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Facoltà di Scienze Matematiche Fisiche e Naturali

Dipartimento di Fisica

Kinematics of High-Mass
Star-Forming Regions via VLBI
observations of Maser Species

PhD Thesis

Alberto Sanna

Advisor: Prof. Nicoló D’Amico
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Abbreviations

AIPS: Astronomical Image Processing System

EVN: European VLBI Network

FWHM: Full Width Half Maximum

HCH ii: Hypercompact H ii region

HMC: Hot Molecular Core

HMSFR: High-Mass Star-Forming Region

HMPO: High-Mass Protostellar Object

HPBW: Half Power Beam Width

ICRF: International Celestial Reference Frame

IMF: Initial Mass Function

ISM: Interstellar Medium

JIVE: Joint Institute for VLBI in Europe

l.o.s.: line of sight

LSR: Local Standard of Rest

mas: milli-arcsec

MASER: Microwave Amplification by Stimulated Emission of Radiation

P.A.: Position Angle

PMS phase: Pre-Main-Sequence phase

SED: Spectral Energy Distribution

SEFD: System Equivalent Flux Density
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Abbreviations

SFR: Star-Forming Region

UCH ii: Ultracompact H ii region

VLA: Very Large Array

VLBA: Very Long Baseline Array

VLBI: Very Long Baseline Interferometry

YSO: Young Stellar Object

ZAMS star: Zero-Age-Main-Sequence star
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Prologue

High-mass stars are defined as those with masses exceeding about 8 M¯ and bolo-
metric luminosity grater than 103 L¯.

Hot, dense, molecular cores (HMCs) of dust and gas located in giant molecular
clouds (GMCs) are the birth sites of high-mass young stellar objects (YSOs). Ul-
traviolet light from the newly formed stars ionizes the surrounding gas, creating a
ultra compact H ii region (UCH ii), excites several molecular transitions, and heats
the dust, which reradiates the energy in the far infrared (FIR) band. At radio wave-
lengths, the maser emission from several transitions of different molecular species is
considered a signpost of the earliest evolutionary phases of high-mass (proto)stars,
that can be observed even before the appearance of an UCH ii region. From an
observational point of view, however, the study of high-mass star-forming regions
(HMSFRs) is challenging because of three main limitations: the dusty environment
is obscured at optical/near infrared (NIR) frequencies; time scales of massive star for-
mation are short, and hence, the chance of observing massive YSOs is small; massive
YSOs are rare and statistically found far away from us clustered in tight associa-
tions. Therefore, dynamical structures and velocity fields around high-mass forming
YSOs can be necessarily tested and properly measured only by having a strict syn-
ergy of multi-wavelength observations, especially in the radio regime. Our work, is
focused on multi-transition studies of maser molecules to compare with thermal lines
information.

The main goals of this thesis are therefore to: a) investigate the relationship be-
tween HMSFRs and different maser transitions in order to inquire core fragmenta-
tion and evolutionary trends; b) unveil the nature of velocity fields around high-mass
YSOs via the 3D kinematics of their masing-clouds; c) determine accurate distances
to HMSFRs through maser observations as astrometric targets, in order to increase
the reliability of the estimates of their physical properties, such as mass and lumi-
nosity.

In order to achieve these purposes, we performed multi-epoch Very Long Base-
line Interferometry (VLBI) observations of the H2O maser transition at 22.2 GHz,
that of the CH3OH at 6.7 GHz, and of the OH one at 1.665 GHz toward two HMS-
FRs, G16.59–0.05 and G23.01–0.41, for which previously interferometric, thermal
line emission studies were conducted. The VLBI technique provides the best linear
resolution available, so far, of 1 AU at a distance of 1 kpc and allow to measure
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Prologue

the radial and transverse motions of individual clouds emitting maser at comparable
scales. Furthermore, we monitored the 12.2 GHz CH3OH masers in the HMSFR
G9.62+0.20, with respect to background quasars, to infer its distance with an accu-
racy better than about 10%.

The thesis is organized as follows.
Chapter 1 provides a brief introduction of the high-mass star formation environ-
ment. We first describe the information that can be inferred by multiwavelength
observations toward HMSFRs, and then introduce the main current theories on the
massive star formation processes with special attention to their relation with obser-
vational evidences. In particular, we present two main applications of interferometric
(VLBI) studies of maser emissions toward HMSFRs, of interest for this thesis: the
analysis of velocity fields in protostellar cocoons by means of masing-clouds proper
motions; the determination of distances from star-forming regions via trigonometric
parallaxes of maser emission centers. The original contributions of the PhD activity
are described in the following three chapters. A detailed study of the maser associa-
tions toward the massive star-forming region G16.59–0.05, of hydroxyl at 1.665 GHz,
methanol at 6.7 GHz, and water at 22.2 GHz is discussed in Chapter 2 and compared
to the thermal lines information. Noticeably, here, we report the first multi-epoch
VLBI analysis of the proper motion of methanol 6.7 GHz masing-clouds. Particu-
larly relevant findings toward the HMSFR G23.01–0.41 are presented in Chapter 3,
where all the maser transitions are detected in close proximity to the same young
stellar object(s) allowing us to simultaneously compare their different kinematic envi-
ronments. In Chapter 4 we present the results of an accurate distance measurement
of the HMSFR G9.62+0.20, obtained by studying the relative motion of its 12.2 GHz
methanol masers with respect to fixed background sources. The final chapter, Chap-
ter 5, summarizes the main conclusions of the thesis and sketches a working plan
for follow-up studies.
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1
High-Mass Star-Forming Regions

The origin of high-mass stars is one of the most interesting, long-standing question
of the modern Astrophysics. These massive stars are particularly important because
they exert a strong influence on their surroundings through a wide variety of feed-
back mechanisms at small and large scales. Throughout their life cycle, in fact, they
inject significant amounts of energy and momentum into the Galactic interstellar
medium (ISM) through stellar winds, molecular outflows, and UV radiation. Be-
sides, high-mass stars end their relatively short life in a violent supernova event,
introducing heavier elements in the ISM and, possibly, triggering recursively star
formation through shocks associated with the supernova explosions. The definition
of high-mass star strictly relies on its early evolution, because the intense radiation
pressure produced by the ignition of hydrogen burning is able to halt the inflow of ac-
creting material onto the star, setting an upper limit to the stellar mass. This roughly
happens when the accretion timescale (free-fall time, tff ), the gravitational collapse
of a dense cloud of gas and dust, equals or exceeds the Kelvin-Helmholtz timescale
(tKH), on which a star tries to restore thermal equilibrium when it is perturbed (e.g.,
Stahler et al. 2000). This event requires a star with a bolometric luminosity greater
than 103 L¯, corresponding to a B3 spectral type on the Zero-Age-Main-Sequence
(ZAMS; e.g., Panagia 1973). At a standard accretion rate of 10−5 M¯ yr−1, this im-
plies a stellar mass exceeding about 8 M¯, which is a wide accepted reference value
to define an high-mass star1.

How to solve this seeming paradox of an upper limit to the mass of a star, of
about 8 M¯, with respect to observed stellar masses up to 100–150 M¯? How do

1Alternatively, these values imply an OB star sufficiently massive to produce a type II supernova.
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1 High-Mass Star-Forming Regions

high-mass stars form? And which are the the physical and chemical properties of
their environments, i.e. the HMSFRs? The lack of knowledge about the forming
processes of massive stars is mainly due to the fact that it is difficult to identify their
earliest evolutionary stages. From an observational point of view, indeed, the study
of HMSFRs is challenging because of three main limitations:

1. their dusty environment suffers high extinction at optical/NIR frequencies (AV >
100 mag.);

2. time scales of massive star formation are short (∼ 105 yr), and hence, the
chance of observing massive YSOs is small. In particular, they do not have an
optically visible pre-main-sequence (PMS) phase.

3. massive YSOs are rare (e.g., the Initial Mass Function, IMF) and statistically
found far away from us, at distances of a few kpc. Additionally, the clustered
mode, in which massive star formation generally seems to proceed, makes it
very difficult to resolve and locate young high-mass (proto)stars.

Thus, from the first two items, we infer that to study the earliest evolutionary
phases of massive star formation observations at radio frequencies2 are manda-
tory. The third item, instead, clearly implies that the highest spatial resolution
available, viz. interferometric measurements, is necessary to gain an insight
into the environment of YSOs.

In the following, we provide the scientific background of the high-mass star formation
and the scientific rationale of our experimental approach. The main properties of
HMSFRs and the physical conditions which lead to the formation of a massive star
are presented (Sect. 1.1). We also illustrate the main ideas of competing theories
which aim at explaining how an high-mass star forms and we emphasize the weak and
strong points of these theoretical approaches compared to the observational evidences
(Sect. 1.2). A brief review of the maser emissions as a diagnostic tool in HMSFRs is
then presented, with particular attention to the contribution that VLBI observations
of different maser species provides both in disclosing the gas kinematics around YSOs
and the dynamical structure of the Milky Way (Sect. 1.3).

2In Astrophysics, the radio band is defined within the frequency range from about 10−2 to 102 GHz
(or from a wavelength of about 10 m to a mm).
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1.1 The environment of massive star formation

1.1 The environment of massive star formation

Hot, dense, molecular cores of dust and gas located in giant molecular clouds are the
birth sites of high-mass young stellar objects. The GMCs are the largest structures
within our Galaxy, with sizes ranging from about 20 to 102 pc and masses between
104–106 M¯ (e.g., McKee 1999). Whereas multi-transitions surveys of GMCs show
that the average local density (nH) is about 103–104 cm−3 with temperature between
10–15 K, the overall volume-averaged densities, within 50–100 cm−3, are much less
than the local density values. This strongly indicates that the molecular gas is highly
clumped. Following Williams et al. (2000), we use the term clumps for condensations
associated with cluster formation that are gravitationally bound structures within
GMCs. Peak densities in such dense clumps can easily reach 106 cm−3, and the
massive structures we are interested in have, typically, masses between 100 and a few
103 M¯. Massive dense clumps are the main locations where high-mass star formation
is taking place. Within an individual clump, the term hot molecular cores is used for
molecular condensations that form single or gravitationally-bound multiple, massive
YSOs.

To date, the research on high-mass star formation has focused on two main targets:
the so called high-mass (proto)stellar objects (HMPOs) and the UCH ii regions (e.g.,
Molinari et al. 1996; Sridharan et al. 2002).

From an observational point of view, since it is hard to distinguish between proto-
stars and young ZAMS stars (see Sect. 1), these two terms generally overlap. How-
ever, the term protostar or protostellar object refers to a gaseous object in hydrostatic
equilibrium (gas pressure forces balance the gas self gravity), which has not yet begun
to burn hydrogen but that, at a subsequent time, will certainly do it. At the point
when hydrogen starts to burn, we speak of a ZAMS star; then, as long as hydrogen
burning occurs in the center, we speak of a main-sequence star. In particular, dur-
ing the protostellar phase the bolometric luminosity is mainly due to the accretion
process rather than to nuclear energy (e.g., Palla & Stahler 1993).

On the other hand, as high-mass (proto)stars increase in mass and luminosity, they
emit an ever larger number of high energy UV photons which ionize the (proto)star’s
immediate surroundings. Hence, the small, compact (size < 0.1 pc) nature of the
free-free radiation (i.e. UCH ii region) observed is usually considered evidence of
the young status of the driving source (see Hoare et al. 2007 for a recent review).
This stage follows the HMPO phase3, as proved by a higher value of the distance-
independent quantity mass-to-luminosity ratio (M/L; e.g., Sridharan et al. 2002).
Indeed, for an equal amount of dust mass, UCH ii regions have higher bolometric
luminosities than HMPOs, suggesting that the HMPOs are significantly younger,

3By definition, at this stage only very weak or no free-free emission at centimeter wavelengths is
emitted.
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1 High-Mass Star-Forming Regions

with more molecular gas left, and have less (stellar) radiation reprocessed in the IR.
Evolving further to the UCH ii region stage, the source becomes more luminous and
starts to destroy its surrounding cocoon of gas and dust.

In the last two decade, a few observational criteria have been selected to identify
the best UCH ii regions and HMPOs candidates (e.g., Wood & Churchwell 1989;
Sridharan et al. 2002). At first, massive young stellar objects heat the surrounding
dusty cocoon, which reradiates the energy with a characteristic UCH ii color and
far-infrared (FIR) excess (S100 of several 102 Jy). Their FIR flux density peaks at
about 100 µm implying temperature ∼ 40 K. Such flux densities are typically 3 to
4 orders of magnitude greater than that of the radio free-free emission extrapolated
to 100 µm. In addition, the dusty cocoon is optically thick at NIR and shorter
wavelengths. Furthermore, the high-density, high-temperature environment of the
YSOs excites several molecular transitions (e.g., van Dishoeck & Blake 1998) such
as the ammonia (NH3), used to probe the cloud’s kinetic temperature (on average
∼ 20 K; e.g., Molinari et al. 1996; Anglada et al. 1996), and the CS molecule, used
to determine its density (104–105 cm−3; e.g., Bronfman et al. 1996). HMSFRs and,
more specifically, the hotter region of their cores, exhibit a rich chemistry (e.g.,
Beuther et al. 2005) from simple two-atoms molecules (e.g., CO and its isotopomers)
to large organic carbon chains (e.g., CH3CN, CH3OH, and HCOOCH3).

In the following, we briefly review how observations from different frequency ranges
are used to constraint HMSFR’s properties. A special attention will be given to the
emission from maser species, that constitutes the main subject of this PhD thesis.

IR/sub–mm/mm: The IR and sub-mm emissions trace the warm dust close to
YSOs and can be used to infer their bolometric luminosity (found between 103

and 106 L¯), by measuring the processed radiation from their dusty envelope (e.g.,
De Buizer et al. 2005; Beltrán et al. 2006; Molinari et al. 2008). Detailed models of
the dust emission from these sources (e.g., Williams et al. 2005), combined to spec-
tral energy distribution (SED) modeling (e.g., Osorio et al. 1999; van der Tak et al.
2000), allows one to infer the characteristics of an isolated protostar in massive star-
forming regions. Indeed, the morphology and density structure of the natal sur-
roundings has a strong influence on the evolution and properties of the emerging
(proto)stars (see Sect. 1.2.1). In particular, the submillimeter/mm continuum ra-
diation from these dusty regions is an excellent tracer of column densities (about
1023–1024 cm−2), visual extinctions (up to 103 magnitudes), masses (102–103 M¯),
and average volume densities (a few times 105 cm−3) because it is generally optically
thin (e.g., Walsh et al. 2003; Williams et al. 2004; Beuther et al. 2002a). However,
the spatial resolution of the current instruments4 (> 10 arcsec) can only provide us

4At present, sub-arcsec imaging is possible only in the submillimeter with, e.g., the Submillimeter
Array (SMA) and at the mid-IR regimes with, e.g., the Jet Propulsion Laboratory mid-IR camera
(MIRLIN). In fact, instrumental limitations and poor atmospheric transparency make sub-arcsec
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1.1 The environment of massive star formation

with the fluxes integrated over the whole star-forming cluster and, thus, can only
marginally constrain the emission of individual cluster members. Nevertheless, these
fluxes are regularly employed to estimate the integrated luminosity of young HMS-
FRs by two-component greybody fits and can be used to set further constraints on
the density distribution of the regions (e.g., Sridharan et al. 2002). Fits performed
at the higher and lower wavelengths separately indicate cold (around 40 K) and hot
(150–200 K) dust components, respectively. These distinctions account for the obser-
vational results indicating that sub–mm detections are frequently and significantly
offset from their associated IR counterparts. This strengthen the doubt on whether
these objects are related, or they are actually individual un-related objects with dif-
ferent sub–mm and IR properties. If the clumps detected are potential (proto)groups
or (proto)clusters, it is possible that young stars in the less dense, more transparent
extremities of the envelope may be more visible at shorter wavelengths5. The de-
gree of coincidence of different peak frequencies may point toward an evolutionary
scheme, from the oldest, most evolved sources with mid–IR detections and no coin-
cident sub–mm emission, to the youngest, most embedded sources with potentially
no mid–IR detection and high IR optical depth. All these findings emphasize that
clumps bearing high-mass stars do not form in isolation as usually low-mass stars do,
and that they may lie in close proximity to (other) potentially star-forming clumps6.
These high-mass envelops extend considerably further (up to 1019 cm) and are denser
(mean optical depth at 100 µm of about 3) than those hosting low-mass protostars.
Moreover, their cores can be successfully modeled using envelops of power-law density
structure (where ρ ∝ r−α) with mean indices of about 1.3 (e.g., Beuther et al. 2002a;
Williams et al. 2005). As will be discussed in Sect. 1.2, a physical interpretation of
this results is that, while for massive objects non-thermal support is necessary, in
low-mass objects thermal support is instead the main opponent force against gravi-
tational collapse (e.g., Churchwell et al. 1990; Churchwell 2002).

cm–mm: The continuum emission between 7 mm and 6 cm traces the radio free-
free from the ionized gas in HMSFRs, which may be confused with dust emission

imaging impossible in the FIR. For instance, the Infrared Astronomical Satellite (IRAS, 1983–
1984) data have a spatial resolution of 40–100 arcsec (values taken from the High Resolution-
HIRES database) at the wavelengths of 21, 25, 60, and 100 µm. The subsequent Midcourse Space
Experiment (MSX, 1996–1997) survey of the whole galactic plane, performed between 8 to 21 µm,
has a spatial resolution of about 18 arcsec. The current SPITZER Space telescope, which covers
a band between 3 to 180 µm, and allows deeper imaging in the FIR regime with resolutions
of about 16 arcsec at 100µm, is still not capable to spatially resolve the massive star-forming
clusters (see http://irsa.ipac.caltech.edu for further details).

5Alternatively, the observations of a displacement between sub-mm and IR emissions might also be
caused by reflection nebulae, i.e. reprocessed radiation from a deeply embedded source.

6The cluster evidence is also expressed by a companion clump fraction (CCF) greater than 0.6,
which quantify the likelihood of finding all clumps in isolation (CCF = 0) with respect to at least
a one-to-one (CCF = 1) correspondence (Williams et al. 2004).
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1 High-Mass Star-Forming Regions

especially at 7 mm. Since the Lyman continuum expected from a high-mass ZAMS
star, with a spectral type earlier than B3, is in excess of about 1044 photons per
second, the radio emission at the early evolutionary phases of massive YSOs might
be caused by recently excited H ii regions, but also from jet/stellar winds phenomena
(Panagia & Felli 1975) and/or synchrotron emission (Reid et al. 1995). However, it
requires spectral index information (S ∝ να) to properly discriminate among the
three phenomenologies.

thermal lines: HMSFRs show molecular line “forests” sensitive to the peculiar
physical and chemical conditions expected near HMPOs, i.e. high temperatures,
high densities, and elevated abundances of molecular species resulting from evap-
oration of icy grain mantles (e.g., CH3CN, HCOOCH3). Molecular lines are also
probes of both the turbulence and velocity fields in star-forming sites. The full-
width-to-half-maximum (FWHM) of Gaussian fits of the observed spectral profiles
gives line information about the degree of turbulence and the region where the gas
is mainly emitting. Since, for instance, the line widths for the CS and C34S iso-
topomer molecules are found between 2–4 km s−1, that is about 2–3 times those in
NH3 (1,1) and (2,2) transitions, it has been proposed that ammonia emission trace
the more quiescent medium-density interclump gas, whereas the CS molecule emits
mostly from the star-forming, and hence, more turbulent cores (e.g., Beuther et al.
2002a). The studies that allow us to derive velocity fields take, instead, profit of the
well-known Doppler effect. In particular, on the pc-scale, several molecular species
detected toward HMSFRs (such as CO, HCO+, SiO, etc.) are characterized by an
ordered spatial distribution of the blue- and redshifted wing emission of their spectral
profiles (w.r.t the rest velocity of the HMC). Their morphology is known as molecular
outflows with bipolar structures (see Arce et al. 2007 for a recent review). Systematic
molecular line studies have shown that these high-velocity (more than 30 km s−1)
gas phenomena are nearly omnipresent in the CO observations toward HMSFRs, as
well as in their low-mass counterparts, with a detection rate greater than 90%. In
particular, molecular outflows are recognized to be a basic ingredient for the forma-
tion of stars at all scales. Since a gravitational collapse acts to increase an existing
rotational component producing a centrifugal barrier, molecular outflows are thought
to be the most simplistic mechanism to transport angular momentum away from the
collapsing core (see Sect. 1.2). Some physical parameters of the star-forming process
can be inferred from outflow studies (e.g., Beuther et al. 2002b): the mass of the
flow7 (up to hundreds of M¯); the degree of collimation of the outflows8 (fc ≥ 2);
the characteristic dynamical time scale of the outflows motion (between 2× 104 and
2 × 105 yr); the energetic of the flows expressed by their mechanical force (a few

7The mass involved in the outflow has to be regarded as opposed to the mass directly expelled (i.e.
a jet) from the YSO, which determine its mass loss rate.

