
2
Methods

The first chapter of this thesis describes our current understanding of the
physical and chemical processes active in pre- and proto-stellar environments,
which set the initial conditions for the formation of low-mass stars. This
chapter dives into the observational methods at the foundation of the present-
day picture of the evolution of protostars: astronomical observations of
interstellar molecules.

Astronomical observations are the only tools available to directly access
the chemistry at play in regions of ongoing star and planet formation. This is
because the closest stellar nurseries to the Solar System are situated at best
∼100 pc away, thus physically unreachable by current space missions. Obser-
vations can be conducted with ground-based telescopes, at well-designated
spectral ranges where the Earth’s atmosphere is transparent enough. Alterna-
tively, space-based telescopes are used to observe molecules at wavelengths
at which Earth’s atmosphere is opaque.

A major limitation of astronomical observations is the lack of emissivity
of the most abundant interstellar molecule, molecular hydrogen (H2), at the
typical densities and temperatures of stellar and planet formation. Fortu-
nately, spectral features of more than two hundred interstellar species are
detectable beyond H2 (McGuire, 2018), which are excellent diagnostics of
the physical and chemical conditions of the earliest stellar stages (Herbst and
van Dishoeck, 2009). Strictly speaking, observations of molecular species
are feasible at all frequencies from ultraviolet (UV) to radio wavelengths.
Practically, most of the observations of molecular species are conducted at
infrared (IR), sub-millimeter and millimeter wavelengths.

2.1 MOLECULAR SPECTROSCOPY

Molecular emission and absorption recorded during observational runs can
be used as probes of the physico-chemical conditions of a wide range of
astronomical objects (Herbst and van Dishoeck, 2009; Jørgensen et al.,
2020). This section provides a summary overview of molecular spectroscopy
and of the transitions assigned to molecular species in pre- and proto-stellar
environments.

Compared to atoms, whose spectra consists of mere electronic transitions,
molecules possess further degrees of freedom associated with the rotation
and vibration of their atoms. This implies that each molecular electronic
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FIGURE 2.1: The electronic, vibrational, and rotational levels of a diatomic molecule. Electronic
transitions arise between discrete vibrational and rotational levels in each electronic state.

state is accompanied by a suite of vibrational energy levels. And, in turn,
to each vibrational level correspond a set of rotational levels (Figure 2.1).
Therefore, the total energy � of a molecule can be described as the sum of
its electronic �el, vibrational �vib and rotational �rot energies:

� = �el + �vib + �rot. (2.1)

Molecules undergo rotational, vibrational and electronic transitions, by
populating their energy levels upon absorption and emission of photons at
discrete energies, i.e. quanta (Planck, 1900). For instance, a diatomic linear
molecule, e.g. CO, can be considered as a rigid rotor. In this approximation,
the energy needed to populate its rotational levels is equal to:

�rot =
ℏ2

2�
� (� + 1) (2.2)

where ℏ is the reduced Planck constant, � is the moment of inertia and �
is the rotational quantum number. Relatively low energies are required to
populate the rotational levels of molecules akin to CO, which correspond
to pure rotational transitions at far-infrared, submillimeter and millimeter
wavelengths (Sect. 2.3).

Higher energies are needed to populate vibrational levels, which are
associated with transitions in the infrared range of the electromagnetic spec-
trum (Sect. 2.2). In the harmonic oscillator approximation, the vibrational
energy of a molecule is defined as:

�vib = 2ca0ℏ(a +
1
2
) (2.3)
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where a0 is the natural frequency of the oscillation and a is the vibrational
quantum number. The vibrational energy is related to the oscillation of
the bonds within a molecule, which are referred to as vibrational modes.
The most common modes are stretching and bending, during which vibra-
tions change the bond length and the bond angle, respectively. Besides
hosting pure vibrational transitions, the infrared spectral range is where ro-
vibrational transitions arise, which involve simultaneous transitions between
rotational and vibrational levels.

Finally, even higher energies are required for electronic transitions to
occur. These often lie in the ultraviolet-visible spectral domains and reflect
the promotion of an electron to an higher energy orbital within the same
molecule. The electron promotion normally takes place from the highest
occupied molecular orbital (HOMO) to the lowest unoccupied molecular
orbital (LUMO), following an energetically favourable transition.

The following sections describe how observations of molecular species
at infrared wavelengths are carried out. Particular focus is given to the
observations of solid-state molecules in absorption and to the spectral de-
composition method used in this thesis to study the molecules residing on
the ice mantles in the coldest regions of protostellar envelopes.

