, we see two different kinds of emission: continuum and line emission. Continuum emission
comes from interstellar dust and the Cosmic Microwave Background (microwave radiation originating from the
Early Universe). This emission is thermal and can be described as blackbody radiation. Line emission comes
from interstellar gas and is caused by atoms or molecules transitioning to another state, see Section 2.5.

In Section 2.5, we saw that the [CII] emission line is a good probe of a galaxy’s star formation rate. In addition
to that, CO emission lines can be used to measure a galaxy’s redshift, because SMGs contain CO molecules
in their reservoirs of molecular gas [26]. In addition, CO emission lines play a role in determining the star
formation rate, defined as the mass of stars created in a galaxy in one year. The reason for this is that the
star formation rate has a strong correlation with the column density of molecular hydrogen gas (Hs), see the
Kennicutt-Schmidt law [27]. Hy gas does not radiate in most cases but appears together with CO. Hence, we
can use CO emission lines to estimate the column density of Hy and ultimately, determine the star formation
rate.

3.2.1. IMPLEMENTATION

The luminosity, redshift and linewidth are input parameters of the model. TIEMPO treats the galaxy as a point-
source, which is justified, as the angular size of the galaxies of interest is approximately 10 times as small as
the far-field beam of DESHIMA 2.0 [28]. The galaxy model inside TIEMPO simulates a galaxy using a two-
component modified blackbody spectrum as a template [29].

The galaxy model simulates the continuum emission with Planck’s law, which gives the spectral radiance of a
blackbody for a given frequency f and temperature 7":

3
Bf(f,T):%f 7%1 : (3.1)

¢ e®BT — 1

where By is the spectral radiance in W sr™! m~2 Hz~!, f the frequency, ant T the temperature. Because of
the redshift, the observed frequency is not equal to the emitted frequency, so we first need to determine the
rest frequency with

f'r‘est = fobs(]- + Z)v (32)
where f,.s: is the rest frequency of the galaxy, and f,s is the observed frequency.

The emission lines are simulated with Gaussian peaks around their center frequency. From the input luminosity,
the line luminosity is calculated for each spectral line in the model, using the line flux ratios from [30] and
[31]. Then the flux amplitude of each line is computed using the input linewidth (or velocity width), so that
the integral of the flux density of the spectral line equals its flux (the astronomical distance in the model is
determined using [32]).

In the graph below, we show an example of a galaxy spectrum generated by the model. The galaxy model
outputs the flux density in Jansky. TIEMPO then calculates the effective aperture area and multiplies this with
the flux density in order to obtain the power spectral density of the galaxy. This psd is later added to the psd
of the cosmic microwave background when the telescope is pointing at the galaxy (on-source). When it is not
pointing at the galaxy (off-source), only the psd of the cosmic microwave background is used.
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Figure 3.2: The spectral energy distribution of a typical submillimeter-bright galaxy, generated by the model of Tom Bakx
(private communications). The graph shows the flux density in Jansky plotted against the frequency in GHz for different
values of the redshift.

3.3. ATMOSPHERE

Millimeter-submillimeter waves passing through Earth’s atmosphere are partly absorbed and re-radiated by
water vapor. Before this project, the effect of the atmosphere on the signal had only be simulated statically,
using desim [33]. In TIEMPO, we require a dynamic model of the atmosphere. In order to do this, we need time
domain data of the water vapor in the Atacama Desert. The amount of water vapor can be expressed using
the precipitable water vapor, or pwv, which denotes the height of the water column obtained if all water vapor
were precipitated as rain. As time-dependent data of the pwv are unavailable, we used Extra Path Length data
and converted this to pwv data. Waves that pass through the atmosphere obtain an Extra Path Length, meaning
that their optical path length fluctuates [34]. This excess path can be expressed by the spatial structure function,
which represents the mean-square difference between the fluctuations at two different positions, separated by

displacement vector s [35].
D(s) = ([&(z + 5) — ®(2)]), (3.3)

where @ is the fluctuation in EPL and z is the position. To use this, the Astronomical Radio Interferometer
Simulator (ARIS) is used [1] [36]. ARIS approximates the spatial structure function as

D(s) = C?s3 (s < Ly),
D(s) = C2Lys3  (Ly < s < L), (3.4)
D(s) = C’LiLi (s> Ly),

where L; and Lo denote the inner and outer scales, i.e. the minimal and maximal correlation length for water
vapor fluctuations in the troposphere (the lowest layer of the atmosphere on Earth). C'is a structure coefficient.
These equations assume that the structure of phase fluctuations is invariant when the atmosphere moves with
the wind. Even though this is an idealization, it has been confirmed for observations up to 1 km by Gurvich et
al [37]. Furthermore, only Kolmogorov turbulence (statistically isotropic turbulence [38]) is taken into account
and the fluctuations are modeled as a two-dimensional phase screen at 1 km altitude. This altitude is close
to the average exponential scaleheight - the height at which the pwv value has dropped below 1/e times the
median value - which equals 1.13 km [39]. Furthermore, the root-mean-square deviation of the EPL is an input
parameter in ARIS.



16 3. MODEL

60.0

58.0

54.0

North-south distance (m)

50.0

Difference in Extra Path Length (mm)

324 - , . - . . . |
0 4 8 12 16 20 24 28 32

East-west distance (m)

Figure 3.3: A colormap of the output of ARIS for a 32 x 32 m sky window.

In the simulations done in this thesis, this RMS was taken to be 50 ym. Figure 3.4 shows the pwv plotted against
time for different timescales (1 minute, 60 minutes, and 5 hours). The shaded area denotes the area in which
the pwv is within one standard deviation of the average value. We observe that the atmosphere fluctuations
are smaller than a standard deviation on a small timescale, and increase with an increasing timescale. By using
ARIS, TIEMPO assumes that atmosphere noise is caused exclusively by water vapor. It was found by Sewnarain
Sukul, Y., that the fluctuations in the sky temperature were mainly caused by fluctuations in the precipitable
water vapor during DESHIMA observations [14], justifying this assumption.

ARIS outputs a two-dimensional map of the fluctuations in Extra Path Length (dEPL) on a sky window. Figure
3.3 shows the output of ARIS on a 32 x 32 m window. In order to fulfill the requirements of TIEMPO, a large
improvement on ARIS was made (Yoshiharu Asaki, private communications and [40]). First of all, as TIEMPO
will execute simulations of 8-hour observations, ARIS must be capable of making very long atmosphere screens.
In the DESHIMA data that was used for validating TIEMPO, the windspeed was 0 m/s to 16 m/s. For an 8-hour
observation, this results in an atmosphere screen with a length of up to to 460.8 km, which is an enormous
increase from the 1 km screen that ARIS was first capable of creating.