8The collimation factor, fc, is the length of the flow divided by its width.
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1.1 The environment of massive star formation

tens of 10−3 M¯km s−1/yr) and mechanical luminosity (on average a few tens of
L¯). These outflow parameters show they are large, very massive and energetic and,
most important, the outflow mass is correlated to the core mass over many orders of
magnitude. Furthermore, the outflow formation time scale is also tightly correlated
with the dynamical evolution of the core (see also Sect. 1.2.2 for details on this topic,
especially w.r.t. their impact on the star formation mechanism).

maser lines: The discovery of the first astronomical maser (acronym for microwave
amplification by stimulated emission of radiation) was the hydroxyl (OH) maser by
Weaver et al. (1965), followed shortly after by the first detection of an astronomical
water (H2O) maser by Cheung et al. (1969). In the years following these major
discoveries, astronomers found that these maser species were closely associated with
phenomena related to the formation of massive stars; in particular they appeared to
be directly associated with regions of cm radio continuum and FIR emission. The
extremely reddened FIR colors of these regions as seen with IRAS confirmed the idea
that the masers are located in the hot, dusty environments where star formation is
taking place, characterized by copious amounts of radio emission. Masers, therefore,
became known as signposts of massive star formation.

Three observational properties of the maser emission directly follow from the physical
phenomenon (e.g., Elitzur 1992; Reid & Moran 1988): a) The maser amplification
process provides high flux densities (on average, up to 100 Jy at typical Galactic
distances) with typical SNR À 100. b) The phase coherence required by the maser
activity translates into a high degree of velocity coherence of the maser-emitting
environment, and hence, producing emission from compact regions (“spots”) which
may be as small as a few AU. c) The amplification process intrinsically implies a
narrowing of the line profile (usually . 1 km s−1 broad). All these characteristics
allow us to both identify the spatial distribution of the masing-clouds and measure
their line of sight (l.o.s) velocities, via Doppler shift of the maser rest frequency.
Furthermore, by combining observations performed at different times (i.e. epochs)
toward the same maser target, one may reconstruct the 3D kinematics (l.o.s. plus
transverse velocity9) of the gas traced by the maser emission. Therefore, maser emis-
sion is an ideal diagnostic tool to investigate the kinematics of ordered velocity fields,
such as those associated with jets/outflows, disks, and expanding/contracting shells
in HMSFRs (see Sect. 1.3.1). The shortcoming of this technique is related to the non-
local-thermodynamic-equilibrium (NLTE) conditions required by the maser activity,
and the dependence of the maser line strength to a variety of factors (amplifica-
tion path, beaming, degree of saturation, pumping mechanism, etc.), which prevent
to infer useful physical parameters (temperature and density) from the observables

9Transverse velocities are referred to as “proper motions”, viz. the transverse velocity of the maser
spot on the plane of the sky.
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(line width and brightness). Moreover, because of their physical properties, maser
emissions can be used as exceptional astrometric targets for trigonometric parallax
measurements to derive distances of HMSFRs from us. The distance to a HMSFR
is indeed a fundamental parameter to infer reliable values of its physical properties
such as mass and luminosity (see Sect. 1.3.2).

The three most powerful and widespread molecular maser species observed are: the
H2O maser at 22.2 GHz; the methanol masers (CH3OH) at 6.7 and 12.2 GHz;
the OH masers at the main-lines, 1.665 and 1.667 GHz, and satellite-lines, 1.612
and 1.720 GHz. Current models explain the H2O maser excitation by collisional
pumping with H2 molecules within hot (& 400 K) shocked layers of gas behind
both high-velocity (≥ 50 km s−1) dissociative (J–type; Elitzur et al. 1989) and slow
(≤ 45 km s−1) non-dissociative (C–type; Kaufman & Neufeld 1996) shocks, prop-
agating in dense regions (H2 pre-shock density ≥ 107–109 cm−3). CH3OH excita-
tion models, instead, predict that methanol maser emission is produced by radiative
pumping in cool (≈ 30 K), or moderately warm regions (< 200 K), with H2 densities
in the range 106–109 cm−3 (Cragg et al. 2005). Therefore, even though comparably
high densities are required for both water and methanol maser action, strong 6.7 and
12.2 GHz methanol masers can be produced at gas temperature significantly lower
than the shocked layers of gas emitting water masers. In particular, the most recent
modeling of OH masers environment in the presence of methanol maser emission
(Cragg et al. 2002) suggests that OH activity favors lower density than methanol
does (near nH2 ≈ 106 cm−3). A tentative evolutionary trend can be drown where
the water maser activity develops throughout the lifetime of a YSO, as long as a
strong interaction between the embedded forming object and the ambient material
exists, as also pointed out by the strong correlation between the broadening of the
CS and the NH3 lines and the maser luminosity (Anglada et al. 1996). Instead, the
appearance of the methanol maser emission seems related to a stage previous to that
when an ionized region is detectable at cm wavelengths (i.e. an UCH ii). Since the
OH molecular abundance in HMCs seems to peak after the methanol abundance has
started to decrease, strong OH masers would further mark a more evolved gas-phase
environment.

1.2 Observations confront Theory: how to make a massive
star

In order to provide a clear picture of the capability of observations in understand the
star-forming process, we have necessarily to briefly pinpoint the main achievements
for low-mass10 star formation, for which a firm observational support exists. Later
10It is commonly adopted in the literature to identify stars below 2 M¯ as “low-mass” stars, and

in the range 2–8 M¯ as “intermediate-mass” stars. Here, all stars below 8 M¯ will be called
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we will try to apply these concepts to explain the formation of high-mass YSOs.
Observations of star-forming material generally reveal low-mass cores to have

power-low density structures consistent with gravity-driven infall and accretion. Ob-
servations of star-forming clouds have been most frequently compared to the frame-
work presented by Shu et al. (1987) that describes how the density structure of a
core evolves as it collapses to form a star. As ambipolar diffusion causes the dissipa-
tion of the magnetic field supporting a core, material can fall inwards and the core
begins to resemble an isothermal sphere of density profile ρ ∝ r−2. With density
increasing fastest in the core center, it is exactly in the core that self-gravity first
overwhelms the supporting forces, and the cloud begins to collapse from the inside
out. Shu (1977) proposed that an expansion wave propagates through the cloud: in
the static outer protostellar envelope, ahead of the wave, an isothermal density struc-
ture persists (ρ ∝ r−2), while behind the wave the density profile eventually flattens
to ρ ∝ r−1.5 as material approaches free-fall closer to the core center. Thus, from an
observational point of view, Shu’s theory predicts that we should detect cores with
density structures of an inverse power-low form, with indices values lying somewhere
between 1.5–2.0. Although a more complete theory would also include perturbations
introduced by magnetic fields (e.g., Galli & Shu 1993) and rotational flattening (e.g.,
Terebey et al. 1984), it is the simplicity of the Shu’s predicted density structures that
makes the framework so easily to compare against observations (e.g., Motte & André
2001).

A further step toward understanding star formation is then to account for two
by-products of a slowly rotating and contracting core, viz. disk and outflow struc-
tures. Such mechanisms are ubiquitous in low-mass star formation, where the angular
momentum conservation flattens the gas and dust toward the equatorial plane ap-
proaching the YSO (i.e. a circumstellar disk). To allow most of the infalling material
to accrete onto the (proto)star against the centrifugal barrier (at typical rate of
about 10−5 − 10−6 M¯ yr−1), some material is ejected toward the polar regions: the
transformation of the rotational energy of the disk-star system into outflowing gas
via magnetohydrodynamic (MHD) mechanism results in collimated, bipolar outflows,
energized by hot free electrons (e.g., Pudritz et al. 2007).

From the point of view of the SED, we can employ the spectral indices11 of these
objects to categorize their evolutionary state (e.g., Lada 1987; Andre et al. 1993).
The following empirical evolutive sequence is based on the fact that, as long as the
YSO evolve, it becomes less embedded in its dusty cocoon (i.e. the mass-accretion
reservoir) and, consequently, the peak of its SED is expected to shift gradually to
shorter wavelengths (see Figure 1.1). The earliest evolutionary phase (≤ 104 yr) of
low-mass forming YSOs, the so called Class 0 phase, represents sources so deeply

“low-mass”.
11The spectral index is defined as αIR = dlog(λFλ)/dlog(λ).
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embedded in a dense molecular core that little emission would be detected at near-
and mid-infrared wavelengths (< 20µm), but having strong submillimeter emission.
It is believed that most of the stellar mass is accreted during the Class 0 phase, when
the core/envelope mass (MCore ≥ 0.5 M¯) is much greater than the mass of the
central object. This phase is characterized by the most active accretion-disk/ejection
phenomena. Positive values of 0 < αIR < +3 are considered to be Class I sources
related to the later (∼ 105 yr) phase of protostellar evolution, when the mass accretion
rate drops rapidly because of the central object becoming more massive than the
accreting envelope. Class II objects (i.e. visible T-Tauri stars; ∼ 106 yr) are defined
as having −2 < αIR < 0 and are thought to be a newly born pre-main-sequence
star surrounded by a nebular, optically thick disk (MDisk ≥ 10−2 M¯). Class III
objects are pre-main-sequence or near-main-sequence stars (≤ 107 yr), possibly with
planetary or stellar companions and an optically thin disk (MDisk ≤ 10−3 M¯), and
have values of −3 < αIR < −2.

Trying to apply the above accretion-based scenario for low-mass stars also to mas-
sive star formation, one of the major conceptual problems arises from the radiation
pressure massive star formation exerts on the surrounding dust and gas core. In
principle, this radiation pressure could be strong enough to stop further accretion,
and so applying the standard theory of low-mass stars also to account for the forma-
tion of massive stars would bring us to the paradox that massive stars cannot exist,
although we see them (see e.g., Zinnecker & Yorke 2007 and Beuther et al. 2007 for
complete reviews). Two primary approaches have been followed to overcame this
problem: i) the first and more straightforward approach is to modify the standard
theory quantitatively rather than qualitatively, the so called “monolithic accretion”
(e.g., McKee & Tan 2003; see Sect. 1.2.1). This scaled up version of the standard
picture for low-mass star formation suggests that massive stars can form within an
accretion-based picture of star formation. ii) In contrast, a paradigm change for the
formation of high-mass stars has been proposed based on the observational evidence
that high-mass stars always form at the dense centers of stellar clusters (“mass seg-
regation”) and are found in OB associations: the “coalescence scenario or merger
model”. In this scenario, the protostellar and stellar densities of a forming mas-
sive cluster should be high enough (∼ 108 pc−3) that protostars undergo physical
collisions and merge, hence avoiding the limitation due to the radiation pressure
(e.g., Bonnell et al. 1998). Actually, to date, the densest region observed suggests
stellar densities of “only” 106 pc−3. Hence, a less dramatic approach has been de-
veloped, suggesting that the bulk of the stellar mass is accreted via competitive
accretion in a clustered environment, the so called “competitive accretion model”
(e.g., Bonnell et al. 2004; see Sect. 1.2.1). This does not necessarily require the coa-
lescence of protostars, but the mass accretion rates of the massive cluster members
would be directly linked to the number of their stellar companions, implying a causal
relationship between the cluster formation and the formation of higher-mass stars
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Figure 1.1: Illustrative sketches show the evolution of the spectral energy distribu-
tion during low mass star formation. Initially the core is cold, 20–30 K, peaking in
the submillimeter (Class 0). An infrared excess appears and first peaks in the FIR,
rising longward of 2 µm emission from a warm envelope heated by the accretion lu-
minosity (Class I). The peak shifts to the mid- and near-IR as a disk forms. (Class
II). Its spectral shape depends on whether the disk is passive (merely re-processing
the radiation from the central star) or active (also kept hot by ongoing accretion).
Finally the YSO approaches a reddened blackbody of pure photospheric spectra,
and the disk dissipates (Class III). As is apparent, all stages of disk evolution are
best studied at by observations at wavelengths longer than 3 µm - i.e. in the thermal
IR (image from: http://www.phys.unsw.edu.au/jacara/pilotscience.php).

therein. While it is quite possible that some stellar mergers occur near the center of
some star clusters, at least for the most massive stars (> 100 M¯), the hypothesis
that stellar mergers are responsible for a significant fraction of the high-mass star
formation rate is, however, unlikely. Therefore, in the following we do not introduce
the merger model and address to Bally & Zinnecker (2005) for a discussion to an
observational testing.

Both the accretion and competitive/merger models make predictions that can be
tested observationally (see Chapters 2 and 3). Measuring whether HMPOs have cloud
structures similar to low-mass protostars has become a critical test in determining
whether the paradigm of infall-driven low-mass star formation scales to the accretion
of the highest mass stars. Furthermore, in the accretion model, the effects of angular
momentum in a star’s progenitor cloud cause the formation of a disk and highly
aligned, or “collimated”, supersonic outflows that clear out matter forming tunnels of
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lower density (“bipolar cavities”). According to the competitive/collision approach,
the interaction among YSOs more likely acts to disrupt disks than to create them, and
outflows are not likely to be collimated. The presence or absence of these features can
thus be used to distinguish between the two paradigms. In this framework, our maser
observations are unique instruments to unveil dynamical structures nearby YSOs, viz.
disks and outflows, and hence to help discriminating between the aforementioned
different scenarios.

1.2.1 Monolithic vs. competitive accretion

In the following, we provide more details on the most direct consequences of the two
competing models, the monolithic accretion and competitive accretion, that should
be tested by observations. We also complement the discussion with some evidences
from observations.

A particular threat to infall-driven formation mechanisms towards the higher mass
regime has been the radiative feedback problem, whereby the luminosity of the grow-
ing protostar halts and eventually reverses the flow of infalling material. However,
the recent work of McKee & Tan (2003) has emphasized the significant role that tur-
bulence and density structure can play in countering increasing radiation pressure
(the “turbulent core model”), suggesting that massive stars form from gravitation-
ally bound cores supported by turbulence and magnetic fields. McKee & Tan (2003)
showed that turbulence within a natal cloud of power-law density structure could
force the highest accretion rates (10−3 M¯ yr−1) at the latest stages of evolution,
when the (proto)stellar luminosity is at its strongest, thereby allowing a HMPO to
continue to accrete material. Therefore, there are two first points in testing this
theory: measuring the turbulence of high-mass star-forming cores and examining
whether they are compatible with the power-law density structure that characterize
infalling cores.

Based on a detailed, statistical analysis of the density, mass, and column density
structure of dust cores in a unbiased, flux-limited, sample of HMSFRs, Beuther et al.
(2002a) have proposed a possible evolutionary scenario. In the earliest stages prior
to the onset of massive star formation, the density radial distributions are rather flat
(α ∼ 1.5), with less pronounced gravitational centers and no or just weak internal
heating (resembling the structure of intensity peaks in more quiescent molecular
clouds). These HMSFRs are also detected without strong molecular line emission
or other strong star formation signposts (e.g., masers). Then in the subsequent
collapse and accretion phase, before or at the beginning of nuclear fusion, the intensity
distributions become centrally peaked with steep power-law indices (α ∼ 1.9), due
to strong accretion onto the central sources (similar to those known from low-mass
scenarios). They show strong molecular line emission (HMC) and have no or only
hyper compact unresolved cm emission (HCH ii regions; see Sect. 1.2.2). In this
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evolutionary stage the sources show also the broadest CS line width. During the
following phase, when UCH ii regions evolve and are resolved, the intensity power-
law radial distribution flatten out again. The more evolved, and therefore hotter
sources, exciting an UCH ii region are more likely to emit and thus be detectable at
mid–IR wavelengths, than the colder and more deeply embedded millimeter sources.
This is probably caused by the ignited massive stars in the center which disrupt the
surrounding cores. In total, the density distributions of these massive star formation
sites seem to be not too different from their low-mass counterparts, and the outer,
dusty, envelope size observed in high-mass cores define the massive reservoir from
which high-mass (proto)stars form. Moreover, one can inquire about how the line
width correlates with mass of the cores and state of evolution. Line width-mass
relations show a departure from virial equilibrium in the stages of strongly collapsing
cores, i.e. more massive objects have significantly narrower line widths. From an
evolutionary point of view and combined to results for UCH ii regions, this seems to
indicate that cores stay in virial equilibrium before the cores start collapsing. Then,
with beginning star formation the whole massive core leaves the virial equilibrium
and collapses violently until the first (massive) stars ignite and stabilize the overall
collapsing motion, at least partly by increasing the total luminosity. Accretion should
still be possible at that stage of evolution, but the overall collapse of the core is most
likely stopped or at least slowed down. This effect of departure from the virial
equilibrium seems to be more prominent the more massive the cores become. The
evolutionary trends indicate that with ongoing star formation turbulence gets more
and more important, in agreement with the turbulent core model by McKee & Tan
(2003). The steepest indices during the collapse and accretion phase resemble very
much the structure known from isolated low-mass sources.

Still, this approach by itself requires increasing accretion rates (10−4–10−3 M¯ yr−1)
related directly to the final mass of the star. As though, it does not account for the
limited observed values of accretion rate (10−5−10−4 M¯ yr−1) and stars with masses
greater than a few tens of solar masses. Following an accretion-based scenario, we
need to include mechanisms that allow the accretion efficiency12 to be improved, fur-
ther reducing the ability of radiation pressure to inhibit accretion (see Figure 1.2).
Because in models of spherically symmetric accretion, radiation pressure on stan-
dard interstellar dust13 prevents accretion on to the star, an obvious way round the
problem is a non-spherical accretion: by enhancing the nonisotropic character of
the radiation field, an accretion disk reduces the effects of radiative acceleration in
the radial direction (e.g., Jijina & Adams 1996; Yorke & Sonnhalter 2002). Disks
and also rotating, infalling envelopes (e.g., Cesaroni 2005; Cesaroni et al. 2007) al-

12The accretion efficiency is defined by the ratio of the mass accretion rate and the total mass of
the core available in a dynamical time, facc = Ṁacc/(Mcore/tff ).

13Theories have also been proposed that invoke varying dust properties (e.g., Wolfire & Cassinelli
1987).
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Figure 1.2: Accretion and mass loss as exchange between components: the accre-
tion disk is reservoir and interface between the molecular cloud core and the forming
star (Zinnecker & Yorke 2007).

low material accreting into the cooler equatorial regions shielded from the extreme
radiation of the star that normally halts the flow (the so called “flashlight effect”;
Yorke & Sonnhalter 2002), whereas intense stellar radiation is channelled into the
outflow cavities (so called “wind-blown cavities”), providing a valve that allow radi-
ation to escape the accreting envelope (Krumholz et al. 2005b,a). In addition, the
angular momentum evolution depends on how the accretion and outflow from the
star-disk interaction region is modulated by magnetic fields and on the strength of
the stellar wind. One potentially important effect is the variation in photospheric
temperature from the equatorial to polar regions, which can enhance the beaming
of bolometric and ionizing luminosity along the polar directions (e.g., Pudritz et al.
2007).

The parameters of these flows, such as mass, momentum, and mass loss rate are at
least an order of magnitude greater than those of outflows from low-mass YSOs (see
Sect. 1.1). Nevertheless, this fact by itself does not demonstrate that the massive out-
flows are powered by massive YSOs, but they might arise from a cluster of low-mass
stars. Indeed, the fact that young high-mass stars are often observed in very dense
clusters of stars, led to the idea that they could have formed through the interaction
of mid-sized stars. This is the approach developed by Bonnell and collaborators (e.g.,
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Bonnell et al. 2004). In the competitive accretion model, small stars (∼ 0.1 M¯) form
via gravitational collapse, but then grow by gravitational accretion of gas that was
initially unbound to the star, i.e. grow in competition against fragmented cores via
Bondi-Hoyle accretion. From an observational point of view, this approach has two
strong points: it naturally results in segregating high-mass star toward the center of
a cluster, as observed; it gives a two power law IMF that is qualitatively consistent
with observations. On the contrary, it can be questionable on the basis that: either
radiation pressure from a massive star and/or the turbulence observed in HMSFRs
should disrupt Bondi-Hoyle accretion (e.g., Krumholz et al. 2005c). Since this expec-
tations can be bypassed, and the accretion efficiency improved, if the clump hosting
the HMC is undergoing global gravitational collapse, it is essential to observationally
determine whether the clumps are dominated by turbulence or by collapse.

Finally, it may also be that both models of star formation operate, but in different
circumstances: accretion-based scenarios in more isolated systems (i.e. monolithic);
and accretion, in competition and eventually merging, in dense cluster. To date, nei-
ther a formation process driven by multi-body interaction nor a monolithic approach
has a stronger claim than its rival model. Summarizing, a few specific questions we
are interested to tackle follows: what is the nature of massive molecular outflows, in
an evolutionary sense as well as between sources of different mass and luminosity?
What is the core mass distribution at the earliest evolutionary stages? Can we in-
fer information about the dominant component of the overall motion? What is the
nature of potentially embedded accretion disks, and which way to best investigate
them?

1.2.2 Feedback mechanisms

The accretion-based (monolithic) scenario and the competitive paradigm aim at ex-
plaining the star formation starting from the whole system clump + core. However,
to derive useful predictions to compare with targeted observations, we may also start
from an alternative perspective, that is the massive YSO, by asking the following
question: how does the forming massive star influence its immediate surroundings,
possibly limiting its final mass and/or the final mass of its neighbors? The ways
massive YSOs influence their surroundings and act, by themselves, against gravita-
tional collapse and accretion of gas to (proto)stars, are more properly referred to as
“feedback processes”. These include: pressure due to accretion luminosity14; thermal
pressure of photo-ionized gas; ram pressure from collimated outflows and/or proto-
stellar winds; stellar winds produced at the beginning of the main-sequence phase
(e.g., Mac Low & Klessen 2004; Mac Low 2007).

