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by Daniel MONTOFRE

Abstract

Radio astronomy represents one of the most useful tools for investigating ce-
lestial objects such as psychrontronic emissions from quasar, molecular clouds
in the interstellar medium, and a black hole event horizon. All this is possi-
ble due to the great sensitivity that astronomical receivers can achieve, and the
high angular resolution that can be reached using interferometric techniques.
However, despite the great effort made, radio astronomy is not exempt of limi-
tations that prevent it from deploying its maximum capability in terms of reso-
lution. Atmospheric phase fluctuations, mainly induced by turbulent currents,
are primarily responsible. Failure to correct these phase fluctuations will im-
pede that the maximum potential of radio astronomy can be realized.

In this thesis work, a novel solution to solve the drawbacks related to phase
fluctuations in high frequency observations is presented. The ALMA telescope
has been selected as a target. The idea is to use an external optical system at
room temperature which can illuminate a low and a high frequency receiver,
simultaneously. In this way, the solution for the phase fluctuation can be trans-
ferred from low to high frequency, thus, extending the maximum baseline for
interferometric observations at high frequencies.
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Chapter 1

Introduction

This chapter starts with a brief introduction of radio astronomy, its importance,
and the technological tools that make the observation of radio waves possible.
Currently, radio astronomy is one of the most useful tools to study the cold and
early universe. This is mainly due to the high sensitivity that the receiver can
reach, and the high angular resolution that can be achieved. On one hand, the
high level of sensitivity has been reached due to the continuous development
in solid-state physics and radio engineer. On the other hand, high angular
resolution is possible to achieve by means of interferometric measurements.

Next, the sources of noise -mainly phase noise due to atmospheric distortion-
that limit the usage of radio interferometry observations will be reviewed. Not
correcting this phase noise leads to a limitation in the maximum achievable res-
olution of an interferometer array, and thus, the full potential of radio astron-
omy would be unexploited. Therefore, the techniques developed to mitigate
these effects over the phase stability, and their limitations, are subsequently
discussed.

Besides elaborating on new calibration techniques in order to improve the
phase stability, one novel idea is proposed. This is the development of dual-
frequency receivers. Since phase noise correlates between observation bands
(as it will be explained later on) due to its dependence only on the structure of
the atmosphere through the line of sight of each telescope in a baseline, phase
correction can be obtained at low-frequencies and then transferred to a high-
frequency band. Finally, experimental evidence of the efficiency of this method
using ALMA -currently, the biggest radio astronomy project on Earth- is pre-
sented. Science drivers for ALMA will be also discussed. Nevertheless, those
are in general valid for any radio astronomy measurements, no matter the in-
strument used.

Throughout this thesis work, when the term "radio astronomy" (or radio
waves) is used, it refers to electromagnetic radiation whose wavelength spec-
trum lies on both the radio band and the millimeter/submillimeter band. It
is important to highlight this point here because our intention is keeping the
nomenclature as clear as possible in order to avoid confusing the reader.
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1.1 Radio astronomy and radio-astronomical instrumen-
tation

The discovery of radio emission from the Milky Way by Karl Jansky in 1930s
[1] is considered as the beginning of radio astronomy. This new observation
window obtained its indisputable importance in the 1950s with the first obser-
vation of the 21-cm hydrogen line [2]. Nowadays, radio astronomy represents
one key tool to observe celestial objects such as pulsar beams, synchrotronic
emission of quasars, molecular clouds of the interstellar medium and the event
horizon of black holes.

In the last decades, the millimeter/submillimeter wavelengths spectrum
have been uncovered due to the continuum effort of instrumentation scientists
to improve the technology of the receivers. Many areas have been favoured
such as atmospheric physics, medical applications or remote sensing [3, 4, 5].
However, astronomy has been one of the most benefited fields since astronom-
ical observation made in this part of the spectrum has allowed studying many
unexplored areas of astrophysics, e.g. cosmic microwave background (CMB),
formation and evolution of galaxies, protoplanetary disk survey, gravitational
lensing, and black-hole physics. Moreover, many important molecules (includ-
ing but not limited to hydrogen, carbon and oxygen based) have strong ab-
sorption/emission lines in the millimeter /submillimeter spectrum. The study
of these lines (unseen in other wavelength spectra) has allowed astronomers
to enhance our grasp about the physics and chemistry of the early stage of the
universe.

1.1.1 Radiation processes and radio observations

Radio astronomy addresses a broad range of phenomena produced by sources
of different nature. These sources can be classified into three main categories,
as follows.

¢ Black-body source: it corresponds to thermal emission and depends ex-
clusively on the physical temperature of the source. An example of this
type of emission is the Cosmic Microwave Background (CMB), whose
temperature is ~ 2.74 K.

e Continuum source: this type of emission comes from high-energy charged
particles deaccelerating and releasing energy as electromagnetic radia-
tion (this process is called Bremsstrahlung). Another way to produce this
type of emission is by electrons moving in the presence of a strong mag-
netic field (Synchroton). An example of this emission is the strong radia-
tion beam generated by quasars.
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e Spectral line source: at certain specific frequencies, the resonance mech-
anism of atoms and molecules generates this type of emission. As an ex-
ample, consider the spectral line generated by neutral atomic hydrogen
at 1420.405 MHz, which results from the transition between two energy
levels of the atom.

It is important to mention that some celestial objects can radiate simultane-
ously in many of the afore-mentioned mechanisms. Neutron stars are a very
good example since they behave as strong X-ray sources by thermal emission
and, at the same time, they behave as non-thermal radio sources (pulsars).

Observations from Earth

One of the main limitations to perform radio astronomy observation from ground
base facilities is the low transparency of this spectrum at sea level. Earth’s at-
mosphere is responsible for the absorption of a big portion of the radiation,
where the main absorbing agent corresponds to water vapor and molecular
oxygen. This issue can be mitigated if the instrument is located in a place with
very dry air conditions and high altitudes. These conditions are satisfied in
sites like the Chajnantor plateau, a desert plain located 5000 m over the sea
level in the driest place in the world, the Atacama Desert in the north of Chile.
The Chajnantor plateau represents one of the best places in the world to take as-
tronomy observation in the millimeter/submillimeter spectrum due to its high
transmission [6]. Figure 1.1 shows the transmission as a function of frequency
at the Chajnantor plateau for different concentrations of precipitable water va-
por (PWYV) content.

Cosmic signals

The strength of the electromagnetic waves received from a discrete celestial
source is expressed as the flux density and is measured in watts per square
meter per hertz (Wm2Hz™!). The unit most commonly used in astronomy
for flux density is the jansky Jy; 1Jy = 1072Wm™2Hz!. In producing an
image of a radio source, the desired quantity is the power flux density emitted
per unit solid angle subtended by the radiating surface, which is measured in
units