2.2 OBSERVING MOLECULES AT INFRARED WAVELENGTHS

Molecular vibrations give rise to spectral features in the near- (0.7 − 5 `m),
mid- (5− 30 `m) and far-infrared (30− 300 `m), which are used to explore
the gas-phase and solid-state compositions in a variety of astronomical en-
vironments (e.g., van Dishoeck and Blake, 1998; Pontoppidan et al., 2014;
Boogert et al., 2015). Most infrared gas-phase compositional studies are
carried out in emission and probe warm gas, e.g., in the inner disks (Pon-
toppidan et al., 2019). In contrast, solid-state molecules are predominantly
studied in absorption, which allows to trace the constituents of ice mantles
before their sublimation (Boogert et al., 2015).

Infrared observations are performed both from the ground and from

FIGURE 2.2: Electromagnetic transmittance or opacity of the Earth’s atmosphere as function
of wavelength. Only in a few infrared-wavelength ranges Earth’s atmosphere is sufficiently
transparent to carry out infrared ground-based observations. Ground-based observations are
possible in the radio atmospheric window. Credit: ESA/Hubble/F. Granato.
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FIGURE 2.3: The ANTU telescope unit of the Very Large Telescope (VLT) - Cerro Paranal, Chile.
Credit: ESO.

space, albeit the coverage of the entire infrared spectral domain (≈ 0.7 −
300 `m) is exclusively achievable from space. Figure 2.2 illustrates this,
by displaying the electromagnetic transmittance or opacity of the Earth’s
atmosphere as function of wavelength. It can be noted that the majority of
the infrared light proceeding from space is absorbed by Earth’s atmospheric
gases, mainly water vapour and carbon dioxide. Only in a few infrared-
wavelength ranges Earth’s atmosphere is not opaque and hence the infrared
light can be observed with ground-based infrared facilities. Besides telluric
absorption, a second obstacle to the feasibility of infrared ground-based
observations is the emission of the Earth’s atmosphere itself, which radiates
at ∼ 10 `m, challenging the observations of the infrared objects of interest.
An example of infrared ground-based facility is the Very Large Telescope,
which is operated by the European Southern Observatory. It composed by
four unit telescopes with a mirror of 8.2 m in diameter. Each telescope
unit can be operated separately or as an interferometer to reach higher
angular resolution. Figure 2.3 displays the ANTU telescope unit of the
Very Large Telescope (VLT) used to carry out the near-infrared observations
presented in Chapter 5. If near- and mid-infrared observations are feasible
from the ground, far-infrared observations are not possible using ground-
based telescopes, but can be achieved from space and at altitudes above
the water vapour of the Earth’s atmosphere with the airborne observatory
SOFIA (Stratospheric Observatory for Infrared Astronomy).

Solid-state molecules in ice mantles are identified from absorption bands
in the near- and mid-infrared, which are associated with vibrational modes of
their functional groups (Hagen et al., 1980). The latter are specific ensembles
of atoms in a molecule, e.g., -OH, -CH3, showing peculiar chemical properties
despite of the molecule they are bonded to. Ice mantles in the ISM are
predominantly studied in the ∼3−16 `m range through the analysis of the
stretching, bending and librational modes (Gibb et al., 2004). Table 2.1 lists
the vibrational modes of the solid-state molecules studied in this thesis. The
detections of interstellar species in absorption is primarily achieved against
infrared continuum sources. Typically used background stars are bright
infrared giants (Murakawa et al., 2000; Knez et al., 2005; Boogert et al.,
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TABLE 2.1: Spectral position of the ice absorption bands studied in this thesis.

Wavelength [_center] Vibrational mode Identification

3.0 O-H stretching H2O, CH3OH

3.53 C-H stretching CH3OH

4.67 C-O stretching CO

6.0 bending H2O

6.85 bending NH+4?

9.74 C-O stretching CH3OH

13.6 libration H2O

Note: The values are taken from Boogert et al. (2015).

FIGURE 2.4: Near-to-mid infrared spectrum of the massive young stellar object (YSO)
AFGL7009 S. The most prominent ice and dust features in this spectral range are indicated.
Credit: Boogert et al. (2015).

2011; Goto et al., 2020) or Class I young stellar objects (e.g., Pontoppidan
et al., 2004; Pontoppidan, 2006; Zasowski et al., 2009; Rocha and Pilling,
2015). Alternatively, the compositions of the ices can be studied in regions
where the background emission is enhanced by dust scattering (Pendleton
et al., 1990; Honda et al., 2009).