14The accretion luminosity is transmitted to the core/envelope via dust grains, and, for sufficiently
massive stars, by electron scattering.
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If feedbacks do act to cut off accretion, which is the dominant mechanism in high-
mass stars and its observational evidence? For instance, for individual low-mass star
formation from a core, bipolar protostellar outflows, accelerated from the inner ac-
cretion disk/star by rotating magnetic fields, appear to be the dominant feedback
mechanism, probably preventing accretion from polar directions and also ejecting a
fraction (up to a third) of the material accreting through the disk. This leads to star
formation efficiencies from the core of order 30–50%. In the case of massive YSOs,
apart from the radiation pressure we have already faced up to, in the following we il-
lustrate the observational consequences of ionizing radiation and outflow phenomena,
that should be addressed by multiwavelength studies.

HCH ii regions: First, within the large number of UCH ii regions that have been
discovered, a number of objects stand out as being exceptionally small (10 times
smaller) and dense (100 times denser): the hypercompact H ii regions (HCH ii).
Specifically, they are defined as having diameters less than 0.05 pc (≤ 10000 AU),
consistent with being small photoionized nebulae produced by O or B stars, while
densities are ≥ 106 cm−3 and emission measures are ≥ 1010 pc cm−6. These re-
gions are considered a distinct class from that of UCH ii regions, rather than merely
representing the most extreme sizes and densities of the category. Indeed, they also
have extremely broad radio recombination line (RRL) profiles (with FWHM typically
40–50 km s−1, and, in some cases, larger than 100 km s−1) differently from those of
UCH ii regions that have typically narrower RRLs (between 30–40 km s−1). Their
broad line-widths indicate highly dynamic internal structure possibly due to pres-
sure broadening and/or bulk motion of the gas, either via accretion, expansion, or
rotation. In particular they are often coincident with strong water masers, signpost
of shock phenomena. Although HCH ii regions trace an age younger than UCH ii
regions, it is not clear yet whether they form after the HMC stage or whether HMCs
and HCH ii regions coexist. A key difference between HMCs and UCH ii regions
is that in the former ones the ionized material originates from the star-disk system
itself. In contrast, for expanding UCH ii regions it is the surrounding molecular cloud
material that is being ionized. The observed properties of HCH ii regions appear to
be intermediate between these two extremes. Furthermore, their SED shows radio
spectral indices (α), from short cm to mm wavelengths, ranging from about 0.3 to 1.6,
with a typical value of about 1. They are very faint or not detected at wavelengths
longward of 1 cm. The power-law spectra span too large a range in frequencies to be
the transitions from optically thick to thin emission in a constant-density nebula. A
disk-wind may be capable of producing both a density gradient and the high electron
densities implied by the radio fluxes observed. Therefore, on the one hand, it is clear
that HCH ii sizes are approaching a scale appropriate for individual high-mass star
formation, on the other hand, their impact on the accretion process relays on the as-
sociation with the turn-on of the Lyman continuum radiation and photo-evaporating
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disks (e.g., Hoare et al. 2007 and reference therein).

outflows: Jets and winds (i.e. wide angle flows) appear to evolve during the forma-
tion of massive stars. Beuther & Shepherd (2005) suggest an evolutionary sequence in
which the outflow type evolves as the central star accretes additional mass. Changing
their expanding-pattern at different stages, outflows differently affect the environment
of (proto)stars throughout their lifetime. In this sequence, YSOs with central stars
appearing as mid-to-early B-type stars have strongly collimated jets, early B to late
O-type stars, that have already formed HCH ii regions, start to show a line-driven
wind in addition to the jet, while early O-type stars, that have accreted most or all
of their mass and have UCH ii regions, lose the jet and retain only the wind. This
sequence could resemble a symptomatic of the disk destruction and accretion cutoff
in the final stages. This hypothesis is further supported by the lack of observation
of O stars with collimated jets or disks (e.g., Cesaroni et al. 2007). Whether the
winds themselves can destroy the disks remains, however, an open question. Either
way, the tight correlation observed between the outflow mass and the core mass over
many order of magnitude suggests that this feedback mechanism become increasingly
important at higher masses.

1.3 VLBI of molecular masers: a powerful tool to study
HMSFRs

One of the most powerful observational technique in radioastronomical observations
is called Very Long Baseline Interferometry (VLBI). It consists in simulating the
aperture of a single-dish antenna with diameter up to several 103 km, by observ-
ing the same target source simultaneously with radiotelescopes located at different
sites separated by a linear distance equal to the diameter that one wants to synthe-
sized (e.g., Thompson et al. 1986; Taylor et al. 1999). Nowadays, this technique can
achieve resolutions of tenth of milli-arcesc (mas) at a typical observed frequency of
22 GHz, with the shortcoming of only allowing observations of sources with bright-
ness temperature in excess of 106 K (for instance, maser emissions). In the following,
we briefly present two main applications of the VLBI technique, of interest for this
thesis, used to study the maser emission toward high-mass star-forming regions and
aimed at solving some of the puzzles introduced in the previous sections.

1.3.1 Disclosing the gas kinematics nearby high-mass YSOs

To characterize the relationship between accretion-ejection phenomena it is essential
to resolve dynamical structures close to the central engine, namely a young stellar
object. Since physical processes in massive star formation are described and related to
their observational manifestations, it follows the attempt to associate different maser
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tracers to the dynamical structures and velocity fields expected from the high-mass
star-forming process.

The first multi-epoch VLBI experiments were performed about 20 years ago to-
wards a few of the strongest 22.2 GHz H2O interstellar masers in the Galaxy, i.e.
Orion–KL (Genzel et al. 1981b), W51 (Genzel et al. 1981a), Sagittarius B2 (Reid et al.
1988), and W49 (Gwinn et al. 1992). These studies allowed the determination of the
characteristic kinematic pattern of the masers, rendering them ideal diagnostic tool
to investigate the accretion mechanism of high-mass stars. Since then, VLBI obser-
vations of 22.2 GHz water masers have been successfully focused on those sources
which, selected on the basis of interferometrical observations of (thermal) molecu-
lar tracers, are considered to be among the best high-mass protostellar candidates.
These findings suggest a similar use of other suitable maser transitions to compare
different and, hopefully, complementary data. In the following, we underly the main
achievements about the kinematics of the three molecules of interest for this thesis
(see Chapters 2 and 3).

H2O: The observations reveal that 22.2 GHz water masers are preferentially asso-
ciated with collimated flows of gas (jets) found at the base of larger-scale molec-
ular outflows (e.g., W49N, Gwinn et al. 1992; W75N–VLA1, Torrelles et al. 2003;
IRAS 20126+4104, Moscadelli et al. 2005) or produced by shell-like expanding flows
driven by wide-angle winds from a central YSO (e.g., W75N–VLA2, Torrelles et al.
2003; A1 subcore in G24.78+0.08, Moscadelli et al. 2007). For instance, Gwinn et al.
(1992) interpreted the maser motion in the W49N source as a biconical expansion
from a central YSO, with an opening angle of 60◦ and a constant velocity of about
18 km s−1 out to a radius of 0.1 pc, beyond which the outflow velocity increases to
more than 200 km s−1. Similarly, VLBI proper motion measurements of the water
masers toward IRAS 20126+4104 (a convincing example of Keplerian disk associated
with a precessing jet/outflow powered by a massive YSO of about 104 L¯) indicate a
jet expansion speed in excess of about 100 km s−1 moving along the surface of a con-
ical jet, with speed increasing for increasing distance from the driving source (cone
vertex). On the other hand, Moscadelli et al. (2007) explained the arc-like, fast-
expanding structure of water masers in the A1 subcore of the massive star-forming
region G24.78+0.08 in terms of an ionized wind from a YSO, which, impacting against
the circumstellar dense gas, is responsible for exciting and driving the motion of water
masers. By observing the two maser morphologies in the same star-forming cluster
W75N, Torrelles et al. (2003) proposed that different kinematic structures (shell-like
vs. collimated flows) traced by the water masers represent different evolutionary
stages of a YSO. Following this scenario, in the earliest evolutionary phases YSOs
would emit wide-angle winds closer to the driving source, whilst during later phases
the ejected flow would become more collimated at larger distances. Therefore, these
observational results open up interesting perspectives of using the 22.2 GHz water
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masers to derive information on the evolutionary stage of high-mass YSOs. These
possibilities have been tested for the two HMSFRs studied in Chapters 2 and 3.

OH: Only a few massive SFRs have observed OH maser proper motion measured
with the VLBI technique: W3(OH) (Bloemhof et al. 1992; Wright et al. 2004), W75N
(Fish & Reid 2007a), and ON 1, K3–50, and W51 Main/South (Fish & Reid 2007b).
Bloemhof et al. (1992) clearly established that the OH masers are expanding at 3–
5 km s−1 which is also the expanding rate of the UCH ii region they are associated
with (Kawamura & Masson 1998). The maser locations and slow expansion support
the Elitzur & de Jong (1978) model in which OH masers form in the heated neutral
gas between the ionization front of an H ii region and the shock front ahead of
it. Later observations by Wright et al. (2004) confirm the expansion and detected a
rotational component to the motion as well, which is supported by VLBI observations
of the 6.0 GHz excited-state OH masers in W3(OH) (Fish & Sjouwerman 2007).
Maser proper motions in K3–50, an UCH ii region of diameter 0.1–0.15 pc (which
often have OH masers) turning into a compact H ii region (which do not), appear as
high as twice the speed of sound in a typical H ii region (∼ 13 km s−1), indicating
that the ionization front may be nearly R-critical. In this latter situation, as the front
continues to expand outward into a less dense medium, it accelerates, transitioning
from a D-type shock (with shocked neutral gas between the ionization and shock
fronts) to an R-type shock (in which the ionization and shock fronts are coincident),
thereby destroying the OH masers.

CH3OH: The 6.7 GHz methanol maser marks an early stage of high-mass star for-
mation, but the origin of this maser is currently a matter of debate. Following the
discovery of this strong maser feature by Menten (1991), the first synthesis images
of the 6.7 GHz maser line concentrated on the brightest sources (Menten et al. 1992;
Norris et al. 1993), followed by more extensive surveys (e.g., Walsh et al. 1998). Vari-
ous morphological structures, such as elongated, both threadlike and arc-like/curved,
and clusters of masing-clouds without a clear pattern were found, the linear sizes
varying between 102 to 103 AU and usually showing linear velocity gradients along
the line of sight within 10 km s−1. To date, to explain the spatial distribution
and l.o.s. velocity information provided by single-epoch VLBI observations toward
methanol maser sites, three hypothesis have been proposed associating observa-
tions to expected dynamical structures: circumstellar (Keplerian) discs seen edge-on
(e.g., Norris et al. 1993, 1998; Phillips et al. 1998; Minier et al. 2000; Pestalozzi et al.
2004), outflows (e.g., De Buizer 2003; De Buizer & Minier 2005), or propagating
shock fronts through a rotating dense molecular clump or star-forming core (e.g.,
Walsh et al. 1998; Dodson et al. 2004). Bartkiewicz et al. (2009), in the most re-
cent 6.7 GHz methanol VLBI imaging survey of 33 maser sources in the Galactic
plane, have reported about one third of the sources exhibiting ring-like distributions.
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They have also found strong evidence of a close coincidence of 6.7 GHz masers with
4.5 µm emission excess. They interpreted the collected evidence as an argument that
methanol emission originates in those inner parts of an outflow or disc/torus where
the molecular gas is shocked. This hypothesis has been supported by a kinematic
model where ring-like maser distributions belong to rotating and expanding discs
wherein expansion dominates the velocity field. Nevertheless, a fraction of masers
seem also to fit models of bipolar jets or shock fronts colliding with the surrounding
molecular material. The only way to possibly disentangle between different options,
it is, however, a multi-epoch approach. This is indeed the case for the works reported
in Chapters 2 and 3, where for the first time this has been performed.

1.3.2 Trigonometric Parallaxes of maser species in HMSFRs

An image of the Milky Way, taken by an observer located in another galaxy would
probably sketch out a spiral structure dotted with many bright H ii regions. Presently,
it is believed that the Milky Way is a spiral galaxy, and the best “educated guess”
is that its Hubble type is SAB(rs)b 15, based on its axis ratio, its spiral and ring
structure, and its kinematic type (e.g., Sevenster 1999). However, since we are inside
the Milky Way and only have an edge-on view of its structure, the task of properly
characterizing its morphology has proved to be very difficult. Originally, studies of
Hi emission were used to infer the structure of the Milky Way (Oort et al. 1958).
Longitude-velocity plots of the most abundant atomic/molecular tracers, the 21 cm
spin-flip line of Hi and the first rotational CO transition at about 2.5 mm, clearly
demonstrated that there were some coherent, large-scale structure, which are inter-
preted in terms of spiral arms in the Milky Way (e.g., Dame et al. 2001). By assuming
a dynamic pattern for our Galaxy, i.e. a rotation curve, Ω̇(R), of the whole gas and
dust system (e.g. Brand & Blitz 1993; Russeil 2003), one can translate the longitude-
velocity information to a face-on view of the spiral structure of the Milky Way. This
approach was followed by Georgelin & Georgelin (1976), who combined luminosity
distances to nearby stars and kinematic distances of Hi cloud and H ii regions, and
refined more recently by Taylor & Cordes (1993) modeling pulsar dispersion mea-
sures. Their “standard model”, while subject to very significant uncertainties from
distance measurements, has remained the basis for the spiral structure of our Galaxy
for over 30 years.

A large program aimed at studying the dynamical structure of the Milky Way,
by measuring distances directly to HMSFRs across our Galaxy, has recently started
(Reid et al. 2009a,b). Indeed, the work reported in Chapter 4 is part of this project.
Since the clouds complexes (i.e. GMCs) hosting massive star formation are dis-
tributed along the compressed gas and dust of the spiral arms (e.g., Luna et al.

15The Hubble type of our Galaxy includes possibly an additional (nr) for the nuclear ring.
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2006), their maser emissions are suitable light beacons of the spiral positions as well.
Indeed, because of their compactness and brightness, maser spots are excellent astro-
metric targets for parallax measurements studied at the high accuracy of the VLBI
(10 µm), which allows to measure parallaxes up to 10 kpc through the whole Galac-
tic disk with uncertainties of 5–10% (e.g., Xu et al. 2006b; Hachisuka et al. 2006).
The sinusoidal motion of a given maser spot, reflecting the earth revolution (i.e. the
parallax signature), can be inferred by deconvolving the global motion with a linear
component, including the sum of the apparent and peculiar motions16. Sampling
spiral arms roughly every kpc should determine the true locations of arms, and allow
to verify the existence of the postulated Perseus, Carina-Sagittarius, Crux-Scutum,
and Norma spiral arms. In addition to distances, the observations used to deter-
mine trigonometric parallaxes yield excellent measurements of secular proper mo-
tions, with accuracy as good as about 1 km s−1. Hence, by combining radial velocity
measurements with proper motions (and distances) yields the full three-dimensional
kinematics of HMSFRs in the Milky Way, accurately defining the rotation curve and,
ultimately, its enclosed mass as a function of Galactic radius.

16The apparent proper motion is composed by the solar and galactic rotation (i.e. secular motion),
whereas the peculiar component represents the internal motion of the maser spots within a
HMSFR.
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VLBI kinematics of maser species in

HMSFRs. G16.59–0.05

Based on: Sanna, A.; Moscadelli, L.; Cesaroni, R.; Tarchi, A.; Furuya, R. S.;
Goddi, C. Paper I, submitted to Astronomy & Astrophysics

The current chapter focuses on our interferometric observations of maser transitions
and radio continuum toward the HMSFR G16.59–0.05. In Sect. 1, we provide an up-
to-date review of the single-dish and interferometric observations towards this source.
Sect. 2 describes our VLBI observations of the 22.2 GHz H2O, 6.7 GHz CH3OH, and
1.665 GHz OH masers, together with new Very Large Array (VLA) A-configuration
observations of the radio continuum emission at 1.3 and 3.6 cm, which complemented
VLA–C archival data at 0.7, 1.3, and 3.6 cm. In Sect. 3, we illustrate the spatial
morphology, kinematics, and time-variability of individual maser species, and present
results from our and archival VLA observations, constraining the properties of the
radio continuum observed in correspondence of the masers. Sect. 4 discusses the
spatial association of the maser species and their overall kinematics, and draws a
comprehensive picture of the phenomena observed in the HMSFR G16.59–0.05 on
angular scales from a few mas to tens of arcsec. Main conclusions are summarized in
Sect. 5.
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2.1 The HMSFR G16.59–0.05

The HMSFR G16.59–0.05 (IRAS 18182−1433) has a near/far kinematic distance1

of 4.4/11.9 kpc evaluated assuming a systemic velocity (Vsys) of 59.9 km s−1, in-
ferred from observations of the NH3 (3,3) and CH3CN (5–4) lines (Furuya et al.
2008; Codella et al. 1997). For consistency with previous studies of this source,
in the following the near kinematic distance is adopted. At the near kinematic
distance, the bolometric luminosity measured from the IRAS fluxes is 2 × 104 L¯
(Sridharan et al. 2002) and the large-scale clump mass is ≥ 103 M¯ (Beuther et al.
2002a; Faúndez et al. 2004; Hill et al. 2005; Furuya et al. 2008).

On a large scale, mid-IR observations toward G16.59–0.05 resolved the IRAS source
in the region detecting 2 objects separated by about 10 arcsec along the NW–SE di-
rection (De Buizer et al. 2005; Furuya et al. 2008, Figure 1). While the SE emission
is associated with a MSX point source (Walsh et al. 2003), the fainter NW source
(≈ 0.2 Jy at 18.1µm) is associated with weak, reddened NIR emission (Testi et al.
1994) and has been tentatively classified as a Class I object (De Buizer et al. 2005).
The NW source is also coincident with the submillimeter (450 and 850 µm) con-
tinuum emission from the region, which may indicate that this is a younger, more
embedded source than the one responsible for the SE emission (Walsh et al. 2003;
Williams et al. 2004, 2005). Single-dish surveys toward G16.59–0.05 detected red-
shifted self-absorption in the N2H+ and HCO+, H13CO+, H2CO rotational lines,
which might indicate the presence of inflow motions (Fuller et al. 2005; Wu et al.
2007; Thomas & Fuller 2008). Bolometer array observations at 1.2 mm (Beuther et al.
2002a; Faúndez et al. 2004) show a peak of dust emission in correspondence of the
two mid-IR sources and an additional fainter source about 100 arcsec further toward
the SE, identified as a candidate High Mass Starless Core (HMSC) by Sridharan et al.
(2005).

High resolution observations at millimeter and radio wavelengths, both in line and
continuum emission, revealed multiple sources within the mid-IR region. A molecu-
lar core with a kinetic temperature of 54 K is identified through NH3 observations
by Codella et al. (1997). Sensitive VLA–C observations at 3.6, 1.3 cm, and 7 mm
detected two weak centimeter and one 7 mm continuum source (Zapata et al. 2006).
One of the two centimeter sources appears to be associated with the stronger mid-IR
source; the other two VLA sources, with the 7 mm source observed about 1–2 arcsec
to the NW of the nearby centimeter source, are offset by about 10 arcsec to the NW
of the stronger mid-IR source, and correspond well in position with the NW mid-IR
emission. Shorter-wavelength millimeter measurements, at 3 mm (Furuya et al. 2008)
and 1.3 mm (Beuther et al. 2006), peak also at the same position as the VLA 7 mm
continuum. The spectral index suggests that the millimeter emission traces the main

1We adopt a “revised” kinematic distance using the prescription of Reid et al. (2009b).
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massive proto-stellar object in the field, whereas the nearby centimeter feature might
indicate a thermal jet or, alternatively, an optically thin H ii region (Zapata et al.
2006). Emission in several molecular lines typical of HMCs was detected at an inter-
mediate position between the millimeter continuum peak and the nearby centimeter
source (Beuther et al. 2006; Furuya et al. 2008). The rotational temperature inferred
from the CH3CN lines is about 130–150 K in this region, consistent with the presence
of an HMC.

OH, CH3OH and H2O maser emissions were reported in this region by several
authors. OH maser emission was detected in the main 1.665 and 1.667 GHz, and
the satellite 1.720 GHz lines (Caswell & Haynes 1983; Edris et al. 2007), whereas
the 1.612 GHz OH satellite was observed in absorption. CH3OH thermal lines were
observed at 25, 96.7, 157, 241.7, and 255 GHz by Leurini et al. (2007), and maser
emission was reported for the Class II 6.7 GHz (Menten 1991; Caswell et al. 1995b;
Szymczak et al. 2000) and 12.2 GHz (Caswell et al. 1995a), and the Class I 44.1 GHz
(Slysh et al. 1994) and 95.2 GHz (Val’tts et al. 2000) transitions. High-resolution
(≥ 1 arcsec), interferometric observations towards G16.59–0.05 of the 22.2 GHz H2O
(Forster & Caswell 1999; Beuther et al. 2002c), 1.665 GHz OH (Forster & Caswell
1999), and 6.7 GHz CH3OH (Walsh et al. 1998) maser lines, associate the maser
activity with the millimeter and the nearby centimeter source.

A wide angle, massive (≥ 30 M¯) bipolar outflow emerging from the HMC was de-
tected through 12CO and CO isotopologues rotational lines (1–0 and 2–1) by several
authors (Beuther et al. 2002b; Furuya et al. 2008; López-Sepulcre et al. 2009). At
the higher spatial resolution (≈ 3 arcsec) of the SMA interferometer, the 12CO (2–1)
emission was resolved in a multiple outflow system: the strongest and better colli-
mated lobes are oriented along two, approximately perpendicular directions, NW–SE
and NE–SW. The outflow system is centered on the position of the millimeter source
(Beuther et al. 2006). VLA SiO (1–0) observations revealed emission elongated to-
ward the N–S direction, which could trace a third outflow (Beuther et al. 2006).

