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Abstract

The (sub)mm sky o ers a unique window to explore the cosmic structures in the Universe
{ spanning from cold dust, di use circumgalactic medium to the Sunyaev{Zeldovich e ect.
However, the ground-based (sub)mm facilities face challenges in observing any associated
extended component due to strong atmospheric emission and absorption, which signi cantly
contaminate large-scale signals. The Atacama Large Aperture Submillimeter Telescope (At-
LAST), with a 50 meter single dish, a eld of view (FoV) of 1 2° and high sensitivity,

is designed to overcome this limitation. The aim of this thesis is to quantify the ability
of an AtLAST-like telescope to recover large-scale structures by studying the impact of in-
strumental con guration and the scanning strategies on the transfer function, which refers
to how di erent angular scales are preserved or attenuated due to the observing setup and
map-making process. Using an open-access virtual telescope simulation toalria (van
Marrewijk et al., 2024), we set up a scanning plan and an instrumental con guration of an
AtLAST-like single dish observatory, generated time- and site-speci ¢ evolving atmospheric
uctuations and the resulting sky maps. In our analysis, we then explore the impact of
varying di erent scanning parameters | i.e., the scanning radius, speed, and pattern. The
results illustrate that at scan radii  0:5° and scanning speed 1°s -, the instrument setup

e ectively preserves the large-scale structures. Among the scanning patterns analysis, the
daisy scan produces marginally better performance in recovering extended emissions. This
analysis shows that, within the range of realistic observing conditions, it will be possible to
identify the optimal setup allowing AtLAST to explore various science cases, including deep
(sub)mm surveys, SZ studies etc.



Chapter 1

Introduction

Single-dish facilities have long served as a prime tool for observing the millimeter/submillimeter
| hereafter, (sub)mm | sky. This (sub)mm regime opens a unique window to explore the

key physical processes shaping the large-scale structure of our Universe. These include star
formation across various galactic environments (Klaassen et al., 2024; van Kampen et al.,
2024), activity from active galactic nuclei (Padovani et al., 2017; Harrison et al., 2018) or
the Universe itself as a whole, probed through the measurements of the fossil radiation from
its early phases of expansion: the cosmic microwave background (CMB; for more details, we
refer to Durrer 2015; Wands et al. 2016; Staggs et al. 2018; Di Mascolo et al. 2025). Obser-
vational sites such as the Atacama plateau and South Pole are ideal for such ground-based
(sub)mm observations. These locations are at high altitude and mainly dry sites o ering less
atmospheric opacity due to low atmospheric water vapor content which is crucial for mm
and sub-mm observations (Valeria, L. et al., 2024).

1.1 The Need for a Single Dish Telescope

Through the years, technological advances have pushed our observing capabilities, allowing
(sub)mm telescopes to cover instantaneous eld of views of scale on the order of degrees
(for more details, we refer to Reichert et al. 2024; Mroczkowski et al. 2025, and references
therein) and to reach arcsecond angular resolution thanks to their large apertures G0
meter; see Figure 1.1 and Klaassen et al. 2020 for reference). One of the key advantages of
single-dish facilities is indeed the possibility of covering wide patches of the sky within one
single pointing. This enables minimizing the gaps between the detectors and maximizing the
sky coverage as a result of key technological developments in (sub)mm receivers. A relevant
example is SCUBA-2 (Audley et al., 2004), which provides simultaneous wide- eld imaging

over a eld of view of 50 arcmirf at wavelengths of 850 m and 450 m.

This clearly represents a net advantage compared to radio-interferometric observations,
as the latter are signi cantly limited by the lack of sensitivity to scales smaller than their
shortest baselines (the so-called \short-spacing problems"; Bajaja 1979, Stanimirovic 2002,
Thompson et al. 2017) and, therefore, lters out the extended emissions. Despite falling

2
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short on angular resolution compared to interferometric observations, single dish telescopes
with their large apertures can still provide an important asset for achieving extremely fast
mapping speeds with modest angular resolution.

1.2 Atmospheric Fluctuations at (sub)mm Wavelengths

Large-aperture facilities necessarily need to be built on the ground as a consequence of tech-
nological and logistical constraints associated with space missions (Stahl and Allison, 2020;
Chen, 2023). However, the ground-based observatories su er from signi cant contamination
by the atmosphere, which is strongly in uenced by water vapor at mm/sub-mm wavelengths
(Morris et al., 2022). Even at the dry Atacama site (Chajnantor plateau), the sky bright-
ness temperature can reach the order of tens of Kelvins in the (sub)mm bands (Errard et al.,
2015). By modeling a 3D atmosphere, Errard et al. (2015) estimated that several atmo-
spheric parameters, such as wind, water vapor, temperature, and turbulence, dominate the
(sub)mm sky emission. Given that the atmospheric uctuation depends on these param-
eters, the resulting power spectrum associated with this atmospheric uctuation follows a
Kolmogorov turbulence cascade (Kolmogorov, 1941). In this framework, the spatial power
spectrum of such uctuation scales as (Morris et al., 2025):

P(kk)/j kj 1173 (1.1)

wherek is the spatial wavenumber. Applying Taylor's \frozen turbulence" hypothesis
(Taylor, 1938), which assumes that the spatial turbulent structure is frozen and advected
by the wind without evolving signi cantly at short timescales, the spatial power spectrum
of the atmospheric uctuation translates into the temporal frequency () domain that is
approximated as (Morris et al., 2025):

P(f)/ f 83 (1.2)

The above Equation 1.2 indicates that the lower-frequency uctuations carry more power
and dominate the atmospheric variations. As a result, due to these strong atmospheric
uctuations, the large-scale (sub)mm signals from the target astrophysical sources become
contaminated and thus di cult to observe. This observational limitation of ground-based
large single-dish facilities converts into the requirement of advanced observational strategies
to mitigate atmospheric contamination and reliably infer the underlying (sub)mm astrophys-
ical signals.

Atmospheric uctuations introduce both spatial and temporal variations in the detected
signal power. These variations lead to additional correlations between detectors and within
the time stream of individual detectors (Wu et al., 2023). This correlated noise in the time
stream is stochastic, meaning that we can not predict its exact realization. However, we can
characterize its statistical behavior and mitigate its contribution from the real astronomical
signal, which is challenging for ground-based telescopes (Rocha-Solache et al., 2022; Li et al.,
2020). Since the ground-based (sub)mm telescopes observe through the same atmospheric
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layers, which vary on a spatial scale larger than the telescope's eld of view, the detectors
across the focal plane array detect those large-scale atmospheric uctuations uniformly. This
generates correlated common-mode signal across the time streams (for more details, we can
refer to Archibald et al. 2002; Li et al. 2020). The simpler methods, such as common-mode
subtraction from the data (Hu et al., 2021) or high-pass lItering of the time-ordered data
(TOD, also referred to as time-streams), are commonly used to remove such uctuations.
More sophisticated approaches may consider the non-trivial correlations between di erent
detectors. For instance, Morris et al. (2022) has shown that the atmospheric uctuations
produce non-trivial correlations in the time-ordered data of ACT. Such limitations deter-
mine how e ective the observing strategies and map-making have to be in order to mitigate
the atmospheric noise and recover large-scale astronomical signals in ground-based (sub)mm
observations.