For the width of the atmosphere screen, sky chopping and nodding of DESHIMA 2.0 determine the require-
ment. Sky chopping and nodding are movements of the telescope (instrument), that enable the removal of the
atmosphere noise from the signal (see Section 3.4.3 for a more rigorous explanation). The radius of the tele-
scope beam, combined with the chopping separation of approximately 1.13 m, gives a minimal required width
of 2-10+1.13 = 21.13 m. To prevent influences from boundary effects on our signal, we took a screen width
of 25 m.

Finally, the grid resolution requirement is determined by the need to resolve the difference between two chop
positions. The grid resolution must be smaller than the chopping separation of 1.13 m. The observations in this
thesis have been made with a grid resolution of 0.2 m.
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Figure 3.4: The precipitable water vapor (pwv) in mm plotted against the time in seconds. In this atmosphere simulation,
an average pwv of 1.0 mm was used, denoted by the dashed line. The shaded area denotes the area in which the pwv is
within one standard deviation of the average value.

3.3.1. ConVERSION FROM EPL TO PWV

Since we are using the pwv value in the rest of the model, we need to find a relation between the difference in
precipitable water vapor and the difference in Extra Path Length.

The relation is of the kind

1
dpwv = —dEPL, (1)
a

where dpwv and dEPL are both in m. In order to find a, we will use the Smith-Weintraub value of the extra
path length [41], [42], which is given below.

h

EPL = —
106

(& e
(sz + ksﬁ% (3.5)

where ko = 70.4 + 2.2 K/mbar and k3 = (3.739 £0.012) - 10° K?/mbar [43] [42]. h is the height of the column
of air in m, 7" the temperature of the column in K and e is the partial pressure of water vapor in mbar. The first
term represents distortions of electronic charges of dry gas molecules as a result of an electromagnetic field;
the second term represents the effect, that the orientation of the electric dipoles of water vapor have when an
electromagnetic field is applied.
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Figure 3.5: Illustration of the cylinder of air above the telescope, that is used in the derivation of a relationship between
EPL and pwv.

We will find an expression for e using the ideal gas law. The ideal gas law is given by

eV =NRT, (3.6)

where V is the volume in m?, N is the number of water molecules and R is the gas constant and has a value
of R = 8.314 J/mol-K [44].

We consider a cylinder of air, which we model with a cylinder containing water vapor. As the largest contri-
bution to noise from the atmosphere comes from water vapor, other gases have not been taken into account in
the model, see Figure 3.5. The volume of this cylinder can be expressed as

V =hnr?, (3.7)
whereas the number of water molecules is given by
N =pwvrnr?p, (3.8)

where p is the number density of water molecules in m~3. Hence, combining equation (3.6), (3.7) and (3.8), we
obtain the following expression for e.

1
e= 7 pRpwvT. (3.9)

Combining this result with equation (3.5), we obtain

EPL = 10" %pR(ky + %) pwWV. (3.10)

When we take the absolute temperature to be 7' = 275 K, p = 55.4 - 103 mol/m? and R = 8.314 - 10~2 mbar
m?/K- mol, we obtain @ = 6.587. This value is used to convert the dEPL map into a dpwv map, see Figure 3.6
or ! for an animation of the moving atmosphere.

Thttps://www.youtube.com/watch?v=YolI3vV1-ZiU
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Figure 3.6: A colormap of the output of ARIS for a 32 x 32 m sky window converted to pwv with Equation (3.10).

3.3.2. IMPLEMENTATION

ARIS outputs a grid of dEPL values. TIEMPO converts this to dpwv values and stores these values in an array.
To go from dpwv to pwv, TIEMPO adds a slowly-varying or constant average pwv value to dpwv:

pwv = dpwv + pwvg, (3.11)

where pwvg has been taken around 1-2 mm in this thesis, because this is characteristic for the Chajnantor
Plateau, where the telescope is located, as Figure 3.7 shows. In the simulations where we compared the model
output with DESHIMA observations, we took the pwv measured at the start of the observation as pwvy.

After this array is modified by the telescope model (see the section below), TIEMPO uses it as a lookup table
- it connects a moment in time and a value for the windspeed to a position in the array and uses this value as
pwv. This pwv value is converted to atmospheric transmission in desim, by means of an interpolation function
made of an atmospheric transmission table [33]. The data in this table were obtained using the ATM model

[15], [16].

3.4. OBSERVING WITH THE TELESCOPE

3.4.1. NEAR-FIELD BEAM

We approximated the beam of radiation of the ASTE telescope with a Gaussian beam for simplicity and because
a Gaussian shape is similar to the real beam shape of the ASTE telescope. The beam is focused into the telescope
cabin of ASTE with a primary and a secondary mirror. The secondary mirror has a spillover to the sky with a
much larger solid angle than the primary beam, which is not yet modeled in TiEMPO. If a higher precision is
required, however, TIEMPO can use any arbitrary beam shape, also including the spillover.

As the Fourier transform of a Gaussian function is a Gaussian function again, the aperture plane illumination
also has this shape [46]. The Gaussian curve that we use in the model is truncated at the edge of the primary
mirror and its the total volume equals 1. We take the peak of our truncated Gaussian function to be at (0, 0)
coordinates. The Gaussian function is symmetric in the x-axis and y-axis, as the aperture is circular. We have
ox = oy = o and obtain the following expression:

— Ae—(Erti)
flz,y) = Ae™ ‘2oz T202/, (3.12)
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Figure 3.7: The altitude in km versus the pwv in mm. The light blue point is measured at the Chajnantor Plateau, where

ASTE is located. The error bars indicate the 25 and 75 percentile levels. This figure is taken from [45].

The radius at the truncated edge of the telescope beam is 5 m and the height of the surface at the sides is
approximately 10 % of its maximal height (Nuria Llombart, private communications). We determine the b

parameter as follows

fx®+y>=25)= —A

25

Ae 22 = — A

25

2ln(10)

For the total volume of the Gaussian to equal 1, we must have

V =27 Ab?

= o2

=1

~ 0.029.

(3.13)

(3.14)

With this, the expression for the Gaussian is completely determined and has the shape shown in Figure 3.8.

The atmosphere data from the model, consisting of pwv values (see Section 3.3), was filtered with this Gaussian

function to simulate the telescope beam, as shown in Figure 3.9.
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Figure 3.8: The truncated Gaussian that is used as telescope beam shape in the model. The total volume of the Gaussian
equals 1 and it is truncated at a radius of 5 m, where its height is 10 % from its peak height.