2.2 Observations and Data Analysis

2.2.1 Radio continuum VLA observations

We observed G16.59–0.05 with the VLA2 in the C- and A-array configurations at X
band, and in the A configuration at K band. The C- and A-array observations were
made respectively in April and October 2008. The source had already been observed
at K and Q bands with the C array by Zapata et al. (2006). We retrieved their data
from the VLA archive (Program Code: AZ149) and re-reduced them to improve on
the angular resolution of the maps presented in their paper. In particular, we imaged

2The VLA is operated by the National Radio Astronomy Observatory (NRAO).
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the Q band data using natural weighting, achieving an angular resolution about a
factor 2 better than that of the tapered maps by Zapata et al. (2006). At 3.6 cm
we used the continuum mode of the correlator, resulting in an effective bandwidth of
172 MHz. For the 1.3 cm observations, we used mode “4” of the correlator, with a
pair of 3.125 MHz bandwidths (64 channels) centered on the strongest H2O maser line
and a pair of 25 MHz bandwidths (8 channels) sufficiently offset from the maser lines
to obtain a measurement of the continuum emission. Note that the two bandwidths
centered at the same frequency were measuring different polarizations and could thus
be averaged to obtain a noise reduction by a factor

√
2.

At X-band, 3C 286 (5.2 Jy) and 3C 48 (3.1 Jy) were used as primary flux calibrators,
while 1832–105 (1.4 Jy) was the phase calibrator. For the K-band observations, the
primary flux calibrator was 3C 286 (2.5 Jy), the phase calibrator 1832–105 (1.0 Jy),
and the bandpass calibrator 1733-130 (3.7 Jy).

The data were calibrated using the Astronomical Image Processing System (AIPS)
employing standard procedures. Only for the A-array data at 1.3 cm, several cycles of
self-calibration were applied to the strongest maser channel, and the resulting phase
and amplitude corrections were eventually transferred to all the other line channels
and to the K-band continuum data. This procedure resulted in a significant (at least
a factor 2) improvement of the signal-to-noise ratio.

2.2.2 Maser VLBI

We conducted multi-epoch, VLBI observations of the H2O, CH3OH, and OH masers
toward G16.59–0.05 in the K, C, and L bands, respectively. To determine the maser
absolute positions, we performed phase-referencing observations by fast switching
between the maser source and the calibrator J1825–1718. This calibrator has an
angular offset from the maser source of 2.9◦ and belongs to the list of sources defining
the International Celestial Reference Frame (ICRF). Its absolute position is known
better than ±2 mas and its flux measured with the VLBA at S and X bands is
48 and 112 mJy beam−1, respectively (Fomalont et al. 2003). Five fringe finders
(J1642+3948; J1751+0939; J1800+3848; J2101+0341; J2253+1608) were observed
for bandpass, single-band delay, and instrumental phase-offset calibration.

Data were reduced with the NRAO AIPS software package employing the VLBI
spectral line procedures. Visibility amplitudes were calibrated applying the informa-
tion on the system temperature and antenna sensibility provided by the monitoring
procedure at each VLBA antenna site. A priori delay and phase calibration for feed
rotation, correction for ionospheric delays (AIPS task TECOR) and for unaccuracies
of the extrapolated Earth’ orientation parameters used at the time of correlation
(AIPS task CLCOR), were applied to the data set (see Biggs’ guide3). A posteriori

3www.evlbi.org/userguide/guide/userguide.html
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phase calibration for short-term atmospheric fluctuations and phase-reference struc-
ture was derived by fringe-fitting and self-calibrating a strong, compact, maser chan-
nel. Applying this calibration, visibilities of all maser channels were referred in phase
(i.e. in position) to the emission centroid of the reference maser channel. The deter-
mination of the absolute position of the reference maser channel was accomplished
in either one of the two following ways: imaging the calibrator J1825–1718 data af-
ter applying corrections derived working with the reference maser channel (inverse
phase-referencing); or, by performing the reverse procedure, imaging the reference
maser channel applying the phase calibration obtained from (i.e., fringe-fitting and
self-calibrating) the calibrator data (direct phase-referencing). In the inverse phase-
referencing procedure, before fringe-fitting the maser data, the visibility phase center
was shifted (AIPS tasks CLCOR and UVFIX) close to the effective maser position,
in order to avoid degradation of the calibrator image (e.g., Reid et al. 2009a). For
well detected maser and calibrator signals (SNR ≥ 10), the two procedures always
gave consistent results.

2.2.2.1 VLBA observations: 22.2 GHz H2O masers

We observed the HMSFR G16.59–0.05 (tracking center: R.A.(J2000) = 18h21m09.s11
and Dec.(J2000) = −14◦31′48.′′5) with the Very Long Baseline Array (VLBA)4 in
the 616 − 523 H2O transition (rest frequency 22.23507985 GHz). The observations
(program code: BM244) consisted of 4 epochs: on April 9, June 28, and September 18,
2006, and on January 4, 2007. During a run of about 6 h per epoch, we recorded the
dual circular polarization through a 16 MHz bandwidth centered on a local standard
of rest (LSR) velocity of 60.0 km s−1. The data were processed by the VLBA FX
correlator in Socorro (New Mexico) using an averaging time of 1 s and 1024 spectral
channels. The total-power spectrum of the 22.2 GHz masers toward G16.59–0.05 is
shown in Figure. 2.1 (top panel). This profile was obtained by averaging the total-
power spectra of all VLBA antennas, weighting each spectrum with the antenna
system temperature (Tsys).

The natural CLEAN beam was an elliptical Gaussian with a FWHM size of about
1.4 mas × 0.4 mas at a position angle (P.A.) of −16◦ (east of north), with little
variations from epoch to epoch. The interferometer instantaneous field of view was
limited to about 2.′′7 . At each observing epoch, using an on-source integration time
of about 2.5 h, the effective rms noise level of the channel maps (σ) varied in the
range 0.01–0.04 Jy beam−1. The channel separation corresponds to a resolution
in the l.o.s. velocity of 0.2 km s−1. J1825−1718 was observed in the K-band by
Petrov et al. (2007) with the VERA array, deriving a flux density of 0.24 Jy.

4The VLBA is operated by the National Radio Astronomy Observatory (NRAO).
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Figure 2.1: Total-power spectra of the H2O, CH3OH and OH masers towards
G16.59–0.05. Upper panel: Tsys-weighted average of the 22.2 GHz total-power
spectra of the 9 VLBA antennas observing on 2007 January 4 (BR, HN, KP, LA,
MK, NL, OV, PT, SC). Middle panel: Effelsberg total-power spectrum of the
6.7 GHz methanol maser emission on 2007 March 16. Lower panel: Tsys-weighted
average of the 1.665 GHz total-power spectra of the 10 VLBA antennas observing
on 2007 April 13. Continuous and dashed line is used to distinguish between right
(RCP)and left (LCP) circular polarization, respectively. The dotted line crossing the
spectra represents the systemic velocity (Vsys) inferred from CH3CN measurements.
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2.2.2.2 VLBA observations: 1.665 GHz OH masers

We observed the HMSFR G16.59–0.05 (tracking center: R.A.(J2000) = 18h21m09.s21
and Dec.(J2000) −14◦31′48.′′3) with the VLBA in the 2Π3/2 J = 3/2 OH transi-
tion (rest frequency 1.66540184 GHz). A single epoch was observed (program code:
BM244M) on April 13, 2007. During a run of about 6 h, we recorded the dual circular
polarization through two bandwidths of 1 MHz and 4 MHz, both centered on a LSR
velocity of 60.0 km s−1. The 4 MHz bandwidth was used to increase the SNR of the
weak L-band signal of the continuum calibrator. The data were processed with the
VLBA FX correlator in Socorro in two correlation passes using either 1024 or 512
spectral channels for the 1 MHz and 4 MHz bands, respectively. In each correlator
pass, the data averaging time was 2 s. The Tsys-weighted mean of antenna total-
power spectra for the right and left circular polarizations at 1.665 GHz are shown in
Figure 2.1 (bottom panel).

The natural CLEAN beam was an elliptical Gaussian with a FWHM size of
24 mas × 10 mas at a P.A. of 3◦. The interferometer instantaneous field of view
was limited to about 18.′′5 . With an on-source integration time of about 1.9 h, the
effective rms noise level on the channel maps (σ) was about 0.01 Jy beam−1. With
1024 correlator channels, the 1 MHz band provides a resolution in the l.o.s. velocity
of 0.2 km s−1.

2.2.2.3 EVN observations: 6.7 GHz CH3OH masers

We observed the HMSFR G16.59–0.05 (tracking center: R.A.(J2000) = 18h21m09.s13
and Dec.(J2000) = −14◦31′48.′′5) with the European VLBI Network (EVN)5 in the
51 − 60A

+ CH3OH transition (rest frequency 6.66851920 GHz). Three epochs have
been observed with a time separation of about 1 yr (program codes: EM061, EM069):
on February 26, 2006, on March 16, 2007, and on March 15, 2008. At the first two
epochs, antennas involved in the observations were Cambridge, Jodrell2, Effelsberg,
Hartebeesthoek, Medicina, Noto, Torun and Westerbork. Since the longest base-
lines involving the Hartebeesthoek antenna (e.g., Ef-Hh baseline about 8042 km)
heavily resolve the maser emission and do not produce fringe-fit solutions, the Harte-
beesthoek antenna was replaced with the Onsala antenna in the third epoch. During
a run of about 6 h per epoch, it was recorded dual circular polarization through
two bandwidths of 2 MHz and 16 MHz, both centered on a LSR velocity of 60.0 km
s−1. The 16 MHz bandwidth was used to increase the SNR on the weak continuum
calibrator. The data were processed by the MKIV correlator at the Joint Institute
for VLBI in Europe (JIVE - Dwingeloo, The Netherlands) using an averaging time
of 1 s and 1024 spectral channels for each observing bandwidth. The Effelsberg

5The European VLBI Network is a joint facility of European, Chinese and other radio astronomy
institutes founded by their national research councils.
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total-power spectrum at 6.7 GHz toward G16.59–0.05 is shown in Figure 2.1 (middle
panel). Since EVN antennas are very different, we have chosen to plot the spectrum
of the most sensitive one (System Equivalent Flux Density, SEFD, ≈ 30 Jy).

The natural CLEAN beam was an elliptical Gaussian with a FWHM size of about
15 mas × 5 mas at a P.A. of 30◦, with little variations from epoch to epoch. The
interferometer instantaneous field of view was limited to about 9.′′2 . At each observ-
ing epoch, using an on-source integration time of about 2.2 h, the effective rms noise
level of the channel maps (σ) varied in the range 0.008–0.1 Jy beam−1. With 1024
correlator channels, the 2 MHz band provides a resolution in the l.o.s. velocity of
0.09 km s−1.

2.3 Results

2.3.1 The radio continuum emission

In the following we focus our attention on the centimeter source labeled “b” by
Zapata et al. (2006), the one located nearby the millimeter continuum, since it ap-
pears to be spatially associated with the observed 6.7 GHz CH3OH and 22.2 GHz
H2O maser distributions in G16.59–0.05 (Figure 2.3). Our measurements of the 1.3
and 3.6 cm continuum in the VLA–A and/or C configurations, and the archival data
at 0.7 and 1.3 cm in the VLA–C array, are summarized in Table 2.1. Contour plots
of the 1.3 cm and 7 mm continuum emission are presented in Figures 2.3–2.5. At
1.3 and 3.6 cm, the emission is resolved out by the A array and appears as a com-
pact (or marginally resolved) source with the C array. The peak positions of the
1.3 and 3.6 cm emissions coincide with one another within the uncertainties. In
agreement with Zapata et al. (2006), the peak of the 7 mm continuum is found offset
(by 1.′′3 to the west and 1.′′7 to the north) with respect to the 1.3 and 3.6 cm emission
peak. The 7 mm maps of Zapata et al. (2006, Figures 4 and 5), with a synthesized
Half Power Beam Width (HPBW) of 1.′′9 × 1.′′6 at a P.A. of −30◦, show an unre-
solved spur of emission pointing to the SE toward the 1.3 cm continuum. We did
not use their tapering of the data and thus attained at 7 mm a synthesized HPBW
of 0.′′7 × 0.′′7. With this resolution, the emission spur is resolved into a double lobe
structure elongated in the SE–NW direction. This extended emission is detected at
a low-significance level of only 3–4σ, but the fact that is also observed in the tapered
maps of Zapata et al. (2006) indicates that it is real. The southeastern lobe of the
7 mm emission peaks at the same position of the 1.3 cm continuum. Assuming that
a single source is responsible for the compact 3.6 and 1.3 cm emission, and for the
7 mm flux from the southeastern lobe, the SED of the radio emission is plotted in
Figure 2.2.
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Table 2.1: G16.59–0.05: Radio continuum associated with the 6.7 GHz maser
emission.

Peak position
Telescope λ HPBW P.A. Image rms R.A.(J2000) Dec.(J2000) Fpeak Fint

(cm) (” × ”) (◦) (mJy beam−1) (h m s) (◦’ ”) (mJy beam−1)(mJy)

VLA–Ca 0.7 0.9× 0.5 -10 0.2 ... ... 0.6 1.2
VLA–A 1.3 0.142× 0.096 12 0.09 ... ... < 0.27(3σ) ...
VLA–Ca 1.3 1.7× 1.0 22 0.07 18 21 09.12 -14 31 48.7 0.6 1.3
VLA–A 3.6 0.39× 0.24 -5 0.03 ... ... < 0.09(3σ) ...
VLA–C 3.6 4.2× 2.6 2 0.03 ... ... 0.37 0.61
VLA–Bb 6.0 1.5× 1.5 0 0.3 ... ... < 0.9(3σ) ...

(a) Measurements from archival data, project code AZ149 (P.I. Zapata). Deconvolved FWHM size
at 1.3 cm: 1.′′7× 1.′′3 at a P.A. of 4◦ east of north.
(b) Data from the CORNISH survey: ’The CORNISH Survey of the Galactic Plane’, C. R. Purcell,
M. G. Hoare, P. Diamond, 2008, Astronomical Society of the Pacific Conference Series, Vol. 387,
Pg. 389.

Figure 2.2: Spectral energy distribution of the HMSFR G16.59–0.05. The plot
shows the fluxes at 0.7, 1.3 and 3.6 cm measured with the VLA–C (see Table 2.1).
Errorbars give the 1σ errors. The spectral indexes calculated taking either the three
measurements, or only the 3.6 and 1.3 cm fluxes, or the 1.3 and 0.7 cm fluxes, are
labeled α, α1 and α2, respectively. The corresponding spectral slopes are represented
with red, green and blue dotted lines, respectively.

37



2 VLBI kinematics of maser species in HMSFRs. G16.59–0.05

2.3.2 Maser Data Handling

Mapped maser channels were searched for emission above a conservative thresh-
old, equal to the absolute value of the minimum in the map, typically correspond-
ing to values greater than 5–7σ. Parameters (position, intensity, flux and size) of
the detected maser (and calibrator) emission have been derived by fitting a two-
dimensional elliptical Gaussian. The term “spot” is used to refer to maser emission
on a single channel map. The Gaussian-fit parameters of each spot were checked
looking at the contour plot of its emission, repeating the fit to optimize the number
of Gaussian components in case of complex spatial structure. We took particular care
to identify and remove spurious spots owing to side-lobe effects of the synthesized
beam. The uncertainty of the fit relative position is estimated using the expression:
(∆θ)2 = ( ·FWHM/SNR)2+(50µas)2. The first contribution represents the Gaussian
fit uncertainty (Reid et al. 1988), with FWHM being the (undeconvolved) full-width
half-maximum size of the spot, and SNR the signal-to-noise ratio of the Gaussian fit.
The second contribution represents a noise level added to take into account position
uncertainties associated with correlator-unmodeled signal propagation through the
troposphere (Pradel et al. 2006).

The VLBI angular and velocity resolution is sufficiently high to resolve the (spa-
tial and velocity) structure of single masing-clouds. We collected spots observed on
contiguous channel-maps and spatially overlapping (within their FWHM size), into
a single maser “feature”. The position and LSR velocity of a given feature are esti-
mated from the error-weighted mean position and the intensity-weighted mean LSR
velocity of its spots, respectively. If, for a given feature, spot position errors are
comparable with the size of the spot distribution (as it is the case of most 22.2 GHz
H2O masers), the feature’s position uncertainty is evaluated by the error-weighted
standard deviation of the spots positions. For extended maser features (as most
6.7 GHz CH3OH masers), for which the diameter of the spot distribution is signifi-
cantly larger than the spot position uncertainties, the position error is taken equal to
the error-weighted mean of the spot position errors. The uncertainty in the absolute
positions of the maser features is calculated by taking the square mean of three in-
dependent error terms: 1) the feature’s relative-position uncertainty; 2) the position
error of the (calibrator or reference maser) signal in the phase-referenced maps; 3)
the positional uncertainty of the calibrator J1825−1718. This latter term dominates
the absolute-position error for water and methanol maser features.

We have used two main criteria to establish the correspondence of maser features
over the epochs: 1) persistence of the relative distribution of a group of features (see
inset in Figure 2.3; see also Goddi et al. 2006); 2) assumption of uniform motions
(e.g., Reid et al. 1988; Gwinn et al. 1992). The tolerance in the change of peak LSR
velocity for persistent features was fixed to less than their spectral FWHM width.
(see Figure 2.7). Relative proper motions for features persisting over (at least) 3
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epochs, have been calculated by performing a linear fit of their varying (relative)
position with time. The derived proper motions are a measure of the feature mean
motion over a time baseline of (up to) 1 yr, for water, and 2 yr, for methanol masers.

Absolute velocities are derived by adding to the relative velocities the absolute
motion of the reference maser feature (the one to which velocities have been referred),
determined with respect to the calibrator J1825−1718. To estimate maser motions
relative to the LSR reference frame of the HMSFR under study, the measured absolute
motion of the reference maser feature has to be corrected for the apparent proper
motion due to the earth revolution around the Sun (parallax), the Solar Motion and
the differential Galactic Rotation between our LSR and that of the HMSFR. Taking
the IAU values for the Solar Motion and the Galactic Rotation (R0 = 8.5 kpc, Θ0

= 220 km s−1), and assuming the near kinematic distance of 4.4 kpc, we derive
an apparent motion of 12 km s−1 to the west and 38 km s−1 to the south. These
values can be affected by large errors of 10–20 km s−1, owing to uncertainties in the
Solar and Galactic standard values, as well as to the recent observational evidence
that HMSFRs might be orbit the Galaxy about 15 km s−1 slower than expected for
circular orbits (Reid et al. 2009b). Absolute velocities have been estimated for water
masers only, whose measured relative motions (see Sect. 2.3.3) are found on average
significantly larger than the expected uncertainty of the correction for the apparent
motion.

2.3.3 22.2 GHz H2O masers

We have detected 40 distinct water maser features, distributed within an area of
about 0.′′4 × 0.′′8 (Figure 2.3b). Most of the maser emission comes from 34 features
distributed across a region of size ∼350 mas to the east of the 1.3 cm continuum peak.
A cluster of 5 features spread over ∼30 mas is observed offset by ∼0.′′6 to the north
of the 1.3 cm continuum source. The individual features properties are presented
in Table 2.2. Maser intensities range from 65.49 to 0.10 Jy beam−1. 14 features
(35% of the total) persisted over at least 3 epochs, 9 of which lasting for 4 epochs.
Between the first and second epoch, the brightest feature (with label # 1 in Table 2.2)
has undergone a powerful flare, with an increase in intensity of about 350%. The
spread in LSR velocities ranges from 67.9 km s−1, for the most redshifted feature
(# 23), to 51.4 km s−1, for the most blueshifted one (# 9). Water maser absolute
positions and LSR velocities are plotted in Figure 2.3b. The inset of Figure 2.3b
shows the details of a persistent structure of water maser emission, which presents
a regular variation of LSR velocities with position, from 67 to 62 km s−1 across a
region of about 45 mas. This structure harbours several among the strongest maser
features, including feature # 1 undergoing the maser flare. Using a time baseline of
9 months, we have measured relative transverse velocities of water maser features with
a mean accuracy of about 30%. The amplitude of relative proper motions ranges from
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2 VLBI kinematics of maser species in HMSFRs. G16.59–0.05

Figure 2.3: Each of the two panels show absolute positions and LSR velocities of
the maser emission observed in G16.59–0.05: a) CH3OH (dots); b) H2O (triangles).
Different colors are used to indicate the maser LSR velocities, according to the color
scale on the right-hand side of the plot, with green representing the HMC systemic
velocity (Vsys). The VLA 1.3 cm and 7 mm continuum emission is plotted with
dotted and dashed contours, respectively. Contour levels are at multiples of 10% of
the peak emission of 0.6 mJy beam−1 for both wavelengths. Inset: enlargement of
the N–S threadlike structure described in Sect. 2.3.3. Maser features are indicated
with the label numbers given in Table 2.2.
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Figure 2.4: Collection of the sub-arcsec observations toward G16.59–0.05. Left
panel: map in the NH3 (2,2) line from Codella et al. (1997). Contour levels are at
multiples of 10% of the peak emission (35 mJy beam−1) and the restoring beam is
shown in the lower left corner of the panel. The star marks the peak position of the
7 mm continuum emission imaged by Zapata et al. (2006). The empty square indi-
cates the area where OH masers were detected by Forster & Caswell (1999). Right
panel: enlargement of the region over which we have detected maser emission. Red
triangles and blue dots represent H2O and CH3OH maser positions from our VLBI
measurements, respectively. The VLA 1.3 cm and 7 mm continuum emissions are
given with dotted and dashed contours, respectively, using the same contour levels
shown in Figure 2.3.