1.3 Introduction to AtLAST concept/design

The (sub)mm sky contains a large amount of information from tracing cold dust to de-
tecting star-forming cores at large scales. Even though we have achieved a full-sky survey
at (sub)mm wavelengths byPlanck mission (Ade et al., 2014), the existing ground-based
single dish telescopes are still insensitive to most of the faint, extended di use emissions {
constraining our ability to characterize the large-scale structures of the (sub)mm Universe.
To address such limitations of the current ground-based single dish facilities, one of the
key scienti ¢ requirements for the next-generation (sub)mm single dish telescope is the abil-
ity to recover large-scale emission from astrophysical sources. This will revolutionize our
understanding of the (sub)mm sky. The Atacama Large Aperture Submillimeter Telescope
(AtLAST; for more details, we refer to Mroczkowski et al. 2025, Reichert et al. 2024, Klaassen
et al. 2019) is designed to achieve this aim. With 50 m dish diameter; 2Id of view (FoV)
and high-throughput mapping capabilities (Mroczkowski et al., 2025), AtLAST will deliver
fast scanning, higher spatial as well as spectral resolution and sensitivity required to detect
the large-scale targets.

Figure 1.1 shows the full computer-aided design (CAD) model for AtLAST. The telescope
design requirements are shown in Table 1.1.

AtLAST will be constructed on the Chajnantor Plateau in the Atacama Desert of north-
ern Chile, at approximately 5400 meters above the sea level, as it provides the best at-
mospheric window for mm/sub-mm observations. Figure 1.2 shows a comparison of the
transmission in the best year-round quartile conditions for the CCAT-prime (Cerro Chaj-
nantor), ALMA (Llano de Chajnantor), Mauna Kea, and LMT (near the summit of Volan
Sierra Negra) sites. Note that both the CCAT and ALMA sites are located close to where
AtLAST is planned to be constructed. This highlights the fact that AtLAST will have access
to better atmospheric transparency and observing conditions similar to CCAT and ALMA.
This plot reveals that the atmospheric transmission is far better high in the Atacama Desert
than from the LMT site or Mauna Kea (Klaassen et al., 2020).
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Parameter Value
Wavelength () range 0.3{10mm
Primary mirror diameter 50m

Field of View (FoV) 2° (19
Number of instruments 5
Scan speed Bs
Acceleration P=s?
Elevation (EL) range 20{90°
Azimuth (AZ) range 270
Mount type AZ{EL

Table 1.1: Summary of AtLAST design parameters, adapted from Mroczkowski et al. 2025.

Figure 1.1: The external view of the AtLAST CAD model. A truck is shown for scale
comparison (adapted from Mroczkowski et al. 2025).

The necessity of recovering large-scale signals is driven by AtLAST's science goals, which
involve observing the emissions from the astrophysical sources spanning from arcminutes to a
few degrees. In this context, we have presented two science cases among many that motivate
exploring the design and con guration of ground-based (sub)mm single dish facilities with
the aim of recovering extended signals.
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Figure 1.2: Transmission comparison among the CCAT-prime site, ALMA, Mauna Kea, and
LMT sites for the upper quartile weather using the year-round average data and them
code (Paine, 2018). Both Chilean sites | the one hosting ALMA and, in the future, CCAT

| o er optimal conditions for observations across almost all the mm-to-submm wavelength
range.

The Warm and Hot Universe via the SZ E ect

This section is built from the work of Di Mascolo et al. (2025). The Sunyaev-Zeldovich (SZ)
e ect arises when cosmic microwave background (CMB) photons are scattered by energetic
electrons of the hot gas within the cosmic large-scale structures (for more details on SZ
e ect, we refer to Sunyaev and Zeldovich 1980, Sunyaev and Zeldovich 1970), providing a
redshift-independent information about the thermal and kinetic properties of the hot/warm

ionized gas & 10° K) in the (sub)mm regime.

The thermal SZ (tSZ) e ect traces the pressure pro les of the intracluster medium (ICM)
while the kinetic SZ (kSZ) e ect{caused by the Doppler shift in CMB photons by the proper
motion of the hot ionized gas{ provides information about the velocity of the hot gas relative
to CMB. These e ects (tSZ+kSZ) distort the emission over wide frequency range. Hence,
there is a need for multichroic, highly sensitive detectors which will be operated across the
(sub)mm bands. AtLAST with its large FoV, high resolution and sensitivity at (sub)mm
wavelength range, will be capable of detecting the SZ e ect to probe the thermodynamical
properties of the intracluster medium (ICM), the hot ionized gas components in the circum-
galactic medium (CGM; see Mroczkowski et al. 2019 for details).

The kSZ e ect in particular is weaker than the thermal SZ e ect and spectrally degen-
erate with CMB anisotropies. To overcome this, sensitivity to a broader range of spatial
scales is required (300 | 20,000 in terms of spherical harmonics) which is unavailable
in current observatories. AtLAST with its observational capabilities will be able to detect
subtle kSZ uctuations in the ICM. With AtLAST, we can probe for example the turbulence
and merger induced shocks within the cluster environment. Figure 1.3 shows how the SZ
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e ect from galaxy clusters can be studied using AtLAST.

Figure 1.3: This Figure is adapted from Di Mascolo et al. 2025. It shows ComptghRs»

distribution for a simulated nearby galaxy cluster Mgog= 1:28 1015M ; z = 0:0688;
left) observed by ALMA+ACA in Band 3 (top center), MUSTANG-2 (bottom center) and
AtLAST in ALMA Band 3 (right) with an on-source observing time of 8 hours. The
ALMA+ACA and MUSTANG-2 observations were generated at 90 GHz corresponding to
the nominal bandpass center of the MUSTANG-2 receiver (Dicker et al., 2014), with re-
spective beams shown in the bottom right corner of each observation panel. The dashed
white circles indicate the ALMA+ACA and MUSTANG-2 footprints. The central column
maps are arbitrarily scaled to highlight observable features and do not represent the relative
angular sizes of the eld. The mock AtLAST and MUSTANG-2 observations are generated
using maria (van Marrewijk et al., 2024), assuming an AtLAST setup with minimal detector
counts of 50,000 while ALMA+ACA observation is generated with thesimobserve task of
the Common Astronomy Software Applications (CASA; Team et al. 2022). All the simulated
maps are in Kg j brightness temperature units, with ALMA and MUSTANG-2 maps shown

in same color scale. While these simulations adopt a minimal setup (e.g., not including any
foreground and background contamination terms beyond the atmospheric noise), this gure
clearly shows the key advantage of AtLAST's extended spatial dynamic range and sensitivity
in probing the SZ e ect from galaxy clusters.