3.4.2. FAR-FIELD BEAM

The far-field telescope beam is characterized by two properties: the main beam solid angle and the main beam
efficiency. The main beam solid angle €25/ in sr denotes the solid angle of the beam without the side-lobes.
The main beam efficiency 7,/ p tells us the fraction of the beam contained in the main beam. The beam solid
angle, with the side-lobes included, is then given by

Q
Q= MB (3.15)
M B
We use the beam solid angle to determine the effective aperture area in m?:
)\2
A, = —. 3.16
“= o (3.16)

Now, we can express the antenna efficiency 74, expressing the fraction of the geometrical aperture A, that is
contained in the effective aperture area

_ A TIMBA*2
AT T Qus A,

(3.17)

The effective aperture area is used to obtain a power spectral density of the galaxy flux density provided by the
galaxy component. This power spectral density is calculated as follows

1
degalazy = iFfAev (318)

where F'y denotes the flux density in Jy and the factor % compensates for the fact that the flux density is
calculated using two polarizations, but the power spectral density is single-polarization.
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Figure 3.9: An atmosphere window of 500 by 500 m before and after applying a Gaussian filter.

3.4.3. SKY CHOPPING

A telescope receives radiation from both the atmosphere and the galaxy or other heavenly body behind the
atmosphere. For astronomical research, only the latter one is of interest, so we need to remove the radiation
of the atmosphere from our signal. In order to do this, we use sky chopping and nodding, which will both be
explained in this section.

Sky chopping means rapidly switching between two positions on the sky using a chopper wheel, shown in
Figure 3.10. It is an improvement made in DESHIMA 2.0, and was not possible yet with the DESHIMA instru-
ment. The chopping wheel is made of reflecting material and has 2 incisions. If the signal comes in while there
is no incision at the point where both channels come together, it is reflected and the light from position 1 is
measured. If the signal comes in while one of the incisions is at the point where both channels come together,
the light from position 2 is measured. Choosing the right distance between the two chop positions is crucial:
choose them too close to each other and the source will be observed in both positions; choose them too far apart
and the atmosphere will be significantly different in both positions, making it more difficult to properly remove
the atmosphere radiation from the signal. In our case, the optimal separation is 100.5 mm, which corresponds
to a separation of 233.6 arcseconds on sky (calculated with a phase screen at 1 km height).

Sky chopping is effective in removing the atmosphere signal while retaining the galaxy signal, because of the
difference between the near and the far field (see Figure 3.11). In the near field, the different beams are almost
parallel and do not diverge yet. This causes the beams to overlap almost entirely, so that the atmosphere signal
in both beams is almost identical. In the far field, the beams have diverged and now have a separation of 233.6
arcseconds in the case of the ASTE telescope. The beam size is now 16 to 32 arcseconds (the far-field beam
is frequency-dependent: the larger the frequency, the sharper the far-field beam), meaning that a galaxy lies
entirely inside the beam. Hence, the beam of the ON position receives the galaxy signal, whereas the beam of
the OFF position does not.

Sky nodding means moving the telescope dish to another point. The method that is most commonly used in
astronomy is the ABBA method. In this method, chopping and nodding are alternated to optimally subtract
the atmosphere signal. There are three different sky positions, called sky A, sky B and sky C, see Figure 3.12.
The source is at sky position B. Furthermore, there are two nod positions, nod A and nod B and within both
nod positions, we have chop b and chop a, with chop a being the right position and chop b being the left.
Suppose we start at time ¢; in nod position a and chop the telescope between chop a and chop b. We measure
the following radiation



3.4. OBSERVING WITH THE TELESCOPE 23

Chop
position 1

Separation = 100.5 mm

JLAN—
Chopper
wheel
(a) Mustration of the working of the chopper (b) 3D drawing of the chopping instrument
wheel

Figure 3.10: Drawings of the chopping instrument. The chopping wheel is made of reflecting material and has 2 incisions.
If the signal comes in while there is no incision at the point where both channels come together, it is reflected and the
light from position 1 is measured. If the signal comes in while one of the incisions is at the point where both channels
come together, the light from position 2 is measured. These pictures are from Robert Huiting and Stephen Yates (private
communications).

nod A, chop A:  skyBj + source

nod A, chop B:  skyA, (3.19)

where the subscript denotes the point in time [47]. If we then move the telescope to nod B and chop again, we
measure at time to

nod B, chop A:  skyCy

nod B, ChOp B: SkyBQ -+ source. (320)

Finally, another observation is done in this position and afterwards the telescope is moved back again to nod
A where the last observation is done. This gives

nod B, chop A:  skyCls
nod B, chop B:  skyBs + source
nod A, chop A:  skyBy + source
nod A, chop B:  skyAjy.

(3.21)

The order of the nod positions is now spelled ABBA, explaining the name of the method. Determining the
differences between these positions gives:

t;:  chop A - chop B = skyB; — skyA; + source
ty:  -(chop A - chop B) = skyBy — skyCy + source
t3: -(chop A - chop B) = skyBs — skyCs + source
ty: chop A - chop B = skyB4 — skyA4 + source.

(3.22)
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Figure 3.11: a. Illustration of the ON and OFF position during skychopping. When we observe the near-field beam,
we see that there is much overlap between the ON and OFF beams (see the shaded areas in red and blue). In the far-field
beam, the positions are completely separated and the size of the beam is so large, that the galaxy is seen as point-source (the
galaxy is completely within the beam in the ON position). b. Beam separation in the near field. The beam separation
is shown on scale on the atmosphere phase screen. c. Beam separation in the far field. The beam separation is shown

on scale on the atmosphere screen. The beam size is 16 to 32 arcseconds (the larger the frequency, the smaller the far-field
beam size).

Averaging this difference yields

—  skyBy + skyBo + skyBs + skyBy  skyA; + skyCy + skyCs + skyAy
A= 1 — 1 + source. (3.23)

Assuming that the changes in atmosphere are gradual, we obtain linear gradients across the sky, yielding
SkyAi_H = Sk'yAZ + ClAtH_l_m‘ (3.24)

for time ¢ and position A, where a is the gradient and At,_,; = to — t1. Equations with sky positions B and C
are equivalent, with gradients b and c, respectively. If we assume that the spatial structure of the sky is linear
in the horizontal direction as well, we obtain

skyA; + skyC;

kyB; =

(3.25)
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Figure 3.12: Illustration of the different chopping and nodding positions, taken from [47]. There are 3 sky positions, A, B,
and C. The source (Object) is at sky position B. Depending on the position of the nodding, the telescope can have chopping
position A or B, which is shown with blue and green.

for each time 7, and b = (a + ¢)/2. Now we obtain an averaged difference of

b(At+2AL + 3At)  a(3At) (At + 2At

A= - -
1 1 1 + source
_ (a+c)/2(At +2At +3At)  a(3A1) (At +2A¢) + source (3.26)
4 4 4
= source.