2.2.1 Decomposition of infrared spectra

Compared to the ro-vibrational transitions observed in the infrared spectral
domain, absorption bands are significantly broader, and therefore not easily
attributable to specific functional groups. Figure 2.4 outlines the principal
ice and dust features observable at near- and mid-infrared wavelengths,
and the molecules primarily responsible for them. Several methods have
been developed throughout the years to identify solid-state molecules in
infrared spectra. They rely on comparisons with infrared laboratory data.
The procedure followed in this thesis to determine to what degree a solid-
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state molecule contributes to an observed absorption band consists of initially
converting the calibrated infrared spectrum to an optical depth g scale:

g = −;=
(
�obs

�cont

)
(2.4)

where �obs is the observed flux and �cont is the continuum. This is achieved
by following the procedure below:

• Dust continuum determination
To accurately determine the continuum, only in specific wavelength
ranges (e.g., ∼ 4.5 − 4.9 `m) it is necessary to remove all the ro-
vibrational transitions in the observed spectrum. The resulting spec-
trum has to include only pure absorption features and the dust contin-
uum. The next step consists of determining the continuum to be used
in Eq. 2.4, by fitting a low-order polynomial function to the observed
flux spectrum, excluding the regions where ice features are present
(Gibb et al., 2004; Boogert et al., 2000; Öberg et al., 2011a). A second
option involves the use of Kurucz stellar atmosphere models or black
body functions (Pontoppidan et al., 2003b; Pontoppidan et al., 2004).
Alternatively, photometry points can be used to produce a reddened
spectral energy distribution of the field source, which is then adopted
as a local continuum (Boogert et al., 2013).

• Optical depth calculation
After determining the continuum (�cont), the computation of the ratio
in Eq. 2.4 generates the optical depth spectrum.

Once the optical depth spectrum is obtained, the spectral decomposi-
tion of the observational data is performed, to investigate which solid-state
molecules contribute to the observed ice features, and to what extent. The
fitting routine adopted in this thesis to carry out the spectral decomposition
of the infrared spectra is the open-source Python library OMNIFIT1 (Suutari-1https://ricemunk.github.io/

omnifit/ nen, 2015a). This code concurrently fits a set of selected laboratory data
and analytical functions to the observed infrared absorption features. The
OMNIFIT fitting utility operates as follows:

1. The observed infrared spectrum (on an optical depth scale) and the
complex refractive index spectrum are imported. The latter contains
information on the laboratory data, and in particular on the real and
imaginary parts of the complex refractive index, also referred to as
the optical constants = and :, as function of wavenumber ã.

2. The complex refractive index spectrum is corrected for grain shape
effects, according to the "Continuous Distribution of Ellipsoids" method
(Bohren and Huffman, 1983). This treatment is adopted in OMNIFIT
to account for the fact that ice analogs reproduced in the laboratory
and interstellar ices have different shapes.

3. The fitting parameters are prepared and the fit is performed. If only
one laboratory dataset is selected, the parameter will be an initial
guess for the best-fit multiplier. Other fitting parameters can be added,

https://ricemunk.github.io/omnifit/
https://ricemunk.github.io/omnifit/
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depending on the number of laboratory datasets imported, and kept
at a fixed value or allowed to vary during the fit. Additionally, a maxi-
mum and minimum value can be specified for each inserted parameter.
In this thesis OMNIFIT performs the non-linear optimization using the
Levenberg-Marquardt method (Levenberg, 1944; Marquardt, 1963).
This consists of fitting the observed spectrum, via an iterative proce-
dure, by finding the parameters for which the sum of the squares of
the deviations is at its minimum.

The above steps summarize the OMNIFIT workflow when only one
empirical dataset is selected. However, a large set of empirical and analytical
data can be fitted simultaneously to the observed infrared spectrum as it is
the case for the study presented in Chapter 5. When analytical functions are
included in the fit, the resulting fitting parameters will incorporate initial
guesses for the position, height and full width at half maximum (FWHM) of
the observed absorption band. One of the caveat of OMNIFIT, common to
other fitting algorithms adopted in the spectral decomposition of infrared
data, is that it finds a local minimum solution, which does not necessarily
represent the global minimum. The outcomes of the fit allow to determine
whether and to what extent a solid-state species contributes to the observed
ice features.