Circumgalactic Medium (CGM)

This section is adapted from Lee et al. (2024). Galaxies are surrounded by a medium of gas
and dust spanning beyond the bright interstellar medium (ISM), extending to hundreds of
kiloparsec, which is known as the Circumgalactic Medium (CGM). The feedback mechanisms
that shape the galaxy leave observable imprints in the density, temperature, metalicity and
the morphology of the CGM.

The current facilities such as ALMA, APEX, ATCA can detect localized features in CGM
(e.g., tidal streams; Ginol et al. 2020) but lack the sensitivity and eld of view to trace
the chemical compositions within the CGM. The spectral lines [CII] 158n, [OlIll] 88 m,
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[CI] 609 m, 370 m, and CO are ideal for probing the CGM of all redshifted galaxies and
are detectable in (sub)mm bands (Schimek et al., 2024). Figure 1.4 shows a comparative
observations of [CI] line emission from CGM of a simulated galaxy from ALMA band 10 and
from AtLAST. This motivates the design of a large aperture AtLAST telescope to recover
the fainter emissions from CGM and understand the fundamental physics behind it.

Figure 1.4: Mock observations of [CI] line emission from the CGM of a simulated galaxy
at z = 0.01, obtained with the CASA simulator (CASA Team et al., 2022). The observed
frequency is 801.326 GHz, which falls within the ALMA Band 10 range. The left panel shows
the results obtained with ALMA in con guration C-1 (synthesized beam 0.53'0 0.38", pixel
size is 0.05"), with a 10-hour on-source time. The right panel shows a simpli ed AtLAST
mock observation (angular resolution of 1.96") produced by tweaking the CASA simulator to
mock a 50 m single dish and using a 10-hour on-source time per beam to mimic a multi-beam
heterodyne receiver. This image is reproduced from Lee et al. (2024).

1.4 Motivation and Approach

AtLAST's science drivers demand high sensitivity, a wide eld of view and the ability of

a telescope to Iter-out the atmospheric contamination from the astronomical large-scale
modes. Therefore, preserving the large-scale emission while suppressing the atmospheric
noise motivates to explore how the instrument design of a large single-dish facility (for in-
stance, AtLAST) and its scanning strategies can in uence the recovery of the faint and
extended emissions from large-scale structures in (sub)mm regime.

As discussed above, recovering large-scale structures is important as it provides infor-
mation on ISM, CGM or the CMB which span from arcseconds to few degrees in angular
scale. Even though interferometers with its high spatial resolution can resolve ne details
of the observed targets, they Iter-out the low spatial frequency signals because they do not
fully sample the large-scale emission due to the short-spacing problem. This creates a gap in
the observations of extended emissions. To Il in the gap, AtLAST is designed to uniquely
combine a large collecting area, higher sensitivity to di use emission, higher mapping e -
ciency and angular resolution compared to the other current (sub)mm observatories with
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the ambition of providing unbiased high- delity (sub)mm surveys.

However, the degree of correlated atmospheric noise across the detectors on the focal
plane depends on the dish size, with larger dishes experiencing stronger correlations on their
focal plane. van Marrewijk et al. (2024) found that a 50 m single-dish telescope su ers
from high levels of correlated noise across the adjacent detectors. At a typical altitude, the
telescope beams from adjacent detectors overlap extensively | creating a nearly uniform at-
mosphere across the focal plane. This leads to treating the atmosphere as a common mode
which simpli es its subtraction from the time stream data and further enhances recovery
of faint, large-scale emissions. However, the choice of scanning parameters of a telescope
such as the scanning speed, scan radius and pattern a ect how e ectively the atmospheric
uctuations can be lItered out. Based on the science goals, one can also modify the specic
scanning strategy. For instance, van Marrewijk et al. (2024) reports that increasing the daisy
scan radius in GBT/MUSTANG-2, can change the central sensitivity of the observations by
a factor of 2.

This thesis is motivated by the need to explore the ability of an AtLAST-like large aper-
ture single dish telescope to recover extended di use emissions under realistic observing
conditions. In our work, we quantify how scanning strategies of such single dish facility
impact the instrument's performance on large-scale recovery.

Our aim is to characterize the performance of an AtLAST-like telescope by studying
the impact of instrumental con guration and di erent scanning strategies on the resulting
transfer function. To achieve this, we usenarial (van Marrewijk et al., 2024) as our single-
dish observational simulator to generate synthetic TODs and maps that include atmospheric
uctuations, mimicking real-world conditions. To quantitatively measure how much ux is
preserved at large angular scale, we then estimates the transfer function. The transfer func-
tions for a given instrumental con guration and for each scanning parameter show how it
varies with di erent scanning setup as well as how much power is lItered-out from the true
sky map due to atmosphere and map-making process.

This work is structured as follows: in Chapter 2, we present a detailed description of the
telescope design parameters | dish diameter, FoV and the scanning parameters | scanning
radius, scanning speed and di erent scanning patterns. Chapter 3 describes how we gener-
ate a sky map through simulated atmosphere and map-making process with an AtLAST-like
telescope con guration and therefore estimate the transfer function. Further, Chapter 4
shows how di erent scanning parameters in uence the transfer function. Lastly, Chapter 5
summarizes the key results and the future follow-ups to our study.

for reference, see https://thomaswmorris.com/maria/



Chapter 2

Parameters to be studied

To meet the demanding observational capabilities for studying the science cases that is dis-
cussed in Section 1.3, a set of technical requirements is needed for the operation of AtLAST.
The overall deign goals and the requirements for AtLAST are presented in detail in Klaassen

et al. (2020). In the following sections, we will discuss the most important parameters of the

telescope design.

2.1 Dish Diameter

The dish diameter O) in uences the angular resolution ( 1:22=D ) and the sensitivity

(/ D2) of the observation. Here, sensitivity is de ned by the telescope's ability to detect
faint signals. In (sub)mm astronomy, a large collecting area of the telescope gathers a greater
number of photons from a given source. Since these photons are concentrated within the
same pixel, this e ectively enhances the telescope’s sensitivity to fainter emission. However,
as the sensitivity increases, the observations reach a fundamental limit which is called the
\confusion limit". As described in more detail in Appendix A, beyond this limit, individ-

ual sources will become spatially indistinguishable from each other as they will be blended
within one resolution element (i.e., within one beam). This immediately implies that the
higher the angular resolution, the lower is the confusion limit. For instance, at (sub)mm
wavelengths, an important contribution to the so-called \confusion noise" | the resulting
noise oor caused by the blended signal from all unresolved sources | is represented by the
population of low surface brightness extragalactic sources (e.g., dusty, star-forming galaxies
across the Universe). The size of AtLAST's primary mirror will deliver the desired obser-
vational capability to resolve the faint end of galaxy population, drastically reducing the
associated confusion noise down to unprecedented levels (van Kampen et al., 2024). For
AtLAST, the dish diameter is 50 m. With such large aperture size, the confusion noise level
will be lower than the current (sub)mm facilities (with smaller dishes).