117.1±7.0 km s−1, for feature # 25, to 15.1±4.1 km s−1, for feature # 22. Figure 2.5a
presents the feature relative positions and velocities, determined with respect to the
bright, slowly-variable (. 10%) feature # 4. Both the direction and the uncertainty
of the relative proper motions are indicated. Figure 2.5b shows the derived absolute
proper motions of the persistent water maser features. Since absolute proper motions
are affected by large uncertainties, difficult to estimate, we show only the inferred
mean direction of the motion.

We searched for water maser emission through the whole field of view (1′′×1′′) and
range of LSR velocities (from 50 to 68 km s−1) explored by Beuther et al. (2002c)
using the VLA–B configuration. The centroid of their water maser distribution falls
inside the area of our detections.

2.3.4 1.665 GHz OH masers

Forster & Caswell (1999) observed the HMSFR G16.59–0.05 with the VLA (HPBW
of 7.′′2 × 1.′′0) in the LCP band and reported 7 distinct centers of OH 1.665 GHz
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2 VLBI kinematics of maser species in HMSFRs. G16.59–0.05

Figure 2.5: H2O 22.2 GHz maser kinematics towards G16.59–0.05. a) positions (triangles)
and transverse velocities of the H2O maser features relative to the feature # 4 (indicated with the
vertex-connected symbol). Colored cones are used to show both the direction and the uncertainty
(cone aperture) of the proper motion of maser features. The proper motion amplitude scale is
given by the black arrow on the bottom left corner of the panel. Different colors are used to
indicate the maser LSR velocities, according to the color scale on the right-hand side of the panel,
with green denoting the HMC systemic velocity (Vsys). The VLA 1.3 cm and 7 mm continuum
emissions are given with dotted and dashed contours, respectively, using the same contour levels
shown in Figure 2.3. b) absolute positions and transverse velocities of the water maser features.
The plotted field of view is the same as in the upper panel and symbols and contours have the
same meaning as in the upper panel. Absolute transverse velocities of water masers are affected
by large uncertainties and only the mean direction (and amplitude) of motion is shown.
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maser emission. Their brightest detection has a flux density of 2.2 Jy at the VLSR

of 58.9 km s−1. Figure 2.4 shows the area of the 1.665 GHz OH maser detections by
Forster & Caswell (1999).

No 1.665 GHz OH maser signal is detected on single VLBA baselines over 2 min
scans, with an estimated rms sensitivity of 0.9 Jy. The mean total-power spectrum
of the 10 VLBA antennas (Figure 2.1) shows a tentative detection in the RCP band
of a 0.85 Jy line at a LSR velocity of about 59 km s−1. By imaging maser data
after phase-referencing to the calibrator J1825−1718, no signal was detected above
a 5σ level of 0.06 Jy beam−1, across an area of about 12′′ × 12′′ centered on the
VLA 1.665 GHz OH maser position reported by Forster & Caswell (1999). Since it
is unlikely that the VLA OH maser position is wrong by more than 6′′, we consider
residual ionospheric phase errors as the most probable cause of image degradation
and non-detection of the maser signal.

2.3.5 6.7 GHz CH3OH masers

We have detected 39 distinct 6.7 GHz CH3OH maser features, most (95%) of which
distributed over an area of about 0.′′4× 0.′′4 centered on the 1.3 cm continuum peak.
Hereafter we refer to this group of 6.7 GHz maser features as the “main cluster”. Fig-
ure 2.3a shows the spatial distribution and the LSR velocities of the 6.7 GHz masers.
The individual feature properties are presented in Table 2.3. Relative positions are
given with respect to the structurally-stable, compact, and bright feature # 2, whose
intensity varies less than about 8% (cf. Figure 2.7). Two features, labeled # 28
and 38, are found offset from the main cluster to the west and the north, respec-
tively, and fall close (within about 30 mas) to water maser features with also a good
correspondence in LSR velocity, within 1.5 km s−1(see Figure 2.4). The spread in
LSR velocities ranges from 68.5 km s−1, for the most redshifted feature (# 8), to
52.9 km s−1, for the most blueshifted one (# 38). The main cluster presents a bipolar
distribution with a clear separation of l.o.s velocities: redshifted features toward the
NW, and blueshifted ones toward the SE. The average l.o.s. velocities over the NW
and SE regions are +3.7 and −1.5 km s−1, respectively. Maser intensities range
from 20.62 to 0.06 Jy beam−1. 25 features (64% of the total) persisted over the
2 yr interval covered by our 3 observing epochs. For each maser feature, Table 2.3
reports the mean brightness variability defined as the ratio between the variation
of brightness temperature (of the strongest spot) and the minimum or maximum
brightness temperature (depending on whether the intensity increases or decreases,
respectively). The mean brightness variability of methanol maser features was less
than about 20%, spanning a range from 2% for feature # 16, to about 59% for
feature # 21. These estimates of brightness variability should be taken as upper lim-
its since they include effects from the slightly varying beam shape among different
epochs as well as amplitude calibration uncertainties.
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2 VLBI kinematics of maser species in HMSFRs. G16.59–0.05

We have calculated the geometric center (hereafter “center of motion”, identified
with label # 0 in Table 2.3) of features with a stable spatial and spectral structure
persisting over our 3 epochs. We refer our measurement of transverse motions to
feature # 0. Using a 2 yr time baseline, relative transverse velocities of individual
maser features are determined with a mean accuracy of better than 30%. Proper mo-
tions, derived only for maser features with a stable (spatial and spectral) structure,
are calculated by performing a linear fit of feature position vs time. To establish the
extent of accelerated motions, an analysis of deviations from linear motion is post-
poned after an upcoming forth epoch. The absolute distribution and relative proper
motions of methanol 6.7 GHz masers are plotted in Figure 2.6. The amplitude of
relative proper motions ranges from 11.2±1.6 km s−1, for feature # 6, to 3.6±1.4 km
s−1, for feature # 5. The mean transverse velocity is equal to 6.2 km s−1, about
2–5 times greater than the spread in l.o.s. velocities. It is interesting to note that
most of the transverse velocities for features placed in the NW of the main cluster
are oriented towards N or NE, whereas features in the SE of the main cluster move
towards S or SW.

We covered the range of LSR velocities (from 52 to 69 km s−1) over which 6.7 GHz
maser emission was detected in the high sensitivity, Parkes-64 m observations by
Caswell et al. (1995b), and imaged the whole field of view (0.′′23×0.′′27) where CH3OH
masers were detected by Walsh et al. (1998) using the ATCA interferometer. The
centroid of the ATCA 6.7 GHz maser distribution falls inside the area of our maser
detections.

2.3.5.1 Interpretation of 6.7 GHz maser proper motions

The correct interpretation of the proper motion of a maser feature depends on
whether the motion is real or apparent, i.e. due to a changing of physical and/or ex-
citation conditions (the so-called Christmas-tree effect). Concerning 22.2 GHz H2O
masers, accurate proper motion measurements towards several HMSFRs strongly
suggest that this maser emission traces physical motions of gas bullets, powered by
stellar winds or jets emitted from massive YSO (e.g., Goddi et al. 2006). Since this
work is one of the first attempts to use proper motions of 6.7 GHz methanol masers
to infer gas kinematics in HMSFRs, we propose a few arguments supporting the
kinematic interpretation of features’ proper motions.

Figure 2.7 shows the time evolution during 2 years (from February 2006 to March
2008) of the morphology and spectral structure of three persistent 6.7 GHz maser
features (# 2, 8, and 16), selected to be representative of the observed feature prop-
erties. For each feature and each observing epoch, three sets of data are presented:
the spectral profile (left panel of Figure 2.7); the image of the most extended fea-
ture emission obtained mapping the weakest channels in the spectral wings (hereafter
the feature “image”; middle panel of Figure 2.7); the spatial and LSR velocity dis-
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Figure 2.6: CH3OH 6.7 GHz maser kinematics towards G16.59–0.05. Absolute
positions (dots) and transverse velocities of the CH3OH maser features relative to
the center of motion (as defined in Sect. 2.3.5) of the methanol maser distribution
(indicated by the cross). Colored cones are used to show both the direction and
the uncertainty (cone aperture) of the proper motion of maser features. The proper
motion amplitude scale is given by the black arrow on the bottom right corner of
the panel. Different colors are used to indicate the maser LSR velocities, according
to the color scale on the right-hand side of the plot, with green denoting the HMC
systemic velocity (Vsys). The VLA 1.3 cm and 7 mm continuum emissions are
given with dotted and dashed contours, respectively, using the same contour levels
shown in Figure 2.3. Numbers close to proper-motion cones of a few features are
the feature labels reported in Table 2.3 and mark the features whose properties are
presented in Figure 2.7.

tribution of the spots corresponding to the feature (hereafter the “internal velocity
gradient”; right panel of Figure 2.7). To compare images of the same feature among
different epochs, we cleaned the visibility data using the same restoring beam. Com-
plementing the image’s information, we report the distribution and the LSR velocities
of the brightest spots of each feature, not imaged in the middle panel.

The slightly resolved shape of the feature image remains approximately constant
across the epochs, that is essentially a consequence of the remarkable persistency of
the feature spectrum and spot relative positions. This might be interpreted as the
maser emission at different epochs coming from the same blob of gas, whose internal
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(physical and kinematical) properties do not change significantly over time. On the
contrary, if proper motions were due to different regions of the cloud being excited
at consecutive times, one would not expect the internal velocity and geometrical
structure of the feature to be so well preserved. Taking a velocity equal to the
average 6.7 GHz maser proper motion of ∼6 km s−1, the distance covered in 2 yr
(the time baseline of our observations) corresponds to ∼30 AU at 4.4 kpc. Figure 2.7
shows that 6.7 GHz maser features have (well-detected) internal velocity gradients of
typically ∼0.03 km s−1 AU−1. Then, if different parcels of gas separated by ∼30 AU
were responsible for the maser emission at the first and last observing epochs, one
would expect a relatively large shift of ∼1 km s−1 in the maser l.o.s. velocity and
also a significant change of the internal velocity gradient of the masing gas.

Another indication that we are measuring real motions comes from the smooth
variation of the observed 6.7 GHz maser proper motions with feature position. Look-
ing at Figure 2.6 one notes that proper motions of nearby features have similar
orientations and amplitudes, which suggests that masers trace a smoothly varying
velocity field. In contrast, the Christmas-tree effect is expected to produce apparent
motions uncorrelated with positions. Finally, considering the whole distribution of
measured 6.7 GHz proper motions, it is quite evident that the velocities in the plane
of the sky of redshifted and blueshifted features are antiparallel and perpendicular
to the line connecting them (see Figure 2.6). In the next section we interpret the
whole distribution of l.o.s. and transverse velocities in terms of rotation around the
center of motion of the 6.7 GHz masers. Reproducing the measured transverse (and
l.o.s.) velocities with a simple kinematic model, adds further evidence in favor of the
proper motions to be real.
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a) Feature 2
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2.4 Discussion

Figure 2.6 shows the 6.7 GHz CH3OH masers distribute on top of a compact 1.3 cm
and 7 mm continuum source. The continuum spectrum (shown in Figure 2.2) is
consistent with the source being an UCH ii region (size < 0.03 pc at 4.4 kpc) with a
turnover frequency at about 22 GHz, ionized by a B1 star. Given the low SNR (≤ 8)
of the VLA–C 1.3 cm and 7 mm detections, the absolute position of the continuum
peak is uncertain by a fraction of the observing beam, or several tenths of arcsec.
Thus, the offset of about 0.′′2 of the center of motion of 6.7 GHz masers from the
continuum peak could not be real, and the massive YSO ionizing the gas could be
placed right at the center of the observed 6.7 GHz maser distribution.

The simplest interpretation for the bipolar distribution of 6.7 GHz maser l.o.s.
velocities and the regular pattern of observed transverse velocities is that the masers
are tracing rotation around the center of motion. Since transverse velocities are
significantly larger than l.o.s. velocities, most of the features move close to the
plane of the sky. The bipolar distribution of l.o.s. velocities indicates that the
rotation axis is slightly inclined with respect to the line of sight, because the redshifted
features to the NW of the main cluster are rotating away from the observer and the
blueshifted features to the SE are rotating toward the observer. Assuming centrifugal
equilibrium the required central mass is 26 M¯. This estimate of dynamical mass
(Mdyn = RV 2

rot/G) has been obtained by using a mean transverse velocity of the
6.7 GHz masers of 6.2 km s−1 and an average distance of the blue- and redshifted
regions from the center of motion of 600 AU (at the assumed near kinematic distance
of 4.4 kpc).

We can compare the dynamical mass with the stellar mass inferred from the Lyman
continuum ionizing the H ii region at the position of the methanol masers. If the
7 mm continuum is optically thin free-free emission, for a distance of 4.4 kpc, one
derive a ZAMS star with a spectral type B1, corresponding to a stellar mass of about
16 M¯. This value is lower than the dynamical mass we have obtained and may be
consistent with our interpretation if one considers the contribution of the environment
mass within the volume sampled with the 6.7 GHz masers. It is worth noting that
the virial mass of the methanol region (Mvir = R4v2

int/G = 15 M¯), measured from
the broadening of its thermal lines (4vint = 4.7 km s−1; Leurini et al. 2007), suggests
that the rotation and turbulence contributions to core equilibrium are comparable.
The position angle (≈ −45◦) of the blue- and redshifted methanol distributions is
perpendicular to the NE–SW direction of the less collimated 12CO (2–1) outflow
detected by Beuther et al. (2006), and also visible in the NH3 (2,2) map (Figure 2.4).
The correspondence of the blue- and redshifted side of the methanol distribution with
the southern and northern ones of the large scale outflow, respectively, may suggest
an expanding velocity component combined to the rotational component. These
evidences strongly support the interpretation of the methanol and radio continuum
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tracing the driving source of the NE–SW outflow. Instead, the northwestern mm
emission (the star in Figure 2.4) is more likely the driving source of the denser NW–
SE 12CO (2–1) outflow observed with the SMA (Beuther et al. 2006). This source,
deeply embedded in the dustier cocoon of the whole region, traces the younger source
in the field. The steep, inner, radial intensity profile of the 1.2 mm emission measured
by Beuther et al. (2002a), and centered on this YSO (Beuther et al. 2006), again
reflects its earlier stage.

The absolute velocities of water masers, although affected by high uncertainties,
on average seems to reasonably indicate outflow/expansion. The north and south
water regions are centered on the peak position of the high-density molecular tracers
in between the cm and the mm one. The l.o.s. velocity spread of the molecular line
forest (from 56 to 66 km s−1; Beuther et al. 2006, Figure 13) and the roughly flat
l.o.s. velocity gradient of the CH3CN (5–4) line (Furuya et al. 2008) are consistent
with the water masing-clouds mainly moving along the plane of the sky (Figure 2.5).
We propose 2 possible scenarios to explain water maser kinematics with respect to
the thermal tracers:

1. These emissions emerge from a region where ambient gas is compressed and heated
by the interaction with a stellar wind powered by the cm source. Therefore, water
maser absolute velocities would trace an expanding motion from the same object
exciting the methanol masers, at a distance of about 2− 3 × 103 AU. The presence
of water activity only at the NW side of the cm source could be explained by the
existence of an higher-density environment. This densities may be produced in the
intermediate region between the northwestern dustier mm source and the southestern
cm one.

2. Water and other molecular tracers pinpoint the location of a distinct source, in an
earlier evolutionary phase than that of the cm source. This would by itself explain
the location of the water masers with respect to the methanol masers. This source
may also be the one powering the putative third outflow, reported by Beuther et al.
(2006), traced by the northern SiO emission.

The core mass (Mdust) estimated using the 3 mm flux density (Furuya et al. 2008)
is about 80 M¯ at the corrected distance of 4.4 kpc. Following Cesaroni et al. (2007),
cores that are so massive (' 100 M¯) are likely to host multiple YSOs, as proved
by us for the HMSFR G16.59–0.05 on the basis of maser associations. This is also
in agreement with the high optical depth at 850 µm and the high dust opacity
index (β = 1.6) measured in the region, which suggest a proto-cluster formation
(Williams et al. 2004). It is interesting to note the SE–NW alignment of the strong
SE and faint NW Mid-IR sources detected by De Buizer et al. (2005). The latter
one, corresponding to the maser region, is decomposed in at least two sources along
the same SE–NW direction. It seems to exist an evolutionary trend starting from the
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younger (proto)stellar object at NW, the maser source(s) in the middle and a newly
born ZAMS star at SE. Actually, this clumping evidence also suggests that the IRAS
luminosity (2× 104 L¯) as well as the mid-IR data (< 153 L¯) are indicators of the
overall behavior of the SFR rather than of individual sources, because they suffer
confusion by multiple objects.

2.5 Summary

Using the VLBA and the EVN interferometers, we observed the high-mass star-
forming region G16.59–0.05 in the three most powerful maser transitions: 22.2 GHz
H2O, 6.7 GHz CH3CH, and 1.665 GHz OH. The radio continuum emission toward
G16.59–0.05 was also observed with the most extended VLA configuration to com-
pare its brightness structure with the VLA–C archival data available. From our
observations we draw the following main conclusions:

1. We have studied in detail velocity gradients and internal structures of water and
methanol masing-clouds. On the basis of their different behaviors, which reflect their
different position and LSR velocity distributions, we infer that the two maser species
trace different gas turbulence regimes.

2. In the present work, we have collected evidence that methanol masers, alike water
emission, are suitable tracers of the kinematics around massive young stellar ob-
jects. For the first time, we show that high spatial resolution observations of 6.7 GHz
masers, combined to accurate proper motion measurements (< 30%) across 2 years,
clearly prove methanol masers tracing rotation (at about 6 km s−1) about an UCH ii
region. The dynamical mass (26 M¯) inferred from this rotational motion further
suggests we are indeed tracing an high-mass young stellar object.

3. We have used our observations of maser associations to constraint the existence of
multiple young stellar objects in the high-mass star-forming region G16.59–0.05. We
have shown that the hot molecular core, where maser emissions cluster, is composed
by at least two young stellar objects in different evolutionary phases, powering the
two main 12CO bipolar outflows resolved in the region. Water masers can either
pinpoint the location of a third source or trace an expanding motion from the same
object exiting the methanol masers.
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2.5 Summary

Table 2.2: Parameters of VLBA 22.2 GHz water maser features. For each identified feature,
the label (given in Col. 1) increases with decreasing brightness. Cols. 2 and 3 report the LSR
velocity and brightness of the brightest spot (for the epoch specified by the number in brackets).
Cols. 4 and 5 give the position offset relative to the feature # 4, toward the East and the North
direction, respectively. Cols. 6 and 7 report the the projected components of the feature proper
motion relative the the feature # 4, along the East and North direction, respectively. Col. 8
shows the relative error of the proper motion amplitude. The absolute position of the reference
feature # 4 is reported at the bottom of the Table.

Feature VLSR Fpeak ∆x ∆y Vx Vy ∆|V |/|V |
(km s−1) (Jy beam−1) (mas) (mas) (km s−1) (km s−1)

1 65.48 65.49 (2) −106.46± 0.23 132.43± 0.44 −17.4± 6.9 40.8± 12.9 27%
2 64.85 40.19 (4) −110.94± 0.18 142.62± 0.18 ... ... ...
3 65.06 27.55 (3) −108.89± 0.12 139.37± 0.17 −23.3± 5.5 42.8± 7.8 15%
4 60.93 22.98 (1) 0 0 0 0
5 60.09 15.89 (1) 107.14± 0.10 109.94± 0.19 −0.1± 7.0 39.7± 13.3 33%
6 64.52 11.63 (1) −111.92± 0.12 143.40± 0.11 −3.3± 4.0 19.7± 4.4 22%
7 64.42 4.24 (4) −107.50± 0.09 131.83± 0.11 −10.6± 5.7 43.1± 6.6 15%
8 61.48 3.30 (4) 230.00± 0.10 685.88± 0.18 −7.2± 7.0 35.4± 11.7 32%
9 51.36 2.70 (4) 256.26± 0.16 695.78± 0.17 −1.8± 8.5 55.3± 8.1 15%
10 59.25 2.56 (1) 229.96± 0.13 685.76± 0.20 ... ... ...
11 62.62 1.72 (1) −111.69± 0.09 120.16± 0.10 ... ... ...
12 64.42 1.70 (4) −105.56± 0.08 137.21± 0.10 ... ... ...
13 66.11 1.67 (3) −116.31± 0.09 156.20± 0.10 −10.9± 6.0 43.5± 8.5 19%
14 60.84 1.48 (3) 235.32± 0.08 673.64± 0.10 −11.8± 5.4 19.7± 6.1 26%
15 61.26 1.31 (2) 107.55± 0.07 111.31± 0.09 ... ... ...
16 60.63 1.11 (3) 0.56± 0.14 −1.27± 0.13 ... ... ...
17 66.74 0.87 (4) −115.99± 0.09 153.86± 0.21 ... ... ...
18 65.06 0.80 (3) −118.02± 0.11 153.03± 0.18 ... ... ...
19 61.90 0.79 (4) −108.63± 0.13 131.99± 0.17 ... ... ...
20 66.42 0.72 (1) −106.92± 0.10 129.23± 0.18 ... ... ...
21 65.48 0.71 (4) 106.92± 0.08 110.26± 0.09 ... ... ...
22 59.58 0.64 (4) 152.99± 0.09 1.63± 0.10 9.3± 3.5 11.7± 4.2 27%
23 67.89 0.57 (1) −115.27± 0.09 146.15± 0.09 ... ... ...
24 62.53 0.51 (4) −112.30± 0.08 126.55± 0.09 ... ... ...
25 66.74 0.49 (2) −115.84± 0.08 157.32± 0.12 −27.4± 5.0 113.8± 7.6 6%
26 64.10 0.46 (1) −106.47± 0.10 137.54± 0.12 ... ... ...
27 66.32 0.45 (3) −117.63± 0.08 162.42± 0.12 ... ... ...
28 65.48 0.40 (2) 107.06± 0.09 109.40± 0.10 ... ... ...
29 62.74 0.39 (3) −112.00± 0.09 118.35± 0.14 ... ... ...
30 60.30 0.35 (1) 6.92± 0.09 12.23± 0.12 4.9± 3.6 20.4± 4.6 21%
31 60.63 0.34 (4) 107.16± 0.11 111.54± 0.18 ... ... ...
32 62.20 0.33 (1) −109.48± 0.19 128.05± 0.20 ... ... ...
33 60.84 0.25 (4) 5.81± 0.09 10.10± 0.14 ... ... ...
34 60.84 0.21 (3) −8.41± 0.09 13.03± 0.20 ... ... ...
35 62.32 0.21 (4) −111.81± 0.08 120.87± 0.12 ... ... ...
36 63.46 0.18 (1) −107.52± 0.10 131.67± 0.13 ... ... ...
37 60.09 0.16 (1) 106.91± 0.10 119.47± 0.15 ... ... ...
38 58.61 0.10 (1) 228.34± 0.10 −31.43± 0.18 12.8± 4.3 10.4± 7.0 34%
39 63.04 0.10 (1) 264.41± 0.11 684.83± 0.15 ... ... ...
40 60.00 0.10 (3) 108.53± 0.086 113.03± 0.15 ... ... ...