The next sections draw an overview of observations at millimeter wave-
lengths, used in this thesis to investigate the gas-phase molecular inventory
of cold protostellar envelopes.

2.3 OBSERVING MOLECULES AT MILLIMETER WAVELENGTHS

The vast majority of detections in interstellar and circumstellar environments
has been achieved in the submillimeter and millimeter spectral domains,
predominantly from pure rotational transitions of molecules in their low-
est vibrational level and ground electronic state (Williams and Viti, 2013;
McGuire, 2018).

The rotational transitions at these wavelength regimes (300 `m−1cm)
enable to probe gas emissions from pre-stellar and proto-stellar environments
characterized by temperatures below 20 K to the high temperatures of hot-
corino regions () > 100 K). Submillimeter and millimeter observations
are possible from the ground as Earth’s atmosphere is mostly transparent
at these wavelengths (Figure 2.2), using one or an array of antennas, i.e.,
through single-dish or interferometric observations.

2.3.1 Single-dish versus interferometric observations

The minimum angular separation between two resolvable objects in the sky,
i.e., the angular resolution of an antenna \, is related to the wavelength _
and the diameter of the antenna � by (Rayleigh, 1879):

\ ≈ _

�
. (2.5)

The above formula implies that the longer the wavelength of the observations
is, the larger the diameter of the antenna has to be to resolve small-scale



26 METHODS

FIGURE 2.5: Examples of single-dishes. Left: the Atacama Pathfinder EXperiment (APEX) -
Chajnantor plateau, Chile. Credit: ESO. Right: the Five-hundred-meter Aperture Spherical
radio Telescope (FAST) - Pingtang, China. Credit: Ou Dongqu/Xinhua/ZUMA.

structures in the sky. The existing single-dish telescopes measure from a
few tens to a few hundreds of meters. For instance, the Atacama Pathfinder
EXperiment (APEX) telescope used in this thesis (Figure 2.5), has a main-
dish diameter of 12 m and an angular resolution of ∼ 27′′ at 1.3 mm (Güsten
et al., 2006). The world’s largest single-dish radio-observatory, the Five-
hundred-meter Aperture Spherical radio Telescope (FAST) gets as far as
∼100′′ at centimeter wavelengths (Figure 2.5). This angular resolution is
excellent to probe the large-scale cloud emission, but it is not sufficient to
resolve, e.g., the inner 200 AU of protostellar envelopes, corresponding to
sub-arcsecond angular sizes (Schöier et al., 2002) or even smaller structures
such as protoplanetary disks (Andrews et al., 2018).

The angular resolution limitation of single dishes can not be overcome
by simply constructing larger antennas. Despite being challenging to design
from an engineering point of view, such colossal constructions would be trou-
blesome to operate, besides requiring substantial maintenance. Additionally,
to an increment in the diameter of the antenna inevitably corresponds a
diminution of the surface accuracy of the dish, hampering the achievement of
angular resolutions below 10′′ (Rohlfs and Wilson, 1996). Instead, higher an-
gular resolution observations are provided by means of radio-interferometry,
which consists of combining the signals collected from multiple separate an-
tennas. The result of this powerful combination is comparable to observing
with a huge telescope that has a diameter dictated by the longest distance
between a pair of antennas, e.g., a baseline � int up to ∼ 16 km in the case
of the Atacama Large Millimeter/submillimeter Array (ALMA; Figure 2.6).
Compared to Eq. 2.5, the angular resolution of an array of antennas is given
by:

\ ≈ _

� int
(2.6)

where � int is the longest baseline of the interferometer. In its most extended
12-m array configuration, ALMA probes the interstellar physical and chemical
conditions with an angular resolution of ∼ 0.01′′, which is commensurate
to observing nearby star-forming regions down to a few AU.

The highest angular resolution is not required for all science goals. For
instance, the observations presented in Chapters 5, 6 and 7 target the outer
envelopes of low-mass protostars, and therefore the emission of interstellar
molecules over large spatial scales. For this purpose, it is not necessary to
make use of the longest baselines of the interferometer, instead, the shortest
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FIGURE 2.6: Examples of interferometers. Left: the Atacama Large Millimeter/submillimeter
Array (ALMA) - Chajnantor plateau, Chile. Credit: ESO. Right: the Submillimeter Array (SMA)
- Mauna Kea, Hawai’i, USA. Credit: CfA

baselines are most suited. Compared to the longest baselines they recover
most of the extended emission and, with respect to single-dish observations
they allow to reach angular resolutions sufficiently high (3 − 4′′) to resolve
compact objects (see Sect. 2.3.4). Figure 2.6 displays the interferometer
used to collect the data presented in this thesis, the Submillimeter Array
(SMA; Ho et al., 2004). The SMA array is composed by eight 6-m diameter
antennas. The shortest baseline in the sub-compact array is 9.5 m, whereas
the longest baseline in the very extended configuration is 508 m.