We see that the ABBA method cancels out the influence of the atmosphere very well and this method is hence
preferred over other methods.

3.4.4. IMPLEMENTATION

In each time iteration, TIEMPO computes the resulting signal for five different values of the pwv. Figure 3.13
shows these five positions relative to each other. The object to be observed is at the position in the center.
This shape enables sky-chopping with the ABBA method (described in the previous section), both parallel and
perpendicular to the wind direction (the wind direction is the horizontal direction in the picture).

3.5. DESHIMA SIMULATOR (DESIM)

For the DESHIMA instrument part of the model, a subset of the DESHIMA simulator - desim - was used [33].
Each component is modelled as a blackbody. The power spectral density of Johnson-Nyquist noise is given by

hf
psd = —7——,

efsT —1

(3.27)

where h is Planck’s constant, f the frequency, kg is Boltzmann’s constant and 7' is the temperature [48]. desim
calculates the power spectral density of each medium in the DESHIMA instrument using Expression (3.27).
The final power spectral density is then computed by cascading the radiation transfer of each component of
DESHIMA: the cryostat window, the mirrors, the quasioptical filters, and the lens-antenna (see Section 2.1).
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Figure 3.13: The positions of the pwv values are taken in the DESHIMA model for each time iteration. In the near field,
the beams of the different positions almost completely overlap, whereas the beams are fully separated in the far field. The
galaxy is located in the center position.

The radiation transfer equation is given by

deout = - + (1 — n)demedium ) (3'28)

where psd,,; is the psd of the radiation that comes out of the component, psd;,, the psd of the radiation going
in, 7) the transmission of the medium (the fraction of the power that is transmitted) and psd,,ediwm is the power
spectral density of the medium. In the first (blue) term, part of the radiation is absorbed by the component; in
the second (orange) term, radiation is emitted by the component (Figure 3.14 shows this for 74, where the
atmosphere attenuates the astronomical signal (blue), and emits radiation (orange).

3.6. MKID cHIP

3.6.1. FILTER RESPONSE

We approximated the filter response curve of each channel in the MKID chip with a Lorentzian curve. A
comparison between the predicted filter response and the Lorentzian curve is shown in Figure 3.15. TIEMPO
works with any arbitrary filter response curve, so measured and simulated filter responses can be incorporated
in TIEMPO. We have used a Lorentzian curve as a filter response shape. This was implemented by dividing
the complete frequency range of 220-440 GHz into 1500 bins, see Figure 3.16. For each of these bins, the value
of the Lorentzian curve corresponding to the filter in question is calculated and is multiplied by the efficiency
of the chip, N¢pip. The resulting efficiency is used to compute the power spectral density with the radiation
transfer equation that we saw in Section 3.5. Finally, the power in a bin is calculated using

Pyin, = Af psdyin ;- (3.29)

The power of all bins is added together to obtain the total power Py rp, after we have added noise (see
Subsection 3.6.2).
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Figure 3.14: Illustration of absorption and emission by the atmosphere. The blue term in Equation (3.28) denotes the
absorption and the orange term the emission.

3.6.2. Noise AND NEP

In addition to the atmospheric noise, there are three kinds of noise we took into account: Poisson noise, photon
bunching and recombination noise. Poisson and photon bunching noise together form photon noise, which,
even though it is independent of the atmospheric transmission, originates mainly from the atmosphere. Pois-
son noise is caused by the random arrival time of photons. Photon bunching occurs when a stream of photons
is observed. Even though the atoms inside the source (the galaxy, for example) emit waves completely inde-
pendently from each other, these waves interfere with one another, causing the photons to arrive in ‘bunches’.
Photon bunching increases noise and this has to be taken into account in the modeling of the MKID. Finally,
recombination noise occurs in a superconductor, as quasiparticle excitations recombine into Cooper pairs with
a random lifetime. In addition, there can be low-frequency excess noise because of fluctuations caused by the
two-level system in the dielectrics of the MKIDs. This noise is not included in TiEMPO .

These three sources of noise are modeled using the noise equivalent power, or NEP. The NEP of a signal is
defined as the signal power that gives a signal-to-noise ratio of 1 for an integration time of 0.5 seconds [50].
The expression for the NEP is given by

P, P
NEFy, = |2Pgip( hf  + 7 ) +4da——7, (3.30)
f TIpb
~—~ —— ~———
Poisson noise  photon bunching recombination

where Py k1 p is the KID power of the frequency bin in question, A f is the effective bandwidth of the frequency
bin, A 4; is the superconducting gap energy of aluminium, equal to A 4; = 188 peV and 1, is the pair-breaking
efficiency, given by n,, ~ 0.4 [2].

?Kaushal Marthi is working on an implementation of this noise.
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Lorentzian curve with a peak at 300.0 GHz
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Figure 3.15: The predicted filter response and the estimation of the filter response used in the model.
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(a) The filter with the lowest center frequency, 220 GHz, with (b) The filter with the lowest center frequency, 220 GHz, with
the bins used in the model. the bins used in the model, zoomed in.

Figure 3.16: The bins used in the model are shown on the least well sampled filter. These Figures show that the filter
response is very well approximated by the bins.

Photons are bosons, meaning that, unlike fermions, an arbitrary number of them can occupy the exact same
energy state. Bosons can be described by Boltzmann statistics and hence the number of photons absorbed per

coherence time ¢, = Aif is

n(f, Troad) = —r——. (331)

e*Tioad — 1

If the detector is coupled directly to a blackbody with a temperature 7},44, this number can also be determined
from the power as follows:

_ Pykip
= Afhs (3:32)

The photon bunching term in equation (3.30) is based on this expression.

3.6.3. POISSON DISTRIBUTION

In the limit of n « 1 per coherence time, we can treat the detection of photons as independent events happening
randomly. We can thus apply Poisson statistics to this situation and use the Poisson distribution to simulate
noise. The Poisson distribution is given by
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P(n) = —e™", (3.33)

where n is the number of photons per coherence time [51]. Generation-recombination noise can be described
by a Poisson distribution as well. Quasiparticle excitations recombine with a random lifetime, causing Poisson
distributed noise.