Another key driver in the aperture size requirement of AtLAST is to ensure su cient
overlapping coverage in Fourier space and further data combination with ALMA in post-
processing, which will result in imaging with high spatial delity even on smaller scales.

10
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Since, ALMA has a maximum recoverable scaIeMRS, of:

MRS = (2.1)

Lmin’
where, is the observed wavelength. i is the shortest baseline length, ' 0:6, provid-
ing a maximum recoverable scale of 40" at 100 GHz (Frayer, 2017), it is necessary to recover
large-scale information from the di use emission which can be achieved through AtLAST. A
more accurate estimation of MRS accounts for the actual baseline distribution, and is taken as
the 5th percentile of the available baselines. A full list of MRS for each con guration is shown

in Table A-1 here: https :==almascienceesoorg=proposing-proposers guidestabARMRS.
From the papers by Frayer (2017) and Plunkett et al. (2023), the minimum diameter of a
single-dish telescope for su cient overlap in Fourier space is required to be:
1:18L min

Dsp (2.2)

where, L yip is the minimum baseline (14.6 m for the compact ALMA main array con-
guration, Cortes et al. 2023) and is a coe cient, ranging between 0.4 and 1 depending
on the SNR of the data and the source distribution. Taking ' 0:6 (as discussed above),
the dish diameter of at least 43 m is required. Such a choice represents a lower limit on the
dish diameter based on the value of, and reaching 50 m would allow for complementing a
broader range of observational setups with ALMA. Thus, the 50 m dish size of AtLAST rep-
resents an optimal choice for providing both inherent high angular resolution and enhanced
collecting power, while complementing ALMA's capabilities at large scales.

2.2 Field of View

Surveying the sky over a wide spatial coverage is required to observe a large number of
sources as well as any di use signals extending over large angular scales. The maximal eld
of view (FoV) of AtLAST is planned to be 2° (Gallardo et al., 2024; Mroczkowski et al.,
2025). With this large FoV, AtLAST will achieve fast mapping speed and enable wide- eld
survey capabilities (Cicone et al., 2019; Klaassen et al., 2019) which is demanded by majority
of the science drivers (Booth et al., 2024).

For instance, AtLAST aims at building a wide- eld survey of high-redshift galaxies, reach-
ing up to 50,000 galaxies per 1dgg(Booth et al., 2024; van Kampen et al., 2024). At the
same time, AtLAST's large FoV also enables observations of extended structures such as the
SZ e ect from nearby galaxy clusters (Di Mascolo et al., 2025) or the solar disk, extending
from half to several degrees. These large-scale observations require a large instantaneous
FoV, which necessitates the focal plane to be populated by a dense array of high-sensitivity
detectors. With larger lled FoV, the survey time for such observations is e ectively reduced
although it also comes with setting up a proper scanning strategy to mitigate atmospheric
uctuations and possibly maximize the recovery of the total ux of the target emission.
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In a (sub)mm single dish telescope like AtLAST, the FoV governs two important aspects:
the mapping speed which scales as the number of beams on sky and what the largest recov-
erable angular scale is in the observation after removing the atmospheric uctuations from
it (van Marrewijk et al., 2024). The FoV represents the theoretical upper limit to the an-
gular scales that can be recovered in single-dish observations. Any signal extending beyond
this FoV will be observed as an identical component | i.e., \common-mode" | across the
focal-plane array. This common-mode is typically removed during the map-making process.

An important aspect to consider is that, for a xed FoV, the number of detectors increases
proportionally to the square of the frequency observed. This implies that the combination
of a wide FoV and high angular resolution could easily result in a large number of detectors.
For AtLAST, at 93 GHz, we will need approximately 200,000 detectors in the array to Il in
the 2° FoV with detectors spaced at 1 . The term \1f " is de ned by the center-to-
center distance between the adjacent detectors in the focal-plane array whéres de ned as
the ratio of the telescope's focal length to the diameter of the telescope’'s primary aperture
(i.e., focal ratio or f -number Chattopadhyay et al., 2022; Chattopadhyay et al., 2020) and

is the observing wavelength. The fl spacing thus implies that the distance between
two adjacent detectors is equal to the product of thé -number and the wavelength. This
spacing is optimal for maintaining Nyquist sampling of the di raction-limited beam and
avoiding undersampling. If the observing frequency increases, i.e.gdecreases, the spacing
f decreases, therefore increasing the number of detectors is required in such a case to
maintain the full focal-plane coverage (for more details, we refer to Hill and Kusaka 2024,
Sayers et al. 2025). For higher frequency observations (Di Mascolo et al., 2025; Wedemeyer
et al., 2024; Cordiner et al., 2024), the number of detectors in AtLAST will increase to few
millions to Il in the FoV.

2.3 Scanning Speed

A fast scanning speed helps to mitigate the atmospheric uctuations and map large-scale
elds. For a single dish telescope, detecting a fainter emission on large scale requires fast
scanning to modulate the astronomical signal faster than the variations in atmosphere (van
Marrewijk et al., 2024). Therefore, the key observational requirement for AtLAST is to map

the sky quickly compared to the wind speed and the evolution in atmosphere with a scan-
ning speed of a few degrees per second. However, exceeding the optimal scanning speed can
result in signal loss due to structural limitations of the telescope, insu cient integration time.

From the paper by Morris et al. (2022), considering the data from the Atacama Cos-
mology Telescope (ACT) and sophisticated modeling of the atmospheric turbulence and
time-evolution, the optimal average scanning velocity of AtLAST for a typical scale height
of the atmosphere above Llano de Chajnantor is determined to bebis 1 along the wind
direction, keeping the atmosphere stationary in the time domain. The maximum scan speed
is determined to reach 3s -+, considering the faster wind condition and the elevation de-
pendence (Mroczkowski et al., 2025).
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2.4 Tracking Plan

AtLAST will incorporate a variety of scanning modes, which are already implemented in
several existing telescopes. These are azimuthal scans at constant elevation (Swetz et al.,
2011), daisy scan (van Marrewijk et al., 2024), back and forth, stare and several other modes.
In single-dish observations, while mapping continuum emission, the stare observing mode is
generally avoided in order to mitigate the e ects of #f noise and thermal drifts (Harper

et al., 2018). In this work, as a reference scanning strategy, we use the double Lissajous
daisy scan (or simply \daisy scan"), which is further discussed in Section 2.4.1 below.

In addition to implementing a scanning strategy, we also investigate how changing the
scanning radius in uences the quality of the map reconstruction. By varying the daisy scan
radius, we assess its impact on the recovery of extended structures.