2.3.2 Two-antenna interferometer

To describe the basics of interferometry, Figure 2.7 considers for simplicity an
interferometer composed by only two antennas. Interferometers constituted
by more elements follow the same basic principles. Each antenna receives
the radiation from an astronomical source located at an angle \ in the form of
plane electromagnetic waves, inducing a signal *. The incoming wave front
of the plane wave reaches antennas A1 and A2 at different times. This time
delay is called geometric delay gg and it is generated due to the orientation
of the baseline described with the vector b with respect to the pointing
direction of the antennas, i.e., the source position, indicated with the vector
s:

gg =
b · s
2

(2.7)

where 2 is the speed of light. The signals*1 and*2 received by each antenna
reach the correlator where they are combined (voltage multiplication) and
corrected for the time delay (time averaging). The output of this operation is
called the interferometer response A (gg). The step after the correlation consists
of the integration of the interferometer response over time. This operation
produces the sky visibility + (D, 3), where D and 3 are the coordinates of
the plane describing the position of the baseline, i.e., the D3 plane. The
visibility + (D, 3) is defined as the Fourier transform of the specific intensity
(or brightness distribution) of the source on the sky � (G, H):

+ (D, 3) =
¨

�(G, H)� (G, H)4−2c8 (DG+3H) dGdH (2.8)

where �(G, H) is the effective collecting area of the antenna. In the equation
above, � (G, H) represents the quantity to retrieve from the interferometric
observations, the intensity distribution of the astronomical source. If a
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FIGURE 2.7: Schematic illustration of a two-antenna interferometer. Plane waves emitted by an
astronomical source reach antennas A1 and A2. The source position is indicated by the vector
s. The orientation of the baseline is described by the vector b.

Fourier inversion is applied to Eq. 2.8, the modified specific intensity � ′(G, y)
is obtained:

� ′(G, H) = �(G, H)� (G, H) =
¨

+ (D, 3)42c8 (DG+3H) 3D33. (2.9)

The two equations above, known as the van Cittert-Zernike theorem (van
Cittert, 1934; Zernike, 1938), connect the visibility to the specific intensity
of the source. According to the theorem, an image of the intensity of the
source can be achieved by inverting the Fourier transform of the visibility.
In reality, this is not possible because the antennas do not sample the entire
D3 plane. To each baseline of the interferometer corresponds one location in
the D3 plane. In the geometry depicted in Figure 2.7, there is one baseline,
which collects one visibility data. Due to Earth’s rotation, the position of the
D and v coordinates changes with respect to the astronomical source, and
this increases the sampling of the D3 plane. This concept is represented in
Figure 2.8. In an interferometer composed by more elements, even though
the antennas are positioned to maximize the coverage of the D3 plane, a
minimum preventive separation between them is inevitably required, causing
a loss of Fourier components during the imaging. Consequently, part of the
intensity is unavoidably filtered out, even with the most compact array
configurations. To recover part of the "missing" visibilities, in this thesis
I combine interferometric and single-dish data following the procedure
described in Sect. 2.3.4.

To summarize, throughout each observational run, every baseline collects
visibilities, which are integrated over a few tens of seconds. This process
is repeated over and over for a number of iterations for all the operative
baselines until the coverage of the D3 plane is satisfactory or, alternatively,
the desired sensitivity is reached. The coverage of the D3 plane is highly
dependent on the number of operative baselines and on the integration time.
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FIGURE 2.8: Relations between the sampling function ( (D, 3), the dirty beam � (G, H), the
intensity distribution � (G, H) and the dirty image �� (G, H). The Fourier transform of the
sampling function is the dirty beam. The dirty image is the result of the convolution of the
intensity distribution by the dirty beam. Credit: D. J. Wilner - 2020 SMA Interferometry School.