3.6.4. LIMIT OF THE POISSON DISTRIBUTION

In this section we show that the Poisson distribution approaches a Gaussian distribution when n goes to infinity.
We take the Poisson distribution, P(n) = Z-e™ ", withm = E(n) = A and let n = A\(1 + §), where A > 1 and

n

0 < 1. This is justified as we are looking at the limit of n — co. We use Stirling’s formula [52], which is given
by

x! = V2rxe T2 as x — oo. (3.34)

Plugging this into the Poisson distribution gives

AM(1+9)
(&
27X (1 4 6)e= 21+ (X(1 + §))A1+6)
)\)\(1+§)
e
V21A(1 + 6)2e=A1+8) (A(1 + §))M1+6)
MAHD) =X AA+0) (1 4 §) =3 (A(1 4 )"+
27\
(14 6)~ 1403

V2T

-

-

(3.35)

Then, we have

In((1 4 &)+ +2) = (\(1+6) + %) In(1 + )

1 52 ,
= (A + 5 +0)(E - 5 +0()
2 1. 182 , & ,
AN — A k= — —— -~ 3.36
M —AT 4 56— 55 48— 5+ 0(%) (3.36)

1 42 :
)5 +0%+0(5)

2
%)\57)\5—,
2

:(A+%)5—(>\+

where the last approximation is justified since A > 1. Hence, we have

(148) 2103 _ eln((1+5)**(1+5>*%) ~ e NN (337)

Plugging this back in the equation we obtained in (3.35) gives
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P A LY < 635
= . 3.38
21\ 2w\
Now, we use § = % and obtain
(z=2)2
e o, (3.39)

This is a Gaussian function with height 1, center A and variance A. Thus, the Poisson distribution can be
approximated by a Gaussian for large values of n.

3.6.5. IMPLEMENTATION

Both the Poisson noise and the recombination noise have a Poisson distribution and can thus be approximated
with a Gaussian distribution. Because the sampling period of DESHIMA (1/160 Hz = 6 ms) is much larger than
the coherence time of the incoming photons, photon bunching can be approximated with a normal distribution
as well. TIEMPO interprets the NEP as the variation in the KID power and used a normal distribution to simulate
the fluctuations in the KID power. We took a standard deviation of

/1
o= NEPph §fsampling7 (340)

where fsampling is the sampling frequency and equals 160 Hz in DESHIMA. Before we sum the power over the
bins to obtain the total power Py;xp, we need to add the photon noise to each bin. To this end, a Gaussian
distribution is created using Pj;,, as a mean and the standard deviation is calculated using Equation 3.40. We
take a random value from this distribution and add it to the bin power. Finally, we sum all bin powers to obtain
the MKID power, and this is done for each channel.

#bins

PMKID = Z Pwith noise,bin i (3-41)
=1

It is important to note that the noise has to be added per bin instead of to the total power. If we use the total
power and the equivalent bandwidth, we are approximating the filter as in Figure 3.17. In this approximation,
the power is concentrated in the equivalent bandwidth, meaning that there is more power per frequency (the
psd is larger). In equation (3.30), we see that this increases the photon bunching term, as the total power is the
same but it is spread over a smaller bandwidth. Photon bunching can only happen between photons with the
same frequency, explaining the increase in photon bunching if we have more photons of the same frequency
[53]. In reality, the photons are distributed as the filter response, and not uniformly as the equivalent bandwidth
approach assumes. Thus, we conclude that the most accurate way to model the noise, is to add it per bin and
sum over those values.

3.7. CONVERTING POWER TO SKY TEMPERATURE

After we have computed the power that is received by the MKIDs, we want to relate this back to the original
signal from the sky. We do this by expressing the received power in sky temperature: the physical temper-
ature of a blackbody that would have the same intensity as the semitransparent sky. It is important to note
that this definition is slightly different from the definition used in [54]. The commonly used Rayleigh-Jeans
approximation for the sky temperature is only valid when i f << kpT. In our case, as the sky temperature is
approximately 275 K, the Rayleigh-Jeans limit holds, so we could use either the Rayleigh-Jeans or the Johnson-
Nyquist formula for determining the sky temperature, as long as it is done consistently throughout TIEMPO
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Figure 3.17: The filter response of the filter centered at 300 GHz, compared to its equivalent bandwidth. In the equivalent
bandwidth approximation, the psd is taken to be higher in a more concentrated frequency domain, resulting in a larger
photon bunching term in the NEP.
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Figure 3.18: Illustration of a skydip experiment. The elevation of the telescope is varied from 90 to 20 degrees, obtaining a
range of values for the sky temperature and the received power. This image is from Akira Endo (private communication).

and in the post-analysis. We chose to use the Johnson-Nyquist formula, which is given by

hf

3.42
kB in ( )

Tsky = ( —hf_ ) )
psd+1
where h is Planck’s constant, f is the frequency, and psd is the power spectral density. In order to relate the
KID power to the sky temperature, we did a skydip simulation in the DESHIMA simulator (see Section 3.5
for detailed information about the DESHIMA simulator). A skydip is a series of measurements in which the
telescope ‘dips’ from a high elevation (pointing at zenith) to a low elevation (pointing almost horizontally), see
Figure 3.18. When the elevation is lower, the telescope looks through a larger layer of atmosphere, increasing
the opacity, and hence the power and the sky temperature, allowing us to construct a relationship between
the two. In our experiment, we used elevation values between 20 and 90 degrees, where 90 degrees is at
zenith. This gives us enough values to base the calibration on, and calculations with an elevation lower than
20 degrees are less accurate, because the curvature of the Earth is not taken into account in the DESHIMA
simulator, as illustrated in Figure 3.19. Furthermore, we have taken into account the increase in optical depth
with a decreasing elevation, but not the increased and elliptically shaped telescope beam (When the elevation
decreases, the telescope beam tilts, while the atmosphere screen keeps the same orientation, resulting in an
increased and elliptically shaped cross-section of the telescope beam where it passes the atmosphere screen).
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Figure 3.19: lllustration of a skydip experiment. On the left, the curvature of the earth is taken into account, whereas on the
right, it is not. We see that for large elevations (45 to 90 degrees) the difference in the path length through the atmosphere

is minimal, whereas this difference becomes much larger with small elevations, eventually approaching infinity when the
elevation approaches zero.

(00

Hence, we are integrating the precipitable water vapor over a too small range of atmosphere values for low
elevations. We construct the power from the psd using the binning as explained before (see Sections 3.6.1
and 3.6.5), and the sky temperature is obtained from psdsy, using Equation (3.42). However, in addition to
integrating psd,, over the filter response, the atmospheric transmission needs to be integrated as well [54].
The reason for this is that the bandwidth of a channel is finite, which implies that light of different frequencies
comes in. Each frequency has a different atmospheric transmission value, so taking one value of the atmospheric
transmission per filter is not accurate (see Figure 3.20 or * for an animation containing all frequencies).
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Figure 3.20: Comparison between the atmospheric transmission with and without smoothing. a. Unsmoothed atmospheric
transmission plotted against the frequency for different values of the precipitable water vapor. The data were obtained
using [15], [16]. b. The sky temperature versus the KID power for different values of the precipitable water vapor. The data
are obtained from the DESHIMA simulation (see Section 3.5), where the elevation was varied from 20 to 90 degrees. We see
that the curve is not only dependent on the elevation, but also on the precipitable water vapor. c¢. Smoothed atmospheric
transmission plotted against the frequency for different values of the precipitable water vapor. The data were obtained
using [15], [16].d. The sky temperature versus the KID power for different values of the precipitable water vapor.