2.4.1 The Daisy Scan

According to the paper by van Marrewijk et al. (2024), the double Lissajous daisy pattern

is de ned as:
|

_ : . outer .
Xouter = TouterSIN outer €XP | ——— (2.3)
Npetals '
: — . : . _inner .
Xinner = finnerSIN  outert 5 eXp I—— | (2.4)
2 Npetals
Xscan= *outer t Xinner: (2.5)

RA; Dec = Re %scan; Im %scan:

where thergter is the scanning radius of the daisy scan,gter iS the phase, de ned as
outer = triosuct_grn’ heret is the time stamp andvscanis the scanning velocity. To produce
the daisy scanning pattern foE)AtLAST-Iike observations, van Marrewijk et al. (2024) set

Finner = 0:15Touter: inner= 2 outer ad Npetals= =

Through this scanning strategy, the detector array passes close to the center after each
petal1 which results in more frequent coverage in the central region than to the outskirts.
Therefore, higher central sensitivity is achieved with this scanning mode. A typical Lissajous
daisy scan pattern for AtLAST is shown in Figure 2.1. Changing scanning parameters |
e.g., scanning radius and scanning velocity | would naturally a ect the resulting Daisy

lthe term \petal" represents an individual lobe traced by the telescope's boresight during the scan. Such
petals collectively form a spiral-like trajectory that resembles a daisy ower
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pattern, in turn leading to di erent sensitivity distributions across the observed eld.

2.4.2 Other Tracking Strategies

A

Lissajous: The Lissajous pattern was developed for (sub)mm observations and used in
several facilities for example in Atacama Submillimeter Telescope Experiment (ASTE)
(Ezawa et al., 2004). This pattern is de ned by the independent oscillatory equations:

X=Axsin!xt+ x; (2.6)
y=Aysin!yt+ y: (2.7)

The shape and the coverage of the pattern are determined by the ratio of the angular
frequencies! y=!x in two directions (Kowcs, 2008). This pattern crosses the source

in a non-periodic, quasi-random manner in the detector time-streams, generating the
source signal as nearly uniform and smoothly distributed over time in the phase space.
The drawback of this pattern is that it iterates more coverage on the edge than on

the center. Thus, the Lissajous pattern (shown in Figure 2.2) is most e ective for

observing the sources at nearly the FoV scale.

Back-and-Forth:  This pattern occurs along the alternating rows (consider, the rows
of length L are spaced apart from each other). In each row, the scanning occurs
linearly along the direction of that row with a constant velocity. During each turn, a
small acceleration is required. This pattern (shown in Figure 2.3) produces an evenly
distributed eld coverage for large-scale observations.

Stare: This tracking mode points to a particular position in the sky for some times, like
optical cameras often do. This mode is incorporated for operating SCUBA-2 (Holland
et al., 2006). Such observing mode can be used for emission lines and polarization
measurements.
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Figure 2.1: A representative Lissajous daisy scan for AtLAST, generated at its peak velocity
and acceleration (adapted from the paper by Mroczkowski et al. 2025). The upper panel
illustrates the elevation and azimuth o sets relative to the eld center. The lower panel
shows the corresponding position, velocity and acceleration over time.
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Figure 2.2: A representative Lissajous scan pattern (this gure is adapted from the paper
by Kowacs 2008), illustrating the starting phase (left) and after longer integration over time
(center and right).

Figure 2.3: The Back-and-Forth motion for single pass (left) and 90Cross-linked pattern
(right) with the vertical motion dashed and slightly o set. The crosslinking between two or
more of this pattern at certain angles spans all spatial directions (Kowacs, 2008).



Chapter 3

Methodology

The goal of this thesis is to characterize the dependence of AtLAST's transfer function on
di erent instrumental parameters. To do so, we use a multipurpose virtual telescope sim-
ulator named maria, which can mimic the instrument designs of current as well as future
facilities, generate location and time-speci ¢ evolving atmosphere, and therefore image the
time-ordered data (TOD) to map synthetic observations of astronomical phenomena (van
Marrewijk et al., 2024). The atmospheric model thatmaria is built upon is discussed in
Section 3.1, and how it generates the time streams from the atmospheric model is further
discussed in Section 3.6. The main goal of the research work is to characterize how di erent
scanning parameters | scanning speed, scanning radius, and di erent scanning patterns |
can impact AtLAST's transfer function. In this chapter, we will discuss the performance
of AtLAST telescope by changing the fundamental parameters of its instrumental design
in maria, introducing the observation of a large-scale structure as input, and, therefore, by
understanding the dependence of the resulting transfer function on di erent instrument pa-
rameters as said above.

3.1 The Atmospheric Model used in maria
This section is adapted from the works of Morris et al. (2022) and van Marrewijk et al. (2024).

In (sub)mm telescopes, the dominant source of atmospheric uctuations is precipitable
water vapor (PWV). Building a ducial mock realization of the (sub)mm sky will require
an accurate simulation of such a contribution. Inmaria, the atmospheric uctuations are
simulated by a set of layers of turbulent uctuations, generated by perturbing the PWV.
Figure 3.1 shows hownaria operates as a single-dish facility and observes the sky.

The atmospheric uctuation in brightness temperature, T ( ;t), is due to variations in
density and temperature along the line of sight. From Morris et al. (2022), the angular
covariance of the turbulent uctuations for smaller angular separations can be modeled as
the structure function:

17
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Figure 3.1: A sketch adapted from van Marrewijk et al. (2024) on hownaria observes the
sky. This virtual telescope consists of four components: A celestial background, A location
and temporal atmospheric uctuations, A telescope con guration and A scanning strategy.

Z
1 5=6
2 z z :
C()/ (z2) — K —  dz; (3.1)
0 o 5% 1
where, C( ) = hT () T( o+ )i, is the angular separation in the sky,z is the
distance of the atmospheric turbulence layers from the observeg_g() is the modied

Bessel function of the second kind of order 5/6,2(2) is the amplitude of the atmospheric
turbulence as a function of distance from the observer, ang is the turbulent outer scale
(van Marrewijk et al., 2024). In the small-angle limit, the structure function reduces to
(Morris et al., 2022)

c) c()/ >3 (3.2)
According to Taylor (1938) and Lay (1997), the turbulent velocities of perturbed water
vapor in the atmosphere on small scales are small relative to the velocities on larger scales, as
indicated by the power spectrum of the PWV uctuations that typically decreases at smaller
spatial scales. Accordingly, they propose a frozen model known as the Kolmogorov-Taylor

(KT) model, where the turbulence in water vapor is assumed to be induced by constant
horizontal wind velocity elds w.

(r;t)= r+wtz: (3.3)

Following the Equation 3.3 of the frozen model for the turbulence, van Marrewijk et al.
(2024) computed the atmospheric-relative coordinates of each detectaf the array, at given
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time t as: Z,
()= j+ scarl)+ 0 I (t)dt (3.4)

where the rst term indicates the detector o set from the boresight, the second term is the
motion of the boresight from scan, and the third term indicates wind motion | ! (t).

In practice, maria takes advantage of the frozen KT model and models the turbulent
uctuations as a set of layers. In the speci c implementation we used for this work, we con-
sidered 10 layers from 500 m to 5000 m above the telescope. For each layer, the turbulence
is generated over the layer that intersects the beam solid angles of the telescope.