Reference Feature: Absolute position

Feature R.A.(J2000) Dec.(J2000)
(h m s) (◦’ ”)

4 18:21:09.09211±0.00009 -14:31.48.6790±0.0023
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2 VLBI kinematics of maser species in HMSFRs. G16.59–0.05

Table 2.3: Parameters of EVN 6.7 GHz methanol maser features. For each identified feature,
the label (given in Col. 1) increases with decreasing brightness. Cols. 2 and 3 report the LSR
velocity and brightness of the brightest spot, with the number in bracket indicating the percent
brightness variability. Cols. 4 and 5 give the position offset relative to the feature # 2, toward the
East and the North direction, respectively. Cols. 6 and 7 report the the projected components of
the feature proper motion relative to the center of motion (as defined in Sect. 2.3.5, and identified
with label # 0), along the East and North direction, respectively. Col. 8 shows the relative error
of the proper motion amplitude. The absolute position of the reference feature # 2 is reported at
the bottom of the Table.

Feature VLSR Fpeak ∆x ∆y Vx Vy ∆|V |/|V |
(km s−1) (Jy beam−1) (mas) (mas) (km s−1) (km s−1)

1 62.11 20.62(22%) −106.27± 0.09 205.81± 0.13 ... ... ...
2 59.47 12.90(8%) 0 0 −3.2± 1.0 −4.0± 1.4 25%
3 64.13 7.88(22%) −72.93± 0.09 175.07± 0.13 ... ... ...
4 58.42 7.60(3%) 40.35± 0.09 −18.67± 0.13 −1.7± 1.0 −6.1± 1.4 22%
5 63.78 7.15(42%) −158.52± 0.09 135.34± 0.13 −0.6± 1.0 −3.5± 1.4 40%
6 66.06 4.15(9%) −206.96± 0.09 113.62± 0.13 1.8± 1.1 11.0± 1.5 14%
7 67.81 2.98(17%) −200.44± 0.08 120.97± 0.12 0.7± 1.0 4.1± 1.4 35%
8 68.52 2.42(19%) −198.32± 0.10 120.56± 0.14 5.4± 1.2 3.3± 1.7 22%
9 63.95 2.03(18%) −58.07± 0.10 177.76± 0.17 ... ... ...
10 59.91 1.77(58%) 37.02± 0.10 3.00± 0.15 −4.2± 1.2 −6.1± 1.8 22%
11 64.74 1.60(38%) −212.91± 0.10 125.86± 0.16 ... ... ...
12 57.02 1.20(23%) 44.19± 0.09 −24.65± 0.16 −1.3± 1.2 −4.6± 2.0 41%
13 58.42 1.16(8%) 20.18± 0.18 −18.57± 0.46 ... ... ...
14 64.30 1.13(35%) −85.95± 0.10 168.74± 0.17 ... ... ...
15 57.45 0.99(10%) −100.07± 0.10 −52.87± 0.16 ... ... ...
16 56.84 0.87(2%) −82.83± 0.11 −55.85± 0.18 −6.3± 1.6 −2.4± 2.6 27%
17 62.55 0.72(56%) −210.41± 0.13 101.17± 0.27 ... ... ...
18 58.51 0.56... −15.95± 0.22 0.44± 0.33 ... ... ...
19 58.60 0.49... 69.45± 0.19 −77.32± 0.31 ... ... ...
20 61.84 0.41(22%) −102.92± 0.15 189.05± 0.30 ... ... ...
21 61.76 0.40(59%) −81.04± 0.19 112.36± 0.46 ... ... ...
22 58.86 0.28(29%) −6.48± 0.18 −30.55± 0.39 ... ... ...
23 64.04 0.18... −68.46± 0.42 103.02± 0.58 ... ... ...
24 59.12 0.17... 84.43± 0.39 −78.86± 0.66 ... ... ...
25 60.09 0.17(9%) −11.76± 0.22 −25.28± 0.50 ... ... ...
26 58.68 0.16... −17.03± 0.63 −94.58± 0.91 ... ... ...
27 59.12 0.16(16%) 26.70± 0.24 −18.15± 0.63 ... ... ...
28 58.07 0.14(17%) −396.02± 0.25 −39.64± 0.64 ... ... ...
29 63.07 0.13(36%) −213.83± 0.28 195.95± 0.63 ... ... ...
30 57.63 0.12... −62.37± 0.30 −57.29± 0.58 ... ... ...
31 61.76 0.12... −68.25± 0.42 93.82± 0.77 ... ... ...
32 60.70 0.11... −287.88± 0.56 −43.17± 0.80 ... ... ...
33 58.77 0.09... −7.14± 0.97 68.86± 1.10 ... ... ...
34 61.32 0.09(14%) −68.81± 0.33 122.23± 0.80 ... ... ...
35 63.25 0.08... −157.22± 0.65 33.89± 1.01 ... ... ...
36 63.51 0.08... −209.00± 0.54 104.94± 1.03 ... ... ...
37 63.69 0.08... −149.29± 0.55 90.60± 0.57 ... ... ...
38 52.89 0.07... −407.11± 0.65 669.44± 1.07 ... ... ...
39 56.84 0.06... −91.01± 0.95 −124.54± 1.31 ... ... ...
0 −84.71± 0.06 67.90± 0.10 0 0

Reference Feature: Absolute position

Feature R.A.(J2000) Dec.(J2000)
(h m s) (◦’ ”)

2 18:21:09.13711±0.00023 -14:31:48.6853±0.0036
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3
VLBI kinematics of maser species in

HMSFRs. G23.01–0.41

Based on: Sanna, A.; Moscadelli, L.; Cesaroni, R.; Tarchi, A.; Furuya, R. S.;
Goddi, C. Paper II, submitted to Astronomy & Astrophysics

The current chapter focuses on our interferometric observations of maser transitions
and radio continuum toward the HMSFR G23.01–0.41. In Sect. 1, we provide an up-
to-date review of previous observations toward this region. In Sect. 2, we describe
our VLBI observations of the 22.2 GHz H2O, 6.7 GHz CH3OH, and 1.665 GHz OH
maser transitions. Complementary VLA observations of the water vapor maser and
continuum emission at 1.3 and 3.6 cm, with 0.1 arcsec resolution, are also illustrated.
In Sect. 3, we report on the spatial morphology, kinematics, and time-variability
of individual maser species, and on the detection of free-free continuum emission
superimposed on the maser emission at the center of the HMC. In Sect. 4, we discuss
the spatial relation of the three maser species and their overall kinematics. We also
draw a comprehensive picture of the HMSFR comparing maser emission with thermal
continuum and line emission from the region. The main conclusions are summarized
in Sect. 5.
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3.1 The HMSFR G23.01–0.41

The HMSFR G23.01–0.41 is located at a distance of 4.59+0.38
−0.33 kpc (Brunthaler et al.

2009), presenting a large-scale clump mass of about 4×103 M¯ (Furuya et al. 2008),
and an upper limit to the bolometric luminosity of about 105 L¯, inferred from IR
data (Araya et al. 2008)1. From observations of NH3 and CH3CN transitions, the
systemic LSR velocity of the region was determined to be Vsys = 77.4 km s−1

(Codella et al. 1997; Furuya et al. 2008).
On an arcminute scale, Spitzer IRAC GLIMPSE observations show strong 4.5 µm

excess (Araya et al. 2008 and references therein), indicative of shocked gas, at the
position of a molecular clump extended over an area of about 30 arcsec2, imaged
with the Nobeyama Millimeter Array (NMA) in the 13CO (1− 0) and C18O (1− 0)
lines (Furuya et al. 2008). Associated to the extended mid-infrared emission, it was
observed a massive 12CO (1 − 0) bipolar outflow, with a prominent red-wing emis-
sion, elongated in the NE–SW direction. The same outflow was also detected in the
13CO (1 − 0) and HNCO (505 − 404) transitions (Furuya et al. 2008). Single-dish
observations toward G23.01–0.41 detected several, both thermal and maser, molecu-
lar transitions. Anglada et al. (1996) reported a spatial and velocity coupling of the
CS (1− 0) and NH3 (1, 1) lines tracing the turbulent, high-density (104 − 105 cm−3)
gas in the region, and thermal, broad line (FWHM> 20 km s−1) SiO emissions in the
ground vibrational state (J = 2− 1 and 3− 2) were detected by Harju et al. (1998).
Caswell et al. (2000) detected thermal CH3OH emission from the 156.6 GHz (see also
Slysh et al. 1999) and 107.0 GHz transitions, this latter superimposed on a maser
component. Methanol maser emission was also reported at 6.7 GHz (e.g., Menten
1991; Goedhart et al. 2004), 12.2 GHz (e.g., Caswell et al. 1993; BÃlaszkiewicz & Kus
2004), 44.1 GHz (Slysh et al. 1994), and 95.2 GHz (Val’tts et al. 2000). First at-
tempts to measure Zeeman splitting of the 6.7 GHz maser components suggest a
magnetic field strength of a few tens of mG (Vlemmings 2008). The G23.01–0.41 re-
gion hosts both strong 22.2 GHz H2O (e.g., Caswell et al. 1983; Szymczak et al. 2005)
and OH at 1.665, 1.667 GHz (main-line), and 1.612 GHz (satellite-line) masers (e.g.,
Caswell & Haynes 1983; Szymczak & Gérard 2004). Through Zeeman splitting of the
1.667 GHz maser components, Szymczak & Gérard (2004) estimated a magnetic field
strength of a few tenths of mG. Interestingly, in the spectra of the OH at 1.665, 1.667,
and 1.720 GHz transitions, absorption features were also noted (Caswell & Haynes
1983; Szymczak & Gérard 2004). A similar absorption pattern was observed in the
formaldehyde (H2CO) 4.8 GHz transition by Downes et al. (1980), who associated
G23.01–0.41 to a nearby diffuse H ii region, identified on the base of its H110α
recombination line emission.

1The reported values of mass and luminosity have been corrected taking into account the accurate
distance recently measured by Brunthaler et al. (2009).
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On angular scales of a few arcsec, NH3 (3, 3) VLA and CH3CN (6 − 5) Plateau
de Bure (PdB) observations (Codella et al. 1997; Furuya et al. 2008) revealed the
presence of an HMC (kinetic temperature of 58 K), showing an elongated shape and
a velocity gradient concordly oriented in the NW–SE direction. From the 3 mm
dust continuum emission, the HMC mass was estimated to be of about 70 M¯
(Furuya et al. 2008). These observations suggest that the HMC may be a flattened
structure rotating about the axis of the 12CO (1 − 0) bipolar outflow detected at
larger scales. The VLA positions of the H2O, OH (Forster & Caswell 1999), and
4.8 GHz H2CO (Araya et al. 2008) masers, as well as the Australia Telescope Com-
pact Array (ATCA) and VLBA positions of, respectively, the 6.7 GHz (J. L. Caswell
unpublished; Caswell et al. 2000) and 12.2 GHz CH3OH masers (Brunthaler et al.
2009), agree well with the location of the HMC. From the large collection of multi-
wavelength data reported here, the G23.01–0.41 region can be convincingly depicted
as an active site of massive star formation.

3.2 Observations and Data Analysis

3.2.1 VLA observations: 1.3 cm & 3.6 cm continuum

The source was observed with the VLA at X and K band in both the C-array (in April
2008) and A-array (in October 2008) configurations. At 3.6 cm in both configurations
and at 1.3 cm in the C configuration, the continuum mode of the correlator was used,
resulting in an effective bandwidth of 172 MHz. At 1.3 cm in the A configuration we
used mode “4” of the correlator, with a pair of 3.125 MHz bandwidths (64 channels)
centered on the strongest H2O maser line and a pair of 25 MHz bandwidths (8
channels) sufficiently offset from the maser lines to obtain a measurement of the
continuum emission. Note that the two bandwidths centered at the same frequency
were measuring different polarizations and could thus be averaged to obtain a noise
reduction by a factor

√
2.

At X-band, 3C 286 (5.2 Jy) and 3C 48 (3.1 Jy) were used as primary flux calibrators,
while 1832–105 (1.4 Jy) was the phase calibrator. For the K-band observations, the
primary flux calibrator was 3C 286 (2.5 Jy), the phase calibrator 1832–105 (1.0 Jy),
and the bandpass calibrator (for the A-array data only) 1733-130 (3.7 Jy).

The data were calibrated in AIPS using standard procedures. Only for the A-
array data at 1.3 cm, several cycles of self-calibration were applied to the strongest
maser channel, and the resulting phase and amplitude corrections were eventually
transferred to all the other line channels and to the K-band continuum data. This
procedure resulted in a significant (at least a factor 2) improvement of the SNR.

Natural-weighted maps were made with task IMAGR of AIPS both for the contin-
uum and the line data. Simultaneous observation of the line and continuum emission
at K-band made it possible to obtain the relative position of the continuum image
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with respect to the H2O maser spots with great precision (∼10 mas). Finally, we
identified the maser spots that appear in both our VLBA and VLA images and, using
the accurate absolute position information obtained from the VLBA observations, we
re-centered the VLA spots and continuum image. The correction thus applied turns
out to be <20 mas in each coordinates. In conclusion, we believe that the abso-
lute astrometrical precision of the continuum maps presented in the following is of
∼0.01 arcsec.

3.2.2 Maser VLBI

We conducted multi-epoch, VLBI observations of the H2O, CH3OH, and OH masers
toward G23.01–0.41 in the K, C, and L bands, respectively. In order to derive the
maser absolute position, we used phase-referencing by fast switching between the
maser target and the calibrator J1825–0737. This phase-reference calibrator has an
angular offset from the maser direction of 2.6◦ and belongs to the list of sources
defining the ICRF. Its absolute position is known better than ±2 mas and its flux
measured with the VLBA at S and X bands is 68 and 151 mJy beam−1, respectively
(Fomalont et al. 2003). Five fringe finders (J1642+3948; J1751+0939; J1800+3848;
J2101+0341; J2253+1608) were observed for bandpass, single-band delay, and instru-
mental phase-offset calibration. Data were reduced with the NRAO AIPS software
package following the VLBI spectral line procedures. Chapter 2 describes the general
data calibration procedures.

3.2.2.1 VLBA observations: 22.2 GHz H2O masers

We observed the HMSFR G23.01–0.41 (tracking center: R.A.(J2000) = 18h34m40s.39
and Dec.(J2000) = −09◦00′38′′.5) with the VLBA in the 616−523 H2O transition (rest
frequency 22.23507985 GHz). The observations (program code: BM244) consisted of
4 epochs: April 17, June 29, and September 22, 2006, and January 17, 2007. During a
total observing time of about 6 h per epoch, it was recorded dual circular polarization
through a 16 MHz bandwidth, centered on a LSR velocity of 77.0 km s−1. The data
were processed by the VLBA FX correlator in Socorro using an averaging time of
1 s and 1024 spectral channels. The total-power spectrum of the 22.2 GHz masers
toward G23.01–0.41 is shown in Figure 3.1 (top panel). This profile was obtained by
averaging the total-power spectra of all VLBA antennas, weighting each spectrum
with the antenna Tsys.

The natural CLEAN beam was an elliptical Gaussian with a FWHM size of about
1.3 mas×0.4 mas at a P.A. of −19◦ (east of north), with little variations from epoch to
epoch. The interferometer instantaneous field of view was limited to about 2.′′7 . At
each observing epoch, using an on-source integration time of about 2.5 h, the effective
rms noise level of the channel maps (σ) varied in the range 0.006–0.03 Jy beam−1.
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Figure 3.1: Total-power spectra of the H2O, CH3OH and OH masers towards
G23.01–0.41. Upper panel: Tsys-weighted average of the 22.2 GHz total-power
spectra of the 9 VLBA antennas observing on 2007 January 17 (BR, FD, KP, LA,
MK, NL, OV, PT, SC). Inset: zoom of the water maser peak. Middle panel:
Effelsberg total-power spectrum of the 6.7 GHz methanol maser emission on 2007
March 17. Inset: zoom of the methanol maser peak. Lower panel: Tsys-weighted
average of the 1.665 GHz total-power spectra of the 9 VLBA antennas observing on
2007 April 27 (BR, FD, HN, KP, MK, NL, OV, PT, SC). Continuous and dashed
line is used to distinguish between right (RCP)and left (LCP) circular polarization,
respectively. The dotted line crossing the spectra represents the systemic velocity
(Vsys) inferred from CH3CN measurements.
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The channel separation corresponds to a resolution in the l.o.s. velocity of 0.2 km
s−1.

3.2.2.2 VLBA observations: 1.665 GHz OH masers

We observed the HMSFR G23.01–0.41 (tracking center: R.A.(J2000) = 18h34m40s.27
and Dec.(J2000) = −09◦00′37′′.5) with the VLBA in the 2Π3/2 J = 3/2 OH transi-
tion (rest frequency 1.66540184 GHz). A single epoch was observed (program code:
BM244N) on April 27, 2007. During a total observing time of about 6 h, it was
recorded dual circular polarization through two bandwidths of 1 MHz and 4 MHz,
both centered at a LSR velocity of 70.0 km s−1. The 4 MHz bandwidth served to
detect the weak L-band signal of the phase reference continuum calibrator. The data
were processed by the VLBA FX correlator in Socorro in two correlation passes using
either 1024 or 512 spectral channels for the 1 MHz and 4 MHz bands, respectively.
In each correlator pass, the data averaging time was 2 s. The Tsys-weighted mean of
antenna total-power spectra for the right and left circular polarizations at 1.665 GHz
are shown in Figure 3.1 (bottom panel). After removing a first order baseline, the
1.665 GHz OH spectra of both circular polarizations present similar characteristics:
several maser emission components superposed on a broad absorption feature (see
Sect. 3.3.3).

The natural CLEAN beam was an elliptical Gaussian with a FWHM size of
19 mas × 10 mas at a P.A. of 3◦. The interferometer instantaneous field of view
was limited to about 18.′′5 . With an on-source integration time of about 1.9 h, the
effective rms noise level on the channel maps (σ) was about 0.02 Jy beam−1. With
1024 correlator channels, the 1 MHz band provides a resolution in the l.o.s. velocity
of 0.2 km s−1. The visibility phase of both circular polarizations was calibrated using
as phase-reference the brightest maser channel of the right circular polarization.

3.2.2.3 EVN observations: 6.7 GHz CH3OH masers

We observed the HMSFR G23.01–0.41 (tracking center: R.A.(J2000) = 18h34m40s.39
and Dec.(J2000) = −09◦00′38′′.5) with the EVN in the 51−60A

+ CH3OH transition
(rest frequency 6.66851920 GHz). So far, 3 epochs have been observed, the first two
on February 27, 2006 and March 17, 2007 (program code: EM061), the third one on
March 16, 2008 (program code: EM069). At the first two epochs, antennas involved
in the observations were Cambridge, Jodrell2, Effelsberg, Hartebeesthoek, Medicina,
Noto, Torun, and Westerbork. During the third epoch the Hartebeesthoek antenna
was replaced by the Onsala antenna. Over a total observing time of about 6 h per
epoch, it was recorded dual circular polarization through two bandwidths of 2 MHz
and 16 MHz, both centered on a LSR velocity of 77.0 km s−1. The 16 MHz bandwidth
was useful to increase the SNR on the phase reference continuum calibrator. The
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data were processed by the MKIV correlator at the JIVE using an averaging time
of 1 s and 1024 spectral channels for both observing bandwidths. The Effelsberg
total-power spectrum at 6.7 GHz toward G23.01–0.41 is shown in Figure 3.1 (middle
panel). Since EVN antennas are very different, we have chosen to plot the spectrum
of the most sensitive one (SEFD ≈ 30 Jy).