3https://youtu.be/GGf0Osv4HM4
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We see that the data lie on the same curve for different values of the precipitable water vapor when the at-
mospheric transmission is smoothed, showing an injective relation (only one KID power value corresponds to
each sky temperature value) between the KID power and the sky temperature, so the sky temperature can be
determined unambiguously if the KID power is known. The power and sky temperature data are interpolated
for each channel and saved in the model. TIEMPO reuses these interpolation curves, so that they only need to
be created once.

3.8. COMPUTATIONAL CHALLENGES

TiEMPO simulates 8-11 hours of observation with the ASTE telescope. The size of the data is therefore large
and this poses some computational challenges.

First of all, the atmosphere data generated from ARIS is approximately 4 GB in total. The reason for this large
datasize is that we need a very long phasescreen, for example 10 - 8 - 3.600 = 288 km for an 8-hour observation
with a wind speed of 10 m/s. If we would store this data in one file, loading in this file would take very long.
Hence, we have chosen to use 40 smaller files instead. TIEMPO is made so that only the necessary files are
loaded in, preventing unnecessarily long computation time for shorter observation simulations.

Furthermore, the number of timesteps in the model is very large. DESHIMA observes with a frequency of 160
Hz, which means that we need 8 - 3600 - 160 = 4.6 million timesteps for an 8-hour observation. Counting the
5 different pwv values we take in each timestep, this results in 23 million sky temperature values that need to
be computed. We chose to operate TIEMPO on the server of the Terahertz Sensing Group. This enables us to
make it run parallel, using 30 cores. Instead of executing the timesteps consecutively, TIEMPO now executes
multiple timesteps at the same time, which is possible since the timesteps are independent of each other, see

Figure 3.21.
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Figure 3.21: Schematic image of the parallel computation used in the DESHIMA model. Instead of executing the timesteps
consecutively, the model executes multiple timesteps at the same time (this is possible, because the timesteps are indepen-
dent of eachother).






EARLY RESULTS OF FULL SIMULATIONS

This chapter shows various early results of the full TIEMPO simulation. It shows the time signal TIEMPO
produces and compares simulation data to observation data by means of the power spectral density and noise
equivalent flux density. The observation data used in this chapter are obtained by DESHIMA. If TiEMPO is
capable of accurately simulating DESHIMA, we are confident that it will be powerful in predicting DESHIMA
2.0.

4.1. SKY TEMPERATURE

Figure 4.1 shows the sky temperature in K plotted against the time in minutes for an observation performed
by DESHIMA and a simulation by TIEMPO, with similar telescope elevation and weather conditions. The blue
signal shows the raw observation data, in which a drift of the sky temperature is present. The green signal
shows the observation data without this drift, and the orange signal shows the simulation data. Qualitatively,
the plots show excellent agreement: they consist of high-frequency fluctuations with a small amplitude, that we
suspect are caused by photon and recombination noise; and low-frequency fluctuations with a larger amplitude,
that we suspect are caused by atmospheric noise. Both the low-frequency and the high-frequency fluctuations
seem to have a smaller amplitude in the simulation data with the high-frequency fluctuation amplitude differing
with a factor of approximately 1.6. This is further analysed in the next Section.

The drift in the sky temperature values of the observation data is remarkable. We suspect that the value of
the precipitable water vapor that is given in the observation data is the value measured at the beginning of the
experiment. Hence, it is possible that the average value of the precipitable water vapor dropped over the course
of the experiment, causing a decrease in the sky temperature. In this simulation, TIEMPO assumed a constant
average value of the precipitable water vapor.

The sky temperature range of the observation (62.5-77 K) corresponds to pwv values ranging from 1.27 mm to
1.75 mm, approximately (calculated using desim). The pwv value of 1.7 mm, which was used in the simulation,
corresponds to a sky temperature of 78.58 K. In the plot of the simulation data, we see that it indeed fluctuates
around this value.

4.2. POWER SPECTRAL DENSITY

The data from the previous Section has also been used in this Section to obtain the power spectral density. The
power spectral density helps us to determine if the noise in both signals has the same characteristics, which
is not immediately clear from studying time signals. Figure 4.2 shows the power spectral density in Jy?/Hz

35
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Figure 4.1: Sky temperature in K plotted against the time in minutes for a real observation of DESHIMA and a simulation
made by TIEMPO for the 350 GHz channel. The observation data was obtained from a still sky measurement (measurement
in which the telescope does not move) with an elevation of 88 degrees. The duration of the experiment was 50 minutes.
The precipitable water vapor was 1.72 mm and the windspeed was 1.13 m/s. The simulation data was produced with an
elevation of 90 degrees, an average precipitable water vapor of 1.7 mm, and a windspeed of 10 m/s. The blue signal shows
the raw observation data, in which a drift of the sky temperature is present. The green signal shows the observation data
without this draft, made by subtracting a linear relation from the signal made with linear regression on the original signal.
The orange signal shows the simulation data.

plotted against the frequency in Hz for the TIEMPO simulation and DESHIMA observation, shown in orange
and blue, respectively. The psd is made for the filter with a center frequency of 350 GHz. The flat level Sy of
the signals is shown by the dashed lines.

In this Figure, we observe that the psd of TIEMPO reproduces key characteristics from the psd of the DESHIMA
observation data. First of all, both spectra show a white noise spectrum from frequencies starting at 1 Hz. This
originates from photon and recombination noise, see Section 3.6.2. Secondly, for frequencies lower than 1 Hz,
the spectra roughly follow a 1/ f-shape, which is caused by atmosphere fluctuations, see Section 3.3. This
indicates that the atmospheric model of TiIEMPO, which is based on the ARIS atmosphere model and the newly
introduced conversion of EPL to pwv (Section 3.3.1), is a good representation of real atmospheric fluctuations.

We also observe differences between the spectra. The white noise levels differ with a factor of approximately
2.6. In Section 4.1, we saw the same difference of v/2.6 ~ 1.6. Furthermore, the low-frequency noise differs
by a factor of 10%. We expect that this is due to the exact properties of each filter channel of the spectrometer
chip, that have not been taken into account in TIEMPO.