The higher the number of baselines, the more visibilities will be retrieved and
therefore, more information on the intensity of the source will be obtained.
Additionally, a longer integration time will result in a better coverage of the
D3 plane as a consequence of the rotation of the Earth. The totality of the
baseline positions in the D3 plane acquiring visibility data is defined as the
sampling function ((D, 3). The Fourier transform of ((D, 3) is referred to as
dirty beam �(G, H):

�(G, H) =
¨

((D, 3)42c8 (DG+3H) 3D33. (2.10)

which represent the response of the interferometer to a point source (point
spread function). Figure 2.8 shows an example of sampling function and
dirty beam. To a better sampled D3 plane (more baselines collecting visibili-
ties) corresponds a more defined dirty beam shape.

To account for the discrepancy in the D3 coverage between longer and
shorter baselines, the sampled visibility is weighted according to the most
appropriate weighting function 6(D, 3). The application of the weighting
function is a key step to reduce the imbalance between the longest baselines,
which contain information on the small spatial scales, and the shortest
baselines, which map the large spatial scales and carry the bulk of the flux.
Natural, uniform and Briggs are the most widely used weighting functions.
The natural weighting increases the signal-to-noise ratio, at the expense
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of the angular resolution. This is because it gives lower weight to the
long baselines, whereas the shortest baselines are enhanced. In contrast,
the uniform weighting partially attenuates the short baselines, with the
inevitable effect of losing some of the recorded flux at larger spatial scales.
Often, the Briggs or robust weighting is adopted (Briggs et al., 1999) which
allows to achieve a good balance between the uniform and the natural
weighting. When a Fourier transform is applied to the sampled visibility, an
image of the intensity is obtained:

�� (G, H) =
¨

((D, 3)+ (D, 3)42c8 (DG+3H) (2.11)

��(x,y) is referred to as dirty image, and it is related to the dirty beam
�(G, H) and the intensity � (G, H) by:

�� (G, H) = � (G, H) ∗ �(G, H), (2.12)

the dirty image �� (G, H) is the convolution (∗) of the intensity distribution of
the source by the dirty beam. Figure 2.8 recapitulates the relations between
the sampling function ((D, 3), the dirty beam �(G, H), the intensity of the
source � (G, H) and the dirty image �� (G, H). The final image of the intensity
distribution of the source of interest is acquired after calibrating the raw
data and applying the preferred deconvolution method to erase the effects
of the dirty beam from the dirty image.

2.3.3 Interferometric data calibration and imaging

Besides carrying the information on the source of interest, the visibilities
recorded by the interferometer include "contamination" from atmospheric
effects (e.g., atmospheric composition, turbulence, etc.) and from the instru-
mental effects (e.g., antenna position errors, receiver delays). Therefore, it is
necessary to calibrate the visibilities with the outputs of selected calibrators.
These are objects (typically quasars, planets, asteroids and satellites) whose
positions and fluxes are well-known. Note that each calibration step requires
different calibrators with specific characteristics. Each step is summarily
described in the following.

1. Bandpass calibration
This calibration step monitors the spectral response to ensure signal
at each frequency interval. In particular, it tackles the undesired ef-
fects caused by delay offset, cable delays originated in the receiving
system, as well as the repercussions due to the presence of molecular
oxygen and ozone in the atmosphere. The bandpass calibrators are
normally bright point-like sources akin to strong quasars (e.g, 3c84,
3c279), whose spectra are line-free over a few GHz. Quasars are par-
ticularly suited for this task as they are strong emitters at all baselines
independently on the baseline length.

2. Phase calibration
The second step of the calibration has the objective of removing instru-
mental and atmospheric phase-variability from the visibilities. Such
variability takes place at different timescales in the atmosphere. There
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are short-term events mostly associated with atmospheric turbulence
akin to variations of water vapour in the atmosphere, and long-term
events such long-lasting changes of the weather conditions throughout
the observations and antenna position errors.

For the Submillimeter Array datasets, the correction for these fluctua-
tions is carried out by observing gain calibrators. These are usually
bright quasars emitting at radio wavelengths. One of the discrimi-
nators in the selection of the gain calibrators is their vicinity to the
source of interest on the sky. This is because they should ideally cover
the same atmospheric properties as the target. This calibration step
consists of performing a linear fit or fitting with a spline function the
averaged visibilities as function of time.

3. Amplitude calibration
The amplitude calibration is required to eliminate instrumental vari-
ability, e.g, sub-optimal antenna pointing and focus, and to apply a
residual correction for atmospheric opacity. In general, the amplitude-
variability occurs at slower timescales compared to the phase-variability.
The amplitude calibration step is similar to the phase calibration, but
the amplitude of the visibilities is fitted instead of the phase. Normally,
the phase and amplitude calibrations make use of the same calibra-
tors. As the flux of the quasars adopted in the amplitude calibration
slightly varies as function of time, their absolute flux is determined by
comparison with flux calibrators in the following step.

4. Flux calibration
The final step of the calibration places the visibilities on a consistent
flux scale. This process can be compared with the usage of standard
stars in optical observations. In this step the antenna temperature ()�)
usually in Kelvin (K) is converted into a flux in Jansky (Jy). The flux
calibrators are commonly Solar System sources not heavily resolved by
the interferometer such as Uranus, Callisto, and Titan. The selection of
the flux calibrator depends on the targeted configuration and angular
resolution.

When all the atmospheric and instrumental effects are removed and the
observational data are properly calibrated, it is possible to proceed with
the imaging to visualize the intensity distribution of the source of interest.
The software used in this thesis to both calibrate and image, and more
generally to inspect and analyse the interferometric data is the Common
Astronomy Software Application (CASA)2 package (McMullin et al., 2007). 2http://casa.nrao.edu/

The adopted deconvolution method is the CLEAN algorithm (Högbom, 1974),
which assumes that the image of the intensity distribution of the source is
made of point sources. The clean task constructs a model of the intensity
distribution of the source which resembles to the dirty image �� (G, H). This is
achieved through the iterations described below and illustrated in Figure 2.9:

1. Identify the peak in the dirty image �� (G, H);

2. Subtract a factor W with the dirty beam shape from the dirty image at
the peak position identified in step 1. After the first subtraction, the

http://casa.nrao.edu/
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FIGURE 2.9: Simulation of the CLEAN deconvolution algorithm. The images display the
theoretical model of the intensity distribution of the source � (G, H) , the dirty image �� (G, H) ,
the dirty beam � (G, H), the CLEAN component map, the residual image and the restored
CLEAN image. Credit: D. J. Wilner - 2020 SMA Interferometry School.
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dirty image is referred to as residual image. The factor W is typically
∼0.1.

3. Create the CLEAN component map, by filling the map with the point
sources (i.e., intensity and position values) subtracted from step 2.

4. Iterate steps 1−3 until the peak in the residual image is smaller than
a selected stopping threshold, e.g., the peak in the residual image is
lower than a fraction of the theoretical rms noise.

Once the above steps are successfully completed, the point sources which
are part of the CLEAN component map are convolved with the CLEAN beam
- which is a Gaussian beam resembling the main lobe of the dirty beam -
and added to the residual image (Figure 2.9). The outcome of this last
operation is the CLEAN image which contains the information of the intensity
distribution of the source of interest.

2.3.4 Combination of interferometric and single-dish data

When planning an observation, the characteristics of the astronomical source
to be observed and the science goals to be addressed are the main factors
in the selection of the most suitable radio telescope to use. Interferometers
are ideal to study compact objects at high angular resolutions inaccessible
with single-dishes, whereas the latter are apt to observe extended objects
- since interferometers are unable to fully recover the information on the
largest scales (Sect. 2.3.2). However, a number of scientific goals, akin
to the projects carried out in Chapters 5, 6 and 7, require high angular
resolution observations of extended objects. This implies applying the so
called "short-spacing correction" to the interferometric observations, which
can be achieved by:

• observing the extended object with the interferometer;

• observing the same object with the single-dish;

• calibrating both datasets to ensure they have analogous flux density
scales;

• combining the interferometric and single-dish data using the preferred
combination algorithm.

The following provides a description on how interferometric and single-
dish data are folded together. A single-dish telescope can be described as sets
of small hexagonal panels (Figure 2.10). In this definition the signal received
by each hexagon is combined at the center of the dish, commensurate with
the combination of the signal coming from individual antennas forming
part of an inteferometer. The separation between two hexagonal panels
can be referred to as the baseline 3, which is equal to zero at the center
of the dish. The longest baseline is dictated by the diameter of the single
dish �B3 (Figure 2.10). This representation makes it possible to interpret a
single-dish as an interferometer composed by an infinite number of antennas,
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FIGURE 2.10: Schematic illustration of a single-dish represented as an interferometer. Left: the
hexagonal panels are compared to the antennas composing the interferometer. The separation
between the panels is the baseline 3 and the diameter of the single-dish is �B3 . Right: Graph
illustrating the baseline distribution decreasing from the center of the dish to the longest
baseline dictated by �B3 . Credit: Stanimirovic (2002)

and by inference to apply the same mathematical notation to single-dish
and interferometric data. The single-dish dirty image is defined as:

��B3 (G, H) = �B3 (G, H) ∗ � (G, H) (2.13)

where �B3 (G, H) is the single-dish dirty beam. When a Fourier transform is
applied to Eq. 2.13, the sampled single-dish visibility+B3 (D, 3) is obtained. In
contrast to the interferometric sampled visibility, +B3 (D, 3) does not require
the application of a weighting function as it is a continuous function. This is
due to zero spacing between the hexagonal panels of the single-dish.