3.2 Simulation components

The maria simulation consists of the following main components:

~

Array design of the telescope:  This parameter de nes AtLAST's instrumental
con guration (or physical setup), which includes the 50 m primary dish, 2FoV, the
number of detectors on the focal plane and its layout (hexagonal shape), and the band
that determines the array's sensitivity to di erent spectra.

A scanning strategy: It speci es the motion of the telescope array during the ob-
servation. A scanning strategy includes scanning pattern (e.g., daisy, back-and-forth,
stare), scanning speed, azimuth, and elevation limits.

An input map of the astronomical target: It serves as an astronomical signal
(such as, e.g., galaxy clusters, dust emission) that AtLAST will observe (for more
details, refer to Section 1.3).

A location and time to generate the atmospheric condition of that particular
location: It injects a time- and site-speci ¢ atmospheric turbulence model intonaria
to mimic a realistic observing condition for the telescope.

Detector Noise: This parameter indicates the contributions of \pink" noise (noise
characterized by a power spectral density (PSD) which is inversely proportional to the
frequency, i.e., following #f dependence) and \white noise" (spectrally at noise) to
the simulation. These noises are meant to mimic the detector and read-out ampli er,
gain drift, and thermal noises.

In the following sections, we discuss how all these components are implementecharia.

3.3 Site and Position in the Sky

maria requires central coordinates to set up the observation. For our work, we consider the
location of RA and Dec of (260, -20°) in the sky on 2022-08-01T23:00:00 in the southern
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hemisphere, as this region will be accessible by AtLAST. Importantly, this arbitrary choice
will not a ect the reconstruction of the simulation setup. Furthermore, the weather condi-

tion is simulated at an altitude of 5064 meters at the Chajnantor site (the future AtLAST

observatory site is shown in Figure 3.2).

Figure 3.2: Location of the future AtLAST Observatory at Llano de Chajnantor Plateau in
the Atacama Desert of northern Chile, at approximately 5064 meters above sea level

3.4 Simulation Set-up

We want to simulate an AtLAST-like facility using maria, therefore, we set up the following
instrumental con guration.

We x the dish diameter of the telescope array at 50 meters to match the reference design
of AtLAST. We select 93 GHz as the observing frequency, with a bandwidth of 53 GHz. This
choice of the frequency is common in the context of the observations of thermal Sunyaev-
Zeldovich (SZ) e ect, as the band falls close to the peak amplitude of the SZ decrement (93
GHz) and lies within an atmospheric window with limited suppression and no absorption
lines (Prokhorov et al., 2010; Di Mascolo et al., 2025). The beam resolution of each detector
in the array is determined by the observing frequency of the band and the dish diameter
of the primary mirror of the telescope. With the 50-meter-diameter dish observing at 93
GHz, the beam resolution is 16.9 arcseconds. As previously discussed in Section 2.2, the
high sampling rate and the large number of detectors in the focal plane array will lead to the
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generation of large datasets. Working with this large dataset will require a large memory
and is computationally demanding. In order to temporarily avoid this problem, we simu-
late the setup with a reduced FoV of @5° to reduce the computational time. By de ning
the band, the beam size, and the FoV, the con guration produces 981 detectors distributed
across the focal plane with a relative spacing of& { between adjacent detectors (here
f is the focal ratio and is the observing wavelength). This spacing value is the default
setting in maria. Such a choice ensures Nyquist sampling of the sky | i.e. that each indi-
vidual resolution element is spaced by an angular distance equivalent to the full width half
maximum (FWHM) of the Point Spread Function (PSF) | ensuring the maximum theoret-
ical sensitivity for the focal plane array, as one will not loose power between beams (larger
spacing) or will not incur in photon splitting. The array con guration is shown in Figure 3.3.

Figure 3.3: Array con guration of the AtLAST-like telescope considered in this work. It
consists of a total of 981 monochroic detectors distributed on the focal plane in a hexagonal
layout (because the hexagonal shape maximizes the beam lling) (left) and the bandwidth
of the observing frequency 93 GHz (right)

We implement the double Lissajous daisy (discussed in Section 2.4.1) scanning strategy

while considering a scanning radius of:8 and a scanning velocity of i1s 1, sampling the
sky for 10 minutes at a 50 Hz sampling rate (see Figure 3.4). As slow scanning signi cantly
increases the time to map the large eld, it can not e ectively remove the rapid atmospheric
uctuations. Thus, we adopt a faster scanning speed in our setup. We use the above-de ned
con guration as a reference setup to see the behavior of the corresponding transfer function
associated with this con guration. Table 3.1 shows the corresponding values of the At(LAST-
like telescope design parameters that we considered in our reference setup. Further, to test
the impact on the resulting transfer function by di erent scanning parameters, we will vary
the values of the scanning velocity, scanning radius and will also incorporate three di erent
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scanning patterns (Double Lissajous Daisy scan, Back-and-Forth scan, Lissajous scan; for
more details, refer to Section 2.4) in our following work (refer to Chapter 4). To test how
one speci ¢ parameter a ects the transfer function|for example, to test how di erent val-

ues of scanning radius a ect the transfer function|we will x the other components of our
telescope con guration to a given set of values. We will then run our simulation varying
only that speci ¢ parameter|associating with the above example, a set of scanning radius
values, to analyze its impact on the resulting transfer functions.

Parameter Value
Observing frequency ) 93 GHz
Frequency bandwidth 53 GHz
Primary mirror diameter 50 m

Field of view (FoV) 0:25°

No. of detectors 981

Beam FWHM 16.9 arcseconds
Scanning Plan Double Lissajous Daisy
Scan speed s 1

Scan radius (03

(Ra, Dec) (260; 20

Table 3.1: Summary of AtLAST-like telescope design parameters that we considered as our
reference setup.

3.5 Input map

Simulating an observation requires injecting a mock signal. In this section, we will discuss
the following option that we have considered as our input map.

In our work, we want to test for a more realistic sky. Therefore, we consider the map of the
radio galaxy 3C288 (this is a Very Large Array (VLA) observation (Bridle et al., 1989) and
the data are obtained from the maria-data repository: https://github.com/thomaswmorris/maria-
data/tree/master/maps) in the maria simulator (see Figure 3.5) at 1" pixel scale. This
galaxy has double lobes with a total size 120 kpc (Bridle et al., 1989). We selected it to
mimic a real large extended source observation, and therefore we can assess howweeia
is preserving both the ux and its structure, allowing us to compute the e ective transfer
function on a real astronomical target.
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Figure 3.4: Daisy scanning strategy used to mimic AtLAST-like observation witimaria.
Here, we scan for 10 minutes with a sampling rate of 50 Hz at a scanning speed °csf i

and scanning radius of B°. This scanning pattern leads to a higher sensitivity in the central
region than in the outskirts.