Recently, Kaushal Marthi has used TIEMPO for a more detailed investigation on reproducing DESHIMA ob-
servation data (for more details, see the report of Kaushal Marthi, in preparation at the time of writing). In
his work, he takes into account the laboratory-measured optical efficiency and filter bandpass-characteristics
of all channels. Furthermore, the RMS fluctuation of the Extra Pathlength in the ARIS atmosphere model was
increased from 50 to 150 ym. Some of his most succesful results are shown in Figure 4.3. In this Figure, the
power spectral density of the KID response is plotted. Again, we observe that the slopes are in excellent agree-
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Figure 4.2: The power spectral density in Jy?/Hz plotted against the frequency in Hz (this data was obtained by Yannick
Roelvink, private communications). The orange curve shows the signal obtained from TiEMPO, and the blue line shows
the signal from the DESHIMA observation. The DESHIMA observation is a still sky measurement (measurement in which
the telescope does not move) done with an elevation of 88 degrees. The duration of the experiment was 50 minutes, the
precipitable water vapor was 1.72 mm, and the windspeed was 1.13 m/s. The TIEMPO simulation was performed with an
elevation of 90 degrees, an average precipitable water vapor of 1.7 mm, and a windspeed of 10 m/s. The orange and blue
dashed lines show the flat level of the DESHIMA observation and the TIEMPO simulation, respectively.

ment. The difference in white noise level is now almost eliminated. These results show that incorporating
the measured properties of all channels in TIEMPO and choosing the right atmosphere parameters results in a
much better match between observation and simulation data, which is a promising result for TIEMPO.

4.3. NoisE EQUIVALENT FLux DENSITY

Next to the psd, we also want to study the instrument sensitivity that TIEMPO predicts. The sensitivity of
DESHIMA is expressed in Noise Equivalent Flux Density, or NEFD. The NEFD is the minimal flux density of
the signal needed so that it equals the noise flux density; the lower the NEFD, the more sensitive the instrument.

4.3.1. ExPrRESSION OF THE NEFD

In order to calculate the NEFD, we first determine the flux density. The flux density is given by

psd
Fy = , 4.1
! Aenatm ( )

where F is the flux density in Jy, A. is the effective aperture area in m?, defined by A. = 7,4, where 7, is
the antenna efficiency and is given in 3.17. Combining equation 4.1 and 3.17 gives

2 hf

hf .
Aenatm ekBTsky -1

Fr=10%. (4.2)
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Figure 4.3: The Power Spectral Density in dBk/Hz plotted against the frequency in Hz for KID 35 and 37.

The factor 102 is multiplied to obtain a result in Jansky. Using (4.2), the Ty, output of TIEMPO is converted
to the flux density. Subsequently, the power spectral density S of this signal is derived in Jy?/Hz, and from
this power spectral density, the NEFD is calculated as

NEFD = @, (4.3)

V2

where S is the noise power spectral density in W/v/ H z.

4.3.2. RESULTS

We have calculated the NEFD in 3 different ways: with TIEMPO data and smoothed atmospheric transmission,
with TIEMPO data and raw (unsmoothed) atmospheric transmission, and with static model desim data, which
uses the raw atmospheric transmission (see Section 3.5). Figure 4.4 shows the resulting NEFD curves, accompa-
nied by DESHIMA observation data of the luminous infrared galaxy VV 114 and the luminous red giant IRC+
10216 [22] [55].

We see that the green and orange curve match very well. They are overlapping over the whole frequency
range and have the same peak at approximately 368 GHz. The green curve was made using static model desim,
which determines the NEFD directly from the KID power. The orange curve uses TIEMPO data, which includes
the atmospheric noise, photon noise, recombination noise, the filter shape of the frequency channels and a
conversion from KID power to sky temperature. This result suggests that the atmospheric modeling, the noise
modeling, the filter shape modeling and the conversion KID power to sky temperature conversion represent
the process realistically.

As we saw in Section 3.7, using the raw atmospheric transmission gives less accurate results. The curve of the
smoothed atmospheric transmission is indeed slightly different than the other 2 curves, and is the closest to the
DESHIMA observation data, indicating that the filter shape and the smoothing of the atmospheric transmission
are modeled realistically. The curves differ the most around the peak at 368 GHz and at frequencies higher than
375 GHz. The cause of this difference is that in these parts of the spectrum, the atmospheric transmission
changes rapidly (see Figure 1.4), causing the smoothing of the atmospheric transmission to have a larger effect.

All curves underestimate the NEFD in the low frequency part of the graph (332-345 GHz) and overestimate
the NEFD in the high frequency part of the graph (354-377 GHz). This can be explained as follows. First of
all, the quasioptical bandfilter in the optics of the DESHIMA instrument reduces the optical efficiency on the
boundaries of the band (see Figure 4.5). For the low frequencies, this effect is very large, explaining the higher
NEFD of the observation data. For the high frequencies, this effect is smaller. In this simulation, TIEMPO
assumed an average pwv value of 1.7 mm, which is larger than the pwv at the moment of the observations.
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Figure 4.4: The Noise Equivalent Flux Density (NEFD) in Jy s'/?/beam versus the frequency in GHz. The blue curve shows
the NEFD calculated with the Johnson-Nyquist power and the smoothed atmospheric transmission (see Section 3.7 for an
explanation about the smoothed atmospheric transmission). The orange curve shows the NEFD calculated with the Johnson-
Nyquist power and the raw (unsmoothed) atmospheric transmission, and the green curve shows the NEFD calculated with
the static model desim. The blue crosses and orange stars show DESHIMA observation data for the VV114 and IRC 10216
galaxies, respectively.

Therefore, the predicted NEFD is higher than the observed NEFD for the high frequencies, where the decrease
in instrument efficiency does not compensate for that.

10% ; f f f
E . s - . . : . E
>
102 b7 ,Iiii! ’fIIII'LI,; 5]
== - Lo = 11

-
o
A
T

Optical Efficiency
<)
¥

10-6 I I 1 I 1
330 340 350 360 370 380
Frequency (GHz)

Figure 4.5: The Optical Efficiency plotted against the Frequency in GHz. The orange line denotes the transmission of the
quasioptical filter, whereas the blue points denote the Optical Efficiency for each filter channel. This figure is taken from

[10].






CONCLUSIONS AND FUTURE PROSPECTS

5.1. CONCLUSIONS

In this work, we created the Time-dependent End-to-end Model for Post-process Optimization (TIEMPO). In
comparison to similar models, TIEMPO makes two major improvements. First of all, TIEMPO uses ARIS, which
models a spatially as well as dynamically varying atmosphere [1]. Secondly, TIEMPO is the first end-to-end
model of the DESHIMA process, enabling it to produce very realistic observation simulations.

We have made a few benchmark comparisons between the time-domain signal produced by TiIEMPO and on-
sky data taken by DESHIMA in 2017. A comparison between the time signals shows excellent qualitative
agreement, indicating realistic modeling of the atmospheric fluctuations, a Gaussian near-field beam, photon
noise and recombination noise. In addition, it suggests that our newly found conversion between KID power
and sky temperature is realistic.