The development of techniques to combine single-dish and interferomet-
ric data has been pursued since the 80’s. Introductions to the subject and to
different methods to perform the combination can be found in Vogel et al.,
1984; Weiß et al., 2001; Stanimirovic, 2002; Helfer et al., 2003; Kurono
et al., 2009; Koda et al., 2011 and references therein. Throughout the years,
these techniques have been tested and implemented in the most widely used
astronomical data handling packages. The single-dish and interferometric
data combined in this thesis employ the feathering algorithm, which
can be executed in CASA. Figure 2.11 displays the CASA workflow for the
combination of interferometric and single-dish data, which is described
below:

• Preparation of the calibrated single-dish image
The single-dish image is imported to CASA and it is regridded using
the task imregrid to match the image shape, the pixel size and the
coordinate system of the interferometric image. When this step is
completed, the two datasets must have identically gridded spectral
axes.

• Flux conversion of single-dish image
Before adding the short-spacing to the interferometric data, both
interferometric and single dish images are required to have the same
flux density normalization scale. The single-dish image is converted
from antenna units to Jy/beam using the immath command.



OBSERVING MOLECULES AT MILLIMETER WAVELENGTHS 35

C
al

ib
ra

te
d 

in
te

rf
er

om
et

ric
 d

at
a

C
al

ib
ra

te
d 

si
ng

le
-d

is
h

Im
ag

in
g

In
te

rf
er

om
et

ric
 im

ag
e

Fe
at

he
rin

g

Im
ag

in
g

Si
ng

le
-d

is
h 

im
ag

e

Pr
ep

ar
at

io
n

of
 th

e 
si

ng
le

-d
is

h 
im

ag
e

Fl
ux

 c
on

ve
rs

io
n

of
 th

e 
si

ng
le

-d
is

h 
im

ag
e

C
re

at
io

n
of

 a
 p

se
ud

o-
in

te
rf

er
om

et
ric

 im
ag

e

Ps
eu

do
-in

te
rf

er
om

et
ric

 im
ag

e

C
om

bi
ne

d 
in

te
rf

er
om

et
ric

 a
nd

 s
in

gl
e-

di
sh

 im
ag

e

c
l
e
a
n
/
t
c
l
e
a
n

i
m
r
e
g
r
i
d

i
m
m
a
t
h

f
e
a
t
h
e
r

+

i
m
m
a
t
h

FI
G

U
R

E
2.

11
:

W
or

kfl
ow

de
sc

ri
bi

ng
th

e
st

ep
in

vo
lv

ed
in

th
e

co
m

bi
na

ti
on

of
in

te
rf

er
om

et
ri

c
an

d
si

ng
le

-d
is

h
da

ta
.



36 METHODS

FIGURE 2.12: Example of the combination of interferometric and single dish data. The three
panels display integrated intensity maps of the CH3OH 5 − 4 A+ line observed with the SMA
(top), the APEX telescope (middle) and the combined SMA + APEX datasets (bottom). The
interferometer filters out spatially extended emission. The single-dish telescope retrieves the
large-scale emission. The combination of the interferometric and single-dish data recovers the
spatially extended emission in the region of interest, where the sources represented by dark
red crosses are located.
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• Creation of a pseudo-interferometric image
The single-data is multiplied by the interferometric primary beam
response to assure that both datasets have the same response on the
sky. This step is computed using the immath command. The single-
dish image is thus transformed into the so-called pseudo-interferometric
image.

• Feathering
The feathering algorithm is computed using the feather command.
This task initially scales the intensity of the pseudo-interferometric
image by the ratio of the volumes of the interferometric and single
dish CLEAN beams. Next, it adds the visibility of the interferometric
image to the scaled pseudo-interferometric image in the D3 plane. The
outcome is Fourier-transformed to obtain the combined interferomet-
ric and single-dish image. Figure 2.12 displays an example of the
combination of interferometric and single-dish using SMA and APEX
datasets.
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