3.6 Generating Atmosphere and Time Ordered Data
with maria

The maria library simulates the atmospheric turbulence through an autoregressive covari-
ance matrix approach, as described by van Marrewijk et al. (2024) and given by Asemat
et al. (2006). This approach represents the perturbation in the atmosphere due to its tem-
perature and water vapor as a stationary Gaussian process (indicating statistical properties
of the physical process, i.e., atmosphere propagation) with the angular covariance matrix
given by the Equation (3.1). Instead of generating large random realizations at oncearia
generates a set of sampling points at each iteration. The turbulent uctuation at each point
is then computed from already-realized samples within the boundary of a small neighbor-
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Figure 3.5: Radio galaxy 3C288 at = 0:246 at 93 GHz injected as an input map tanaria.

hood, using locally correlated atmospheric uctuations. Once the sparse sampling is done,
maria rescales the local mean and the variance computed from those Gaussian samples to the
site-speci ¢ weather data pro les at each atmospheric layer to mimic the real-world weather
conditions.

With the given simulation set-up, maria generates the random local realizations of the
turbulent 2D atmosphere speci cally for the given location and time. The time-variable mock
sky (comprising the astrophysical signal and the atmospheric noise) is scanned through this
evolving atmosphere by the simulated observatory following the de ned scanning strategy.
This results in time-ordered data (TOD; shown in Figure 3.6), which are further transformed
into the frequency domain to compute power spectra. The power spectra (shown in Figure
3.6) of TOD help to understand how the astrophysical signal, as well as the noise power, are
distributed across the scales.

Morris et al. (2022) paper shows that based on the Kolmogorov turbulence theory, when
the beams do not overlap, the atmospheric uctuations follow a steep power-law spec-

tra P(f) / f 8=3 while at the smaller angular separations, the power spectra falls to
P({)/ f 3. In Figure 3.6, the power spectra is divided into three regions where the atmo-

ILocal Covariance: The atmospheric turbulence at one point in the sky is correlated to the nearby points
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Figure 3.6: The left panel shows TOD generated througharia for a de ned instrument
con guration (mentioned in Section 3.4) and scanning plan to mimic AtLAST observation.
The right panel shows the corresponding mean power spectrum of the atmosphere (in blue
line), input map (in orange; here we consider the radio galaxy presented in Section 3.5 as
our input map) and detector noise(in green) for 93 GHz band. These mean power spectra
are in uenced by atmospheric ( 10 1 Hz; corresponding to the large-scale region), pink

(20 lto1 Hz region in the power spectra) and whiteX 1 Hz region) noise contributions.

spheric turbulence (left), pink noise (¥f dependence; middle) and the white noise (right)
are dominant as a function of sky sampling frequency. Here, at frequency0:1 Hz, the
blue curve dominates due to turbulence in the atmosphere, and this curve's slope seems
consistent with a steeper power law d?(f ) / f 3. In the range more than 1 Hz, the power
spectra corresponding to the input map attens, indicating that the sky signal remains non-
negligible compared to the instrument noise at small angular scales.

3.7 Map-making

In our study, we are interested in constraining the transfer function of the selected setup.
Thus, we rst need to project the simulated TOD onto a map-space representation. In
our case, we adopt a simple binning-based map-making approach. This approach is com-
putationally trivial and provides a lower limit to the reconstruction performance. In this
map-making method, the generated TOD are rst Fourier Itered to remove atmospheric
uctuations larger than the eld of view (FoV). The common modes arise when two detec-
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tors observe the same Fourier mode of the atmosphere on a scale larger than the focal plane
array (FoV). In this case, any uctuation appears as zero-mode oscillations, makes it di cult

to distinguish whether it is a signal or noise. When two detectors are separated by less than
or comparable to the beam size, their line-of-sight overlap resulting in sampling the same
sky patch. Hence, the rst-order atmospheric common modes are removed by subtracting
the singular mode from the singular value decomposition (SVD) of the Fourier- ltered TOD,

as the singular mode is dominated by the large-scale atmospheric uctuations. In our setup,
the beams are Nyquist spaced, so we will not have the problem of two beams observing in
the same direction. To further mitigate edge contaminations, a Tukey window is applied in
the TOD preprocessing. These preprocessed TODs are then binned into pixels, where each
pixel is the average of the amplitude of all the signals sampled by all the detectors falling
within that pixel to create the resulting sky map. We provide the Fourier- ltered output
map (referring to Figure 3.7) corresponding to the input map introduced in Section 3.5.

We note that this approach is chosen over other (and potentially better) methods as it is
computationally trivial and allows for a straightforward test of the instrumental impact on
scale recovery. Given the simplicity of the approach, it can also be considered to provide a
lower limit to the reconstruction performances.

The Fourier- Itered and common mode subtracted output map from simulated TOD
through maria (corresponding to the input map in Section 3.5) is shown in Figure 3.7.

3.8 Transfer function estimation

To estimate how much signal is lost due to the whole observation process and to quantify the
scale dependence of the system, we compute the transfer function for the input signal and
the observational con guration. We integrated the corresponding algorithm for computing
the transfer function into the maria simulation code. To characterize the spatial transfer
function accurately, we generate multiple independent simulations for a given instrumental
con guration, where, at each simulation, we generate multiple independent realizations of
the atmosphere. Speci c realizations in such a case would have random power on each scale,
and its statistical properties are meaningful only if considered on average. This averaging
allows for marginalizing over the speci c random realizations and ensures that our estimated
transfer function is not biased by any features associated with the speci ¢ noise realization.
The resulting transfer functions from each simulation are thus averaged to marginalize over
the speci c realization of the atmospheric and instrumental noise terms. The transfer func-
tion, T(k), estimates how much signal is attenuated as a function of the spatial frequency
(here, denoted ak) and distinguishes where large-scale ltering starts to occur with respect
to the beam smoothing. It is de ned by the ratio between the square root of the average
power spectra of both the output map (processed bgnaria) and the simulated input map
(which is reprojected to the same pixel size as the output map). We calculate the power
spectra by squaring the absolute value of the 2D Fourier transform of both the maps and
then reduce them into 1D radial pro les usingohotutils library (for reference onphotutils
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Figure 3.7: Output galaxy map at 93 GHz. This map is made using the de ned scanning
strategy with the mapmaker implemented inmaria.

library, we refer to Bradley et al. 2025). The radial pro le computes the average power in
each concentric annular bin in Fourier space. Therefore, the transfer function is estimated
by
W s
-1 P Soutput (K)
N k=1 PSinput(k)
wherePSoutput(k) and Psinput(k) are the 1D power spectra of the output and input
maps respectively.N is the number of realizations of the atmospheric noise terms.

(3.5)

We plot the square root of the power spectra of the theoretical telescope beam alongside
the computed transfer function to determine where they align (see in Figure 4.2). This
comparison helps to distinguish between the two regimes in the transfer function:

" Large-scale ltering: It acts as a high-pass Iter, where it suppresses the large scales
or the short wavenumbers but lets the small scales/large wavenumbers go through. In
the transfer function, this large-scale ltering function increases from 0 to 1 as we move
from the short to the large wavenumber.

" Small-scale smoothing: This beam function acts as a low-pass Iter, where it sup-
presses the small scales/large wavenumbers and lets the large-scale modes pass. It
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results from the limited angular resolution of the detector beam (i.e., beam convolu-
tion acting as a low-pass lter)

In the given observation, the two e ects will a ect the signal simultaneously. Therefore, in
the estimated transfer function, we will be measuring the product of both of the transfer
e ects.

By identifying the spatial frequency at which the reconstructed transfer function diverges
from unity and the beam's power spectra, we can assess how well large-scale signals are
preserved, and at which scales the beam begins to smooth the sky signal, e ectively ltering
out the small angular structures. We model the theoretical telescope beam using a 2D
Gaussian function with the standard deviation calculated from the beam full width half
maximum (FWHM) in radian units. The corresponding formula is therefore,

= g WHiM (3.6)
beam 81N :

We generate the beam power spectra by Fourier transforming the modeled 2D Gaussian
function, then computing the radial average of the beam power spectra within each concen-
tric annular bin in Fourier space, and thereafter we compute the square root of the beam
power spectra and normalize it by dividing by its peak value.

Note: The code incorporating the estimation of the transfer function and how it varies
depending on di erent scanning parameters can be found in the following link:
https://github.com/ManidipaO8/AtLAST



Chapter 4

Transfer Function Analysis

In this section, we are going to discuss the dependence of the transfer function on di erent
instrument parameters.

4.1 Impact of atmospheric uctuations on transfer func-
tion

Using the radio galaxy as our input astronomical signal as we want to test the performance
of our instrument con guration for a more realistic sky (shown in Figure 3.5) and the given
AtLAST-like con guration which we consider as our reference setup for now (mentioned in
detail in Section 3.4) that we simulated throughmaria, we estimate the resulting transfer
functions for ve independent atmospheric realizations (shown in Figure 4.1) and therefore
average them which has been shown in Figure 4.2. In Figure 4.1, we plot the respective
transfer functions T (k) derived from multiple atmospheric realizations and compare them
with the square root of the beam power spectra estimated from the theoretical Gaussian
beam. These resulting transfer functions reveal how e ciently each simulation can recover
the input signal across the spatial frequencies for a given instrument design. On the other
hand, Figure 4.2 shows the transfer function averaged over all the atmospheric realizations,
plotted against the corresponding beam power spectra. By averaging, we are ltering any
random noise e ects (for example, read-out noise, atmospheric turbulence, instrumental noise
etc) to get a clearer estimate of the transfer function. Also, we plot the transfer functions
unnormalized as by normalizing it, we will simply bias our result, and it will not show the
proper large-scale ltering.

In both the Figures 4.1 and 4.2, at high wavenumberx(> 10 rad 1), the bumps are
due to the combined e ect of FFT, noise, edge e ects during map-making imaria. At
low amplitude, x < 10% rad 1, it simply re ects that the current observing strategy that
we consider as our reference setup (refer to Table 3.1) is not recovering the large-scale sig-
nal corresponding to this spatial frequency range. As discussed in the previous Chapter
3, our aim is not to search for the best observing strategy. Rather, we are characterizing
how Itered the sky is. In both the Figures 4.2 and 4.1, the transfer function reaches unity
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Figure 4.1: Transfer functions for ve independent atmospheric realizations corresponding
to the mock AtLAST observation. These transfer functions are derived from the square root
of the power spectra of the output map over the power spectra of the input map. Here, all
the transfer functions are consistent across di erent atmospheric realizations. A plausible
explanation is that the signal's intensity is so high that we are not in the regime of probing
how the atmosphere a ects common-mode subtraction.

within the mid-spatial frequency range. This indicates that our reference setup preserves
the signal e ectively at the spatial scales corresponding to this mid-frequency regime. The

Figure 4.2: The Transfer function averaged over ve independent atmospheric realizations
corresponds to the mock AtLAST observation
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FWHM of the beam (black vertical line) indicates the spatial frequency where the beam
attenuation falls to 50% of its peak (thus, this frequency corresponds to the resolution limit
of the beam in Fourier space). The FoV (purple vertical line) indicates the minimum spatial
frequency that the detector can observe. Together, the FWHM and FoV lines serve as a
limit/boundary to the instrument's observable spatial frequency range. In Figure 4.2, the
orange transfer function curve roughly matches the blue beam function curve at around
its half-maximum level. This means that the small-scale smoothing e ects of the transfer
function (orange curve) are consistent with beam convolution (i.e., while observing the sky,
the sky signal is being convolved with the beam's point spread function (PSF). In the ideal
case of an unobstructed circular dish, the PSF is characterized by a Gaussian pro le (in our
case, we consider the beam's PSF as Gaussian). This convolution then smooths the small
scales/high spatial frequencies.) It means that the drop at the small scale is due to the beam
smoothing. Ideally, the small-scale behavior of the transfer function (the orange curve in
Figure 4.2) should match exactly the one resulting from the beam (the blue curve in Figure
4.2); however, this is not observed in the results here. The observed discrepancy between
the blue curve and the orange curve { after con rming that it is not due to any external
post-processing smoothing { suggests that this is likely from an internal smoothing Ibyaria
itself or related to an internal unit conversion within maria which requires further detailed
investigation. We, however, defer such a study to future work.

4.2 Dependence on Scanning Radius

In this section, we investigate how the transfer function behaves depending on the di erent
scanning radii. Therefore, we x the scanning velocity to Is 1 (as scanning at this speed
achieves better sky coverage, keeping the atmospheric turbulence e ectively stationary in
the detector time-stream; for more detail, refer to Section 2.3) and keep the other param-
eters of the con guration as same as before. We consider the following scanning radius
[0:02°; 0:06°; 0:08°; 0:2°; 0:5°% 0:8° 1:0° 1.5° 2° 2:5°] and for each scanning radius, we estimate
the respective transfer function averaged over four independent atmospheric realizations.
The corresponding daisy scan patterns for some of the above scan radii are shown in Figure
4.3. Such a choice of scanning radii is driven by the key science cases that will be observed
by AtLAST, likely to match the scale size of the science targets from a few arcminutes (for
example, active regions, cluster cores, etc) to approximately 1 2° (for example, galaxy
cluster mapping, SZ e ect, galactic plane, etc.). The scanning radii:02° 0:08° address
astronomical targets at an arcminute scale, such as protostellar cores, the rang2® 0 0:8°
radii address the mapping of extended galactic structures and molecular clouds, and further,
1° 2:5° scanning radii address large-scale observations such as the SZ e ect (Booth et al.,
2024). Additionally, Figure 4.4 shows the beam power spectra (blue dashed curve) with
average transfer functions (colored curves) for each radius.

As observed in Figure 4.4, the transfer function is estimated to be close to unity approx-
imately over the wavenumber rangex > 2 102 rad 1 for all the considered radii. We,
however, observe a signi cant degradation in the transfer function when moving below a
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