A comparison between the power spectral densities of both signals further supports this result, showing (1) the
white noise characteristics we expect from photon and recombination noise, and (2) the 1/ f-slope for lower
frequencies we expect from atmosphere fluctuations. We do observe a factor of 2.6 difference in the flat level
of the power spectral densities, which is due to channel-to-channel variation in the optical efficiency and filter
bandpass-characteristics. This difference is eliminated in the analyses of Kaushal Marthi, in which channel-to-
channel variation is taken into account.

The Noise Equivalent Flux Density of the TIEMPO simulation resembles the observation data well. We observed
that the results using a smoothed atmospheric transmission resemble the observation data the closest, validating
this method and our approximation of the filter shape with a Lorentzian curve. The small differences between
the observation and simulation data can be explained by the different weather conditions and the frequency-
dependenct optical efficiency.

The overall excellent agreement between observation and simulation data shows the potential of TIEMPO
as a powerful tool for optimizing the software and observing strategies of DESHIMA 2.0. TiEMPO allows
us to test atmosphere removing software, to study the effect of different weather conditions and to evaluate
the performance of different observing techniques. In addition, TIEMPO is usable for the original DESHIMA
instrument and of its successor, DESHIMA 2.0. It can even be used to test similar spectrometers, like a grating
spectrometer, and on different telescopes, such as the promising 50m-aperture AtLAST/LST telescope [3] [4].
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5.2. FUTURE PROSPECTS

The results shown in this thesis are made with the first simulations of TiIEMPO. In the future, more simulations
need to be made to test TIEMPO more thoroughly. Yannick Roelvink is simulating with TiIEMPO for his bachelor
project, and will test it with different input parameters. Next to that, he will simulate the detection of SMGs
with DESHIMA 2.0 on the ASTE telescope using TiIEMPO.

In this first version of TIEMPO, many properties of the DESHIMA instrument are approximated for simplicity,
such as the filter response, the near-field beam, and the optical efficiency. TIEMPO can be made more accurate
if these approximations are changed to simulated or measured values of the instrument. Kaushal Marthi has
made a start with this, simulating the optical efficiency and filter bandpass-characteristics for each channel.
Next to that, he has changed a parameter in the atmosphere simulation, improving his results. His early results
discussed in this thesis are very promising.

In addition, we observed a drift in the sky temperature data of the DESHIMA observations, possibly caused by
a drift in the precipitable water vapor. As a sky temperature drift occurs not only because of pwv drifts but can
also be caused by variations in the elevation during source-tracking, it is recommendable to add a pwv drift to
the atmosphere data in TIEMPO.

Finally, in addition to DESHIMA simulations, TiIEMPO can also be used in other studies. For example, Stan
Zaalberg is using TiEMPO in his bachelor project to model the Sunyaev-Zeldovich effect (the distortion of
CMB radiation in galaxy clusters). This shows the wide applicability of TIEMPO. In the future, TIEMPO can be
used to test new observation techniques and to study astronomical phenomena.



APPENDICES

A. DowNLoADING TIEMPO

The code of TiEMPO can be downloaded at GitHub'. In order to run the model, python 3 is required.
Required packages: NumPy, Matplotlib, math, time, SciPy, sys, os, multiprocessing, Joblib, progress, pandas,
copy, base64, mpl_toolkits, glob

https://github.com/EsmeeHuijten/DESHIMAmodel
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B. PARAMETERS USED IN TIEMPO IN THIS THESIS

Table 1: An overview of the parameters that were used in the TIEMPO simulations in this thesis. In italics, the file in which

the parameter is located is denoted.

Parameter DESHIMA DESHIMA 2.0
main.py

F_min 332107 220 - 107
num_bins 1500 1500
spec_res 300 500
num_filters 49 347
windspeed 10 10
beam_radius 5. 5.
useDESIM 1 1
inclAtmosphere 1 1
luminosity 13.7 13.7
redshift 443 4.43
linewidth 600 600
EL 60.-90. 60.
pwv_0 1. 1.
D1 1 0
use_desim.py (init)

eta_M1_spill 0.99 0.99
eta_M2_spill 0.90 0.90
n_wo_mirrors 2. 4.
window_AR False True
eta_co 0.65 0.65
eta_lens_antenna_rad 0.81 0.81
eta_circuit 0.35-0.1 0.35
eta IBF 0.6 0.6
KID_excess_noise_factor 1.0 1.1
Tb_cmb 2.725 2.725
Tp_amb 273. 273.
Tp_cabin 290. 290.
Tp_co 4. 4.
Tp_chip 0.12 0.12

use_desim.py (transmit_through_DESHIMA,
obt_data and calcT_psd_P methods)

theta_maj
theta_min
eta_mb

31.4 - np.pi/180./60./60.
22.8 - np.pi/180./60./60.

0.34

use_desim.D2HPBW (F_bins_Lor)
use_desim.D2HPBW/(F_bins_Lor)
self.eta_mb_ruze(F=F_bins_Lor,
LFlimit=0.8, sigma=37e-6) - 0.9
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C. Project OUTPUT

1. This BSc report and final presentation

2. The modeling and key results in this report have been accepted as a poster presentation at the interna-
tional conference SPIE Astronomical Telescopes + Instrumentation, San Diego, California, United States,
13-18 December 2020, as:

Modeling of the DESHIMA spectrometer for validating the software and calibration method
Esmee Huijten, Yannick Roelvink, Kaushal Marthi, Stan Zaalberg, Akio Taniguchi, Tom Bakx, Jochem }.
A. Baselmans, Kah Wuy Chin, Robert Huiting, Kenichi Karatsu, Alejandro Pascual Laguna, Yoichi Tamura,
Tatsuya Takekoshi, Stephen J. C. Yates, Maarten van Hoven, and Akira Endo

3. The TiEMPO model is made public as a python library on the open-source repository GitHub at
https://github.com/EsmeeHuijten/DESHIMAmodel

(a) We plan to publish TIEMPO on the open repository of the DESHIMA collaboration at
https://github.com/deshima-dev

(b) The repository includes a detailed "README" file that explains how to use the program
4. Intermediate reports on the internal wikipage (‘kibela’) of the DESHIMA collaboration

(a) "README DESHIMAmodel"
(b) "Obtaining a pwv map from ARIS"
(c) "Midway presentation Esmee"
(d) "Atmosphere model ARIS"
5. Public Outreach

Presentations to the general public at the TU Delft Open House Days on 6 and 7 March 2020 (2 days x 3
times)


https://github.com/EsmeeHuijten/DESHIMAmodel
https://github.com/deshima-dev
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