The natural CLEAN beam was an elliptical Gaussian with a FWHM size of about
13 mas × 5 mas at a P.A. of 30◦, slightly varying from epoch to epoch. The inter-
ferometer instantaneous field of view was limited to about 9.′′2 . At each observing
epoch, using an on-source integration time of about 2.2 h, the effective rms noise
level of the channel maps (σ) varied in the range 0.008–0.3 Jy beam−1. With 1024
correlator channels, the 2 MHz band provides a resolution in the l.o.s. velocity of
0.09 km s−1.

3.3 Results

The present section reports our main results for the radio continuum and individual
maser species in G23.01–0.41. Details on the adopted detection criteria and Gaussian
fit of maser emission to derive spot parameters (position, intensity, flux and size) are
reported in Chapter 2. Chapter 2 describes the terminology adopted and our method
to measure masing-cloud proper motions, as well.

3.3.1 1.3 cm & 3.6 cm continuum

Our measurements of the 1.3 and 3.6 cm continuum emission in both VLA–A and
C configuration are summarized in Table 3.1. Whereas the most extended VLA
configuration partly resolved the radio continuum at 1.3 cm (missing about half
of the flux recovered in the compact configuration), the fluxes at 3.6 cm of both
configurations are comparable. Taking into account the shape of the VLA-A beam
(HPBW of 0.′′13 × 0.′′09 at a P.A. of −13◦), the 1.3 cm continuum emission appears
slightly elongated in the E–W direction (see Figure 3.3). Figure 3.2 shows that a
spectral index (α) of 0.91 is derived from our highest-flux measurements.

Previous observations at 3 cm and 6 cm were conducted using the ATCA and the
VLA BnA–A configuration, respectively (Forster & Caswell 2000; Araya et al. 2008).
Forster & Caswell (2000) reported a flux at 3 cm of 0.37±0.12 mJy with an HPBW
of 1.′′5× 1.′′5, and Araya et al. (2008) derived a 5σ upper limit of 2.4 mJy in the 6 cm
band (HPBW of 1.′′6× 1.′′1 at a P.A. of −7◦).

3.3.2 22.2 GHz H2O masers

Water maser emission arises from 3 clusters of features distributed within an area of
about 1′′ × 0.′′5, elongated in the NE–SW direction (Figure 3.3a). We have identified
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Table 3.1: G23.01–0.41: Radio continuum emission.
Peak positiona

Telescope λ HPBW P.A. Image rms R.A.(J2000) Dec.(J2000) Fpeak Fint

(cm) (” × ”) (◦) (mJy beam−1) (h m s) (◦’ ”) (mJy beam−1)(mJy)

VLA–A 1.3 0.131× 0.095 -13 0.06 18 34 40.284 -09 00 38.31 0.72 0.98
VLA–C 1.3 1.1× 0.8 0 0.05 ... ... 1.31 1.44
VLA–A 3.6 0.36× 0.24 -5 0.03 ... ... 0.47 0.59
VLA–C 3.6 2.7× 1.9 2 0.03 ... ... 0.52 0.50

(a) The absolute position of the VLA–A 1.3 cm emission peak, obtained aligning positions of

persistent water maser spots between the VLA and VLBA observations, should be accurate to about

± 0.01 arcsec.

Figure 3.2: Spectral energy distribution of the radio continuum in the HMSFR
G23.01–0.41. Dots and errorbars report the values and the associated errors of our
measurements at 1.3 and 3.6 cm using both the VLA A- and C-configurations (see
Table 3.1). Taking at each observing frequency the highest-flux measurement, the
derived spectral index (indicated by the dotted line) is α = 0.91.

86 distinct water maser features distributed to the NE, SW, and towards the center
of the plotted area (hereafter “middle cluster”). The individual features properties
are presented in Table 3.2. Taking the features’ brightest spot, maser intensities
range from 202.89 to 0.07 Jy beam−1. Only 28 features (33% of the total) were
persisting over, at least, 3 epochs, 15 of which lasting for 4 epochs. The spread in
LSR velocities ranges from 89.4 km s−1, for the most redshifted feature (# 57), to
57.0 km s−1, for the most blueshifted one (# 22). The NE and SW clusters are
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Figure 3.3: Each panel shows absolute positions and LSR velocities of one of the three maser
emissions observed in G23.01–0.41: a) H2O (triangles), b) CH3OH (dots) and c) OH (squares).
Different colors are used to indicate the maser LSR velocities, according to the color scale on the
right-hand side of the plot, with green representing the HMC systemic velocity (Vsys). For hy-
droxyl masers, full and empty squares denote right and left circular polarized features, respectively,
and numbers close to (some) maser features indicate the inferred local value of the magnetic field
strength. The VLA 1.3 cm continuum emission is plotted with dashed contours. Contour levels
are at multiples of 10% of the peak (0.72 mJy beam−1) and the restoring beam is shown in the
lower left corner of the upper panel.

61
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Figure 3.4: Collection of the sub-arcsec observations toward G23.01–0.41. Left
panel: map in the NH3 (3,3) line from Codella et al. (1997). Contour levels are at
multiples of 10% of the peak emission (46.5 mJy beam−1) and the restoring beam is
shown in the lower left corner of the panel. The star marks the peak position of the
3 mm continuum emission as determined by Furuya et al. (2008). Right panel:
enlargement of the region over which we have detected maser emision. Red triangles,
blue dots and green squares represent H2O, CH3OH and OH maser positions from
our VLBI measurements, respectively. The empty circle marks the position of the
brightest 12.2 GHz CH3OH maser feature (at VLSR = 81.5 km s−1) as measured
by Brunthaler et al. (2009) with an uncertainty of a few milli-arcsec. The empty
triangle with the error-bars indicates the position (and the associated uncertainty) of
the 4.8 GHz H2CO maser feature (at VLSR = 73.6 km s−1) as derived by Araya et al.
(2008). Dashed contours show the VLA 1.3 cm continuum emission. Contour levels
are at multiples of 10% of the peak (0.72 mJy beam−1) and the restoring beam is
shown in the lower left corner of the panel.

observed at a similar angular separation of about 0.5 arcsec (i.e. 2 × 103 AU at a
distance of 4.59 kpc) from the middle one and both have a threadlike N–S morphology
extending up to 117 mas. The water maser emission from the NE (15 features) and
SW (6 features) clusters presents different properties: the SW cluster consists of
faint (weaker than 0.49 Jy beam−1), short-lived (one epoch) features, whereas the
NE one consists of bright (up to 22.21 Jy beam−1) and persistent emission (67% of
the features last for at least 3 epochs and 8 features for 4 epochs). The middle cluster
has an arc-like morphology, of about 200 mas in size, and extends on top of the 1.3 cm
continuum emission. Water maser emission from this region (61 features) is the most
variable: only 25% of the observed features persist at least for 3 epochs and only
4 features last for 4 epochs. This region has also undergone a powerful maser flare
(feature # 1 in Table 3.2) observed during the last epoch (Figure 3.1 upper panel)
with an increase of intensity of about 200 times. Water masers absolute distribution
and l.o.s. velocities are plotted in Figure 3.3a. Over a time baseline of 9 months we
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measured relative transverse velocities of individual features with a mean accuracy
of about 30%. The magnitude of relative proper motions ranges from 59.3±4.7 km
s−1, for feature # 6, to 6.0±3.7 km s−1, for feature # 21. Positions and velocities
are relative to the isolated and compact feature # 24. Our measurements of absolute
proper motion have been corrected by the velocity vector µx = −37 & µy = −90 km
s−1 (where the X and Y indices refer to the motion components toward the east and
the north, respectively) representing the Galactic peculiar motion of the HMSFR as
measured by Brunthaler et al. (2009). Mean uncertainties in the magnitude of the
absolute motions of water maser features are about 40%. The spatial distribution
with the relative and absolute proper motions of water masers is plotted in Figure 3.5a
and 3.5b, respectively.

We imaged the whole range of LSR velocities (from 68 to 87 km s−1) where
Forster & Caswell (1999) detected water maser emission. Using the VLA–C con-
figuration they identified two regions of maser activities, each elongated in the north-
south direction by about 1 arcsec, and separated by about 40 arcsec. Our field of
view covers the region associated with their brightest spots and the absolute position
we have determined for the reference maser spot is offset by about 1.5 arcsec from
the reference position of Forster & Caswell (1999).

3.3.3 1.665 GHz OH masers & absorption

Although the whole distribution of hydroxyl masers is scattered across a region of
about 0.′′8 × 0.′′4, half of maser spots are clustered into a small area, 0.′′06 × 0.′′12,
eastward of the 1.3 cm continuum peak (Figure 3.3c). We have identified 24 distinct
OH maser features and individual features properties are presented in Table 3.3.
Positions are relative to the isolated and brightest feature # 1. The absolute distri-
bution and l.o.s. velocities of hydroxyl masers are plotted in Figure 3.3c. The LSR
velocities range from 79.7 km s−1, for the most redshifted feature (# 13), to 60.5 km
s−1, for the most blueshifted one (# 23). The mean FWHM line width is 0.3 km s−1.
The l.o.s. velocities are blueshifted toward the radio continuum and closer to Vsys

at larger distances. A velocity shift from 73.0 to 62.6 km s−1 (features’ #: 8, 11,
15, 12, 17, 20, 16, 22) is observed from an elongated structure extending for 33 mas
(≈ 150 AU) over the central region. The maser spot intensities range from 2.39 to
0.12 Jy beam−1 with the brightest features showing blueshifted l.o.s. velocities. We
have identified 5 Zeeman pairs, the right and left circular polarization maser features
being aligned within 3σ of the position uncertainty. The l.o.s. magnetic field strength
ranges from -5.8 to +3.6 mG. In agreement with Fish & Reid (2006), we do not report
Zeeman pairs corresponding to magnetic field less than 0.5 mG. For magnetic fields
that small, the splitting is smaller than a typical line width, which makes it difficult
to distinguish Zeeman shifts from other effects. OH maser total-power spectra show
an absorption feature superposed to the maser emission (Figure 3.1 bottom panel).
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Figure 3.5: H2O 22.2 GHz maser kinematics towards G23.01–0.41. a) positions (triangles) and
transverse velocities of the H2O maser features relative to the feature # 24 (indicated with the
vertex-connected symbol). Colored cones are used to show both the direction and the uncertainty
(cone aperture) of the proper motion of maser features. The proper motion amplitude scale is given
by the black arrow on the bottom right corner of the panel. Different colors are used to indicate
the maser LSR velocities, according to the color scale on the right-hand side of the panel, with
green denoting the HMC systemic velocity (Vsys). b) absolute positions and transverse velocities
of the water maser features. The potted field of view is the same as in the upper panel and symbols
have the same meaning as in the upper panel. Dashed contours show the VLA 1.3 cm continuum
emission. Contour levels are at multiples of 10% of the peak (0.72 mJy beam−1) and the restoring
beam is shown in the lower left corner of the panel.
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The absorption feature extends over about 40 km s−1, from about 50 to 90 km s−1,
and peaks at both LSR velocities of 58.5 and 77.3 km s−1. Absorption is not visi-
ble on the cross-power spectra of the shortest VLBA baseline (KP–PT ≈ 400 km),
which, assuming the absorption is resolved out, allows us to put a lower limit of about
0.09 arcsec to the size of the absorption region.

Our imaging covers the whole range of LSR velocities, from 65 to 81 km s−1, where
1.665 GHz OH maser emission was detected by Forster & Caswell (1999). Using the
VLA A-B hybrid configuration they found OH maser emission scattered over a region
of about 2′′ × 1′′. We derive an absolute position for the reference maser spot offset
by about 0.9 arcsec from the reference position of Forster & Caswell (1999).

3.3.4 6.7 GHz CH3OH masers

Methanol maser emission at 6.7 GHz is distributed within an area of about 0.′′6×0.′′6
nearby the 1.3 cm continuum emission (Figure 3.3b). We have identified 81 distinct
maser features that are grouped depending on the l.o.s. velocity: redshifted features
lie to the south of the radio continuum and blueshifted ones to the north. The in-
dividual features properties are presented in Table 3.4. Maser LSR velocities range
from 83.2 km s−1, for the most redshifted feature (# 38), to 67.8 km s−1 for the
most blueshifted one (# 81). Features from the southern region present an average
redshift (+4.4 km s−1) larger in amplitude than the average blueshift (-2.1 km s−1)
of features from the northern region. Maser intensities are on average very bright
(30% of the features have peak emission greater than 10 Jy beam−1) ranging from
146.03 to 0.10 Jy beam−1. 67 features (83% of the total) persisted over the 2 yr
interval covered by our 3 observing epochs. For each maser feature, Table 3.4 reports
the mean brightness variability defined by the ratio of the variation of brightness (of
the strongest spot) on the minimum or maximum brightness (depending on whether
the intensity increases or decreases, respectively). The mean brightness variability
of methanol maser features was about 60% (compared to only 20% for the source
G16.59–0.05, Chapter 2), varying from a minimum of 5%, for feature # 80, to a
maximum of about 400%, for feature # 48. These estimates of brightness variability
should be taken as upper limits since they include effects from the slightly varying
beam shape among different epochs as well as amplitude calibration uncertainties.
Positions are relative to the structurally-stable, compact, and bright feature # 10,
whose intensity varies less than about 6%. Methanol maser positions and l.o.s. veloc-
ities are plotted in Figure 3.3b. Following the same approach used in Chapter 2, we
have calculated the geometric center (hereafter “center of motion”, identified with la-
bel # 0 in Table 3.4) of features with a stable spatial and spectral structure persisting
over our 3 epochs. We referred our measurement of transverse motions to feature # 0
(Figure 3.6a). Using a 2 yr time baseline, relative transverse velocities of individual
maser features are determined with a mean accuracy of about 30%. Proper motions,
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derived only for maser features with a stable (spatial and spectral) structure, are
calculated by performing a linear fit of feature position vs time. To establish the
extent of accelerated motions, an analysis of deviations from linear motion is post-
poned after an upcoming forth epoch. The magnitude of relative proper motions
ranges from 16.0±1.6 km s−1, for feature # 15, to 1.7±1 km s−1, for feature # 17.
Transverse velocities of maser features have a mean value of 7.2 km s−1, about 2–3
times the spread of l.o.s. velocities. We observe a cluster of maser features connected
by a bridge of extended weaker emission (110 mas× 60 mas), emitting over a narrow
velocity range of a few km s−1 (Figure 3.6b). Since in this region spatial blending
of nearby maser centers limits the precision of positions derived by Gaussian fitting,
proper motions from this area were accurate only for the brightest, more isolated
features (# 1, 4, 9, 18, 19).

Looking at Figure 3.3b, 6.7 GHz maser features seem to trace a bipolar, funnel-
like structure, centered to the east of the 1.3 cm continuum peak. Maser proper
motions presented in Figure 3.6a describe a smoothly varying velocity field, roughly
symmetrical with respect to the center of the spatial distribution, and with directions
of motion of many maser features directed close to the local tangent to the funnel-like
morphology. The regularity and near symmetry of the maser velocity distribution
gives to the calculated proper motions an additional measure of robustness, which
lets us be confident that they are representative of the true motions of the methanol
masing-clouds.

Caswell et al. (1995b) observed the G23.01–0.41 source using the Parkes 64-m tele-
scope and detecting 6.7 GHz methanol maser emission in the LSR velocity range from
69 to 84 km s−1. We imaged the whole range of LSR velocities where 6.7 GHz maser
emission was previously detected. The ATCA position of the 6.7 GHz maser peak
reported by Caswell et al. (2000) falls inside the area of our 6.7 GHz maser detections.

3.4 Discussion

3.4.1 Methanol and water maser environment

Current models explain the H2O maser excitation by collisional pumping with H2

molecules within hot (& 400 K) shocked layers of gas behind both high-velocity
(≥ 50 km s−1) dissociative (J-type; Elitzur et al. 1989) and slow (≤ 45 km s−1) non-
dissociative (C-type; Kaufman & Neufeld 1996) shocks, propagating in dense regions
(H2 pre-shock density ≥ 107–109 cm−3). Following these models, the middle cluster
of water masers witnesses the presence of dense shocked gas near the continuum
source. The arc-like distribution of maser features belonging to the middle cluster,
together with their fast (as high as 54.8 km s−1) and diverging proper motions (see
Figure 2.5b), lead us thinking that this water maser emission traces a shock front
expanding from a center placed to the east of the 1.3 cm continuum peak. That
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Figure 3.6: CH3OH 6.7 GHz maser kinematics towards G23.01–0.41. a) absolute positions
(dots) and transverse velocities of the CH3OH maser features relative to the center of motion (as
defined in Sect. 3.3.4) of the methanol maser distribution (indicated by the cross). Colored cones
are used to show both the direction and the uncertainty (cone aperture) of the proper motion of
maser features. The proper motion amplitude scale is given by the black arrow on the bottom
right corner of the panel. Different colors are used to indicate the maser LSR velocities, according
to the color scale on the right-hand side of the plot, with green denoting the HMC systemic
velocity (Vsys). Dashed contours show the VLA 1.3 cm continuum emission. Contour levels are
at multiples of 10% of the peak (0.72 mJy beam−1) and the restoring beam is shown in the lower
left corner of the panel. b) Zoom of the crowdest region of 6.7 GHz maser emission. The map is
obtained from data of the second EVN epoch (2007 March 17), summing the maser emission over
the velocity range from 73.40 to 74.63 km s−1. Plotted contour levels are spaced by factor of 2,
with the lowest level corresponding to the 3σ rms of 3.0 Jy beam−1. The restoring beam is given
in the lower left corner of the panel. The numbers near emission peaks are the maser feature labels
given in Table 3.4.
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is also the approximate position for the center of the funnel-like structure of the
6.7 GHz masers, and we speculate that there is located the massive YSO(s) exciting
the maser emissions. The radio continuum emission, slightly resolved along the east-
west direction and for which we have derived a spectral index of 0.9, is best interpreted
in terms of a thermal jet driven by a stellar wind ejected from the YSO(s), which,
impacting against the circumstellar dense gas, is also responsible for exciting and
driving the motion of water masers of the middle cluster. We depict a scenario
similar to the one proposed by Moscadelli et al. (2007) to explain the arc-like, fast-
expanding structure of water masers in the A1 subcore of the massive star-forming
region G24.78+0.08.

Looking at the global maser distribution, Figure 3.4 shows that methanol 6.7 GHz
and water 22.2 GHz masers emerge from closeby but different positions around the
massive YSO(s). Figures 3.5b and 3.6a evidence that water masers move signifi-
cantly faster than methanol masers do, and the average direction of motion of the
two maser species is also different. The comparison of the spatial and velocity dis-
tribution suggests that the two maser species, although associated with the same
massive YSO(s), originate from separate environments characterized by a different
kinematics and, likely, as predicted by water and methanol maser excitation models,
by different physical conditions. CH3OH excitation models (Cragg et al. 2005) pre-
dict that methanol maser emission is produced by radiative pumping in cool (≈ 30 K),
or moderately warm regions (< 200 K), with H2 densities in the range 106–109 cm−3.
Therefore, even though comparably high densities are required for both water and
Class II methanol maser action, strong 6.7 GHz methanol masers can be produced
at gas temperature significantly lower than the shocked layers of gas emitting water
masers.

In the following, we propose two alternative interpretations to account for both
the mas-scale maser VLBI and the larger scale thermal, continuum and line, inter-
ferometrical observations.

The NE and SW water maser clusters present a threadlike (N–S oriented) mor-
phology and subtend an angle of less than 15◦ as viewed from the 1.3 cm peak. They
might trace shocked gas along the path of the jet, emerging from the YSO(s) and
interacting with the surrounding molecular core, that might be the engine of the mas-
sive 12CO (1 − 0) bipolar outflow, elongated in the NE–SW direction, observed on
arcsec scales. 6.7 GHz CH3OH masers may be tracing slower gas more detached from
the outflow axis and associated with the CH3CN and NH3 toroid along the SE–NW
direction. Figure 3.6a shows that the pattern of 6.7 GHz maser proper motions near
the (putative) location of the YSO (i.e. the funnel center) is quite complex and might
be interpreted in terms of a combination of expansion and rotation. Following the
disk-outflow scenario, and according to similar estimates performed on larger scale
on CH3CN toroids (e.g., Furuya et al. 2008), if the methanol red- and blueshifted
l.o.s. velocities represent relic rotation around a central YSO, we can estimate the
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dynamical mass (Mdyn = RV 2
rot/G, for a spherically symmetric core) required by

the YSO to balance centrifugal and gravitational forces. Using the mean red- and
blueshifted l.o.s. velocity (Vrot = 3.3 km s−1) of methanol emission and a maximum
radial distance (R) of 1.3× 103 AU, we obtain an upper limit to the YSO dynamical
mass of about 16 M¯.

The orientation of the axis of the funnel-like distribution of 6.7 GHz masers (di-
rected approximately N–S) differs from that of the the NH3 toroid (oriented towards
SE-NW) observed on arcsec scales (see Figure 3.4). That might pronounce against
an association of 6.7 GHz masers with the disk/toroid gas as hypothesized above. It
is also to be noted that methanol and water masers are not detected both at east and
west of the radio continuum, which might indicate the presence of high-density (H2

numerical density ≥ 109 cm−3) non-masing gas. Thus, an alternative interpretation
is that the disk axis is oriented N–S and that 6.7 GHz masers trace a wide-angle,
relatively slow outflow along the disk axis. In this view, the bipolar distribution of
6.7 GHz maser l.o.s. velocities would be readily interpreted in term of inclination
of the flow axis, pointing to us towards the north. The pattern of 6.7 GHz maser
proper motions might again result from a combination of expansion and rotation,
where the rotation axis in this interpretation would be directed N–S, rather than
along the NE–SW direction as in the previous case.

In both suggested scenarios, the massive YSO(s), located at the center of the
methanol and water maser spatial distributions, would emit a strong stellar wind,
exciting the middle cluster of water masers, together with a collimated jet traced by
the NE and SE water maser clusters at larger distances from the YSO(s). Present
data do not allow to establish if the jet may result from the process of collimation of
the stellar wind. If the second scenario holds, the collimated, water maser jet and the
wide-angle, slower outflow traced by the methanol masers, might effectively require
the presence of two distinct, nearby YSOs to drive the flows and account for their
different properties and orientations. One may speculate that the curved filament
of 6.7 GHz maser emission imaged in Figure 3.6b might mark the wall of the cavity
produced by an undetected jet propagating from the YSOs location to the north.

We note that the 12.2 GHz maser emission measured in the G23.01–0.41 region
(Brunthaler et al. 2009) have both position and LSR velocity (VLSR = 81.5 km s−1)
consistent with the 6.7 GHz masers (Figure 3.4). In order to produce bright 6.7 and
12.2 GHz masers (Tb & 1010 K), the Class II methanol maser pumping models by
Cragg et al. (2005) prescribe a combination of warm dust (Td = 175 and 125 K) and
cool gas (Tk = 30 and 50 K), for a gas density of nH2 = 106–107 cm−3. These
values agree well with the parameters of the ammonia core (Tk = 58 K and nH2 =
6.9× 106 cm−3) derived by Codella et al. (1997), and would marginally support the
idea of an association of methanol masers with the NH3 toroid.
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3.4.2 A molecular expanding layer in front of the central source(s)?

Figures 3.3c and 3.4 show that the spatial distribution of the 1.665 GHz OH masers
differ from that of 6.7 GHz CH3OH and 22.2 GHz H2O masers. The N–S elongated
structure traced by the OH masers over the 1.3 cm continuum is slightly offset to the
east of the water maser middle cluster, and should be found near to the (putative)
YSO(s) location. To explain the strongly blueshifted l.o.s. velocities (from −4 to
−14 km s−1) of this cluster of OH masers, a possible interpretation is that they are
seen in the foreground of the YSO(s) and the radio continuum emission, and that they
are originating in a layer of gas accelerating towards us. The same stellar wind, which
we have conjectured to be driving the expansion of the water masers of the middle
cluster, might be responsible for accelerating the gas hosting the OH maser structure
towards us. The OH and CH3OH Class II maser excitation models by Cragg et al.
(2002, Figure 4) predict strong 1.665 GHz maser action and inhibition of the 6.7 GHz
masers when the H2 numerical density is nH2 ≤ 106 cm−3. This suggests that the
1.665 GHz OH masers towards the radio continuum are tracing lower densities than
those required for intense 6.7 GHz CH3OH masers. Thus, the properties of the
elongated structure observed (only) in the 1.665 GHz OH masers might be explained
if the OH maser emission would trace a gas layer of density nH2 ≤ 106 cm−3,
rapidly expanding away from the YSO(s) towards us. From Zeeman splitting, the
l.o.s. magnetic field strength in this OH maser layer is estimated to be about 1 mG
(see Table 3.3, features’ # 11 and 20). This result is in general agreement with a
detailed VLBA study of OH maser proper motions and polarization properties in
several UCH ii regions by Fish & Reid (2007b). Fish & Reid (2007b) find that OH
masers trace the expansion of ionized gas and in correspondence of a gas density of
nH2 = 106 cm−3 derive a value of the order of 1 mG for the l.o.s. magnetic field
intensity.

In the NRAO VLA Sky Survey, the G23.01–0.41 region shows diffuse 1.4 GHz radio
continuum emission extended on scales of about 1 arcminute. Toward G23.01–0.41,
using the Effelsberg radiotelescope Downes et al. (1980) reported both diffuse H110α
recombination line (4.874 GHz) emission and absorption in the 4.8 GHz H2CO line at
various velocities ranging from 55 to 103 km s−1. A stringent lower limit to the size of
the absorption region is set by the H2CO VLA–D observations by Araya et al. (2008),
who, with a synthesized HPBW of 21′′ × 12′′ (linear size of about 0.4 pc), resolved
the absorption. The 1.6 GHz OH absorption feature visible in our VLBA total-power
spectra is mainly blueshifted and that may suggests that the absorbing molecular gas
stays in front of the extended radio continuum emission and is expanding towards us
(e.g., Szymczak & Gérard 2004). It is then likely that the OH absorption is spatially
uncoupled with the OH maser emission and may instead be related to the large scale
dynamics of the region.
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3.5 Summary

Using the VLBI technique, we observed the HMSFR G23.01–0.41 in the three most
powerful maser transitions: 22.2 GHz H2O, 6.7 GHz CH3CH, and 1.665 GHz OH.
The source G23.01–0.41 was also observed with the VLA, detecting faint (≈ mJy)
radio continuum emission with 0.1 arcsec resolution towards the center of the hot
molecular core. Our main conclusions can be summarized as follows:

1. H2O, CH3CH, and OH maser emissions distribute within a distance of about
2000 AU from the center of an hot molecular core powering a massive bipolar outflow.
The three maser species, although associated with and excited by the same YSO(s),
present different spatial distributions and kinematic properties.

2. Water masers trace fast (20–50 km s−1) outflows emitted from the YSOs. An
arc-like structure of water masers superposed on the radio continuum marks a fast
shock propagating through dense gas, and is probably driven by the YSO(s) stellar
wind thought to be also the source of the 1.3 cm continuum emission. Further away
from this region, water masers concentrate in two clusters aligned along the NE-SW
direction, which might sign the course of the jet at the base of the massive CO outflow
observed at larger scales.

3. Methanol masers present a N–S oriented, funnel-like spatial distribution with red-
and blueshifted features located to the south and the north, respectively. Observing
3 different EVN epochs spanning 2 yr, we measured accurate (relative errors < 30%)
proper motions of 6.7 GHz methanol features. Derived maser transverse velocities
range from a few to about 15 km s−1. The pattern of 6.7 GHz maser proper motions
is complex, as it might result from a composition of expansion and rotation. We
postulate two different scenarios, where methanol masers might be associated with
the disk/toroid observed on arcsec scales with thermal tracers or, alternatively, might
be emerging from a wide-angle, slow outflow emitted from the YSO(s).

4. Hydroxyl masers superposed on the radio continuum are probably seen in the
foreground and expand outward from the central source(s) tracing a lower density
environment than that harboring the methanol and water masers.

71



3 VLBI kinematics of maser species in HMSFRs. G23.01–0.41

Table 3.2: Parameters of VLBA 22.2 GHz water maser features. For each identified feature,
the label (given in Col. 1) increases with decreasing brightness. Cols. 2 and 3 report the LSR
velocity and brightness of the brightest spot (for the epoch specified by the number in brackets).
Cols. 4 and 5 give the position offset relative to the feature # 24, toward the East and the North
direction, respectively. Cols. 6 and 7 report the the projected components of the feature proper
motion relative the the feature # 24, along the East and North direction, respectively. Col. 8
shows the relative error of the proper motion amplitude. The absolute position and proper motion
of the reference feature # 24 are reported at the bottom of the Table.

Feature VLSR Fpeak ∆x ∆y Vx Vy ∆|V |/|V |
(km s−1) (Jy beam−1) (mas) (mas) (km s−1) (km s−1)

1 72.58 202.89 (4) −64.38± 0.10 −60.45± 0.11 −10.8± 3.5 3.0± 3.6 31%
2 78.48 22.21 (3) 437.05± 0.11 74.67± 0.28 11.6± 3.5 −18.1± 6.3 26%
3 79.32 19.68 (3) 437.16± 0.10 73.42± 0.14 10.0± 3.5 −0.0± 5.0 36%
4 75.95 15.70 (1) 425.22± 0.10 159.39± 0.12 9.4± 3.4 −0.1± 4.3 37%
5 73.21 12.70 (1) −61.49± 0.26 −76.84± 0.14 −22.3± 11.7 −42.8± 8.1 19%
6 79.32 9.44 (3) −60.71± 0.08 −77.23± 0.09 −51.0± 4.6 −30.3± 5.1 8%
7 78.26 9.21 (1) 425.12± 0.10 158.45± 0.13 10.5± 3.6 −26.0± 4.5 16%
8 69.00 7.75 (1) −65.47± 0.10 −60.76± 0.12 ... ... ...
9 66.47 5.14 (4) −66.17± 0.13 −60.82± 0.12 3.4± 4.2 −5.3± 3.5 60%
10 61.83 5.08 (4) −53.18± 0.10 −54.25± 0.12 −26.3± 4.0 3.5± 4.1 15%
11 77.63 5.08 (2) −59.60± 0.12 −77.20± 0.12 1.8± 7.0 −45.5± 8.3 18%
12 72.57 4.92 (1) −65.17± 0.10 −60.67± 0.14 ... ... ...
13 76.58 4.82 (4) 425.18± 0.10 158.79± 0.11 5.9± 3.3 −3.6± 4.4 53%
14 66.05 4.76 (3) −53.84± 0.10 −54.65± 0.11 −22.3± 3.5 4.1± 4.2 16%
15 76.37 4.17 (3) −53.29± 0.09 −30.59± 0.13 ... ... ...
16 72.58 3.86 (1) −62.93± 0.09 −60.06± 0.11 ... ... ...
17 77.21 3.06 (4) −61.51± 0.08 −78.62± 0.09 ... ... ...
18 74.26 2.80 (2) −59.39± 0.11 −77.00± 0.14 −4.2± 7.0 −46.0± 9.2 20%
19 78.90 2.54 (4) −55.73± 0.11 −102.53± 0.13 ... ... ...
20 75.10 2.37 (3) 32.66± 0.08 −14.48± 0.09 ... ... ...
21 79.74 2.27 (3) 420.54± 0.10 126.25± 0.12 5.4± 3.6 −2.5± 3.7 62%
22 56.99 2.18 (1) −52.03± 0.10 −53.90± 0.13 ... ... ...
23 78.69 2.10 (1) −52.17± 0.15 −31.90± 0.18 ... ... ...
24 71.52 1.95 (2) 0 0 0 0 ...
25 78.26 1.72 (4) 435.51± 0.10 77.83± 0.13 6.0± 3.6 −3.4± 4.0 54%
26 65.63 1.64 (1) −66.53± 0.14 −60.98± 0.11 −29.5± 4.7 12.9± 4.1 14%
27 68.36 1.52 (1) −64.97± 0.13 −60.60± 0.12 ... ... ...
28 81.21 1.43 (3) −62.98± 0.08 −77.14± 0.09 ... ... ...
29 79.95 1.41 (4) −63.87± 0.13 −163.86± 0.10 −18.6± 7.3 −35.6± 5.6 15%
30 78.05 1.29 (1) −49.12± 0.14 −160.46± 0.11 −6.5± 9.1−14.4± 10.9 67%
31 72.37 1.09 (1) −62.09± 0.09 −76.67± 0.11 ... ... ...
32 80.37 0.76 (4) −57.43± 0.09 −162.26± 0.11 ... ... ...
33 79.53 0.75 (3) −32.44± 0.10 −29.99± 0.12 −4.5± 3.4 −12.4± 3.7 28%
34 80.79 0.71 (1) 425.21± 0.10 158.23± 0.11 ... ... ...
35 72.16 0.67 (1) −60.58± 0.10 −77.28± 0.11 ... ... ...
36 78.48 0.59 (2) −49.46± 0.08 −161.70± 0.13 ... ... ...
37 66.89 0.56 (1) −66.88± 0.12 −61.05± 0.11 ... ... ...
38 80.58 0.55 (1) 437.41± 0.10 67.80± 0.15 11.4± 7.2 −6.8± 10.8 63%
39 75.32 0.49 (2) −548.55± 0.09 −314.11± 0.11 ... ... ...
40 79.53 0.48 (2) −49.38± 0.09 −162.86± 0.17 ... ... ...
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Table 3.2: continued.

Feature VLSR Fpeak ∆x ∆y Vx Vy ∆|V |/|V |
(km s−1) (Jy beam−1) (mas) (mas) (km s−1) (km s−1)

41 76.79 0.44 (2) −548.30± 0.09 −314.13± 0.09 ... ... ...
42 79.32 0.43 (4) −293.32± 0.08 −100.02± 0.08 ... ... ...
43 67.94 0.42 (1) −53.79± 0.09 −54.67± 0.11 ... ... ...
44 80.58 0.39 (1) −287.44± 0.10 −98.35± 0.12 −18.6± 3.5 −1.5± 3.8 19%
45 88.59 0.38 (1) −64.55± 0.13 −162.29± 0.12 −7.6± 8.2−34.9± 10.7 30%
46 63.94 0.38 (4) −54.44± 0.11 −54.30± 0.09 ... ... ...
47 80.16 0.36 (1) 440.10± 0.10 58.11± 0.16 18.7± 7.1−26.3± 10.6 30%
48 62.47 0.35 (4) −64.15± 0.09 −60.07± 0.09 ... ... ...
49 79.32 0.33 (3) −293.50± 0.10 −100.37± 0.12 −8.8± 3.5 −8.5± 4.0 31%
50 78.26 0.32 (2) −61.72± 0.08 −78.38± 0.17 ... ... ...
51 62.25 0.31 (3) −54.39± 0.10 −54.57± 0.10 ... ... ...
52 69.42 0.31 (1) −40.40± 0.10 −7.34± 0.11 ... ... ...
53 79.74 0.31 (1) 284.39± 0.10 −55.26± 0.12 0.2± 4.0 −18.3± 4.9 27%
54 77.21 0.30 (1) −58.94± 0.10 −77.13± 0.13 ... ... ...
55 80.16 0.28 (1) 437.51± 0.10 67.22± 0.20 ... ... ...
56 76.16 0.27 (1) −103.16± 0.10 −150.22± 0.12 ... ... ...
57 89.43 0.26 (1) −49.16± 0.12 −158.89± 0.12 ... ... ...
58 71.95 0.23 (1) −67.77± 0.10 −61.37± 0.11 ... ... ...
59 80.58 0.22 (4) −82.16± 0.08 −104.88± 0.09 ... ... ...
60 77.42 0.21 (2) −546.43± 0.08 −314.43± 0.10 ... ... ...
61 70.68 0.21 (2) −65.69± 0.08 −60.78± 0.09 ... ... ...
62 77.21 0.20 (1) 418.75± 0.10 92.99± 0.12 5.8± 3.8 −1.6± 4.7 64%
63 70.05 0.20 (3) 27.36± 0.09 −15.57± 0.12 ... ... ...
64 59.51 0.19 (3) −57.57± 0.09 −63.38± 0.11 ... ... ...
65 75.74 0.17 (3) −549.28± 0.09 −314.97± 0.11 ... ... ...
66 81.63 0.16 (1) −70.96± 0.10 −88.63± 0.13 ... ... ...
67 79.74 0.16 (3) −53.11± 0.09 −105.70± 0.10 ... ... ...
68 70.89 0.16 (4) −51.85± 0.09 −73.26± 0.10 ... ... ...
69 74.68 0.15 (4) 31.19± 0.09 −13.67± 0.09 ... ... ...
70 70.89 0.14 (4) −38.58± 0.09 −53.28± 0.09 ... ... ...
71 68.57 0.14 (4) −53.90± 0.09 −54.56± 0.09 ... ... ...
72 67.31 0.13 (1) −63.71± 0.10 −60.09± 0.14 ... ... ...
73 75.10 0.13 (1) 442.20± 0.10 98.34± 0.14 ... ... ...
74 75.74 0.12 (1) −51.19± 0.10 −68.44± 0.16 ... ... ...
75 66.05 0.11 (3) −541.56± 0.10 −291.69± 0.12 ... ... ...
76 79.53 0.11 (4) −51.08± 0.09 −160.20± 0.10 ... ... ...
77 73.21 0.10 (1) −67.84± 0.10 −61.58± 0.15 ... ... ...
78 81.00 0.09 (4) 412.27± 0.09 171.84± 0.10 ... ... ...
79 73.84 0.09 (2) −68.81± 0.09 −61.71± 0.15 ... ... ...
80 76.16 0.09 (3) −540.64± 0.09 −267.93± 0.14 ... ... ...
81 77.21 0.09 (1) 419.08± 0.10 168.99± 0.13 ... ... ...
82 71.94 0.09 (3) −99.30± 0.09 −173.21± 0.11 ... ... ...
83 69.42 0.09 (1) −68.13± 0.11 −61.87± 0.15 −26.8± 8.2 8.0± 10.6 30%
84 76.58 0.08 (1) −52.05± 0.10 −68.04± 0.16 ... ... ...
85 63.73 0.08 (2) −53.41± 0.09 −54.35± 0.14 ... ... ...
86 85.85 0.07 (4) −4.96± 0.09 −151.45± 0.12 ... ... ...

Reference Feature: Absolute position & Proper motion

Feature R.A.(J2000) Dec.(J2000) Vx Vy ∆|V |/|V |
(h m s) (◦’ ”) (km s−1) (km s−1)

24 18:34:40.28950±0.00010 -09:00:38.2044±0.0015 5.3± 8.6 21.3± 8.6 39%
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Table 3.3: Parameters of VLBA 1.665 GHz hydroxyl maser features. For each identified feature,
the label (given in Col. 1) increases with decreasing brightness. Cols. 2(3) and 4(5) report the LSR
velocity and brightness of the brightest spot for the right (left) circular polarization. Cols. 6 and 7
give the position offset relative to the feature # 1, toward the East and the North direction,
respectively. Cols. 8 and 9 report the fit split of LSR velocity (RCP-LCP) between co-spatial
circular polarization components and the inferred l.o.s. magnetic field strength, respectively. The
absolute position of the reference feature # 1 is reported at the bottom of the Table.

Feature VLSR Fpeak ∆x ∆y ∆Vz
a Bz

(km s−1) (Jy beam−1) (mas) (mas) (km s−1) (mG)
RCP LCP RCP LCP

1 70.88 71.76 2.39 0.40 0 0 −0.86± 0.01 −1.46
2 67.89 ... 2.02 ... −210.26± 1.07 178.74± 0.77 ... ...
3 66.84 66.84 1.36 0.84 14.24± 0.62 18.87± 0.77 ... ...
4 73.87 73.87 1.01 0.16 −251.52± 0.78 88.39± 1.47 ... ...
5 ... 74.75 ... 0.97 −385.08± 1.46 203.14± 1.00 ... ...
6 ... 70.57 ... 0.89 199.12± 1.45 174.08± 1.13 ... ...
7 68.07 ... 0.74 ... −185.97± 0.67 191.75± 1.29 ... ...
8 72.99 72.99 0.67 0.26 57.29± 0.71 119.21± 0.94 ... ...
9 ... 75.10 ... 0.60 −297.88± 1.46 130.40± 1.14 ... ...
10 74.92 ... 0.55 ... −358.64± 1.31 −170.67± 1.14 ... ...
11 70.35 69.82 0.52 0.23 56.12± 0.94 114.09± 1.10 +0.62± 0.01 +1.05
12 67.19 ... 0.46 ... 45.90± 0.66 111.93± 0.98 ... ...
13 76.33 79.67 0.25 0.43 −223.40± 1.45 71.08± 1.20 −3.41± 0.01 −5.80
14 ... 76.33 ... 0.41 366.46± 1.57 −149.68± 1.13 ... ...
15 68.77 ... 0.38 ... 52.32± 2.18 113.99± 1.27 ... ...
16 ... 63.50 ... 0.31 32.32± 1.56 108.87± 1.73 ... ...
17 64.90 ... 0.30 ... 39.23± 1.10 111.08± 1.12 ... ...
18 70.18 ... 0.25 ... 192.37± 1.33 175.05± 1.53 ... ...
19 79.32 77.21 0.25 0.17 −321.93± 0.90 130.00± 2.23 +2.11± 0.01 +3.59
20 64.55 65.08 0.23 0.13 37.16± 0.92 108.63± 1.33 −0.49± 0.03 −0.83
21 66.84 ... 0.22 ... −134.66± 0.91 147.73± 1.29 ... ...
22 62.62 62.79 0.16 0.20 26.50± 1.98 106.74± 1.81 ... ...
23 69.65 69.30 0.18 0.19 17.17± 1.78 18.23± 2.17 ... ...
24 60.68 60.51 0.12 0.14 20.64± 1.70 70.44± 2.47 ... ...

Reference Feature: Absolute position

Feature R.A.(J2000) Dec.(J2000)
(h m s) (◦’ ”)

1 18:34:40.28515±0.00026 -09:00:38.3783±0.0044

(a) A magnetic field of 0.34 mG shifts the emission velocity of 1665 MHz OH masers by 0.2 km s−1
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Table 3.4: Parameters of EVN 6.7 GHz methanol maser features. For each identified feature,
the label (given in Col. 1) increases with decreasing brightness. Cols. 2 and 3 report the LSR
velocity and brightness of the brightest spot, with the number in bracket indicating the percent
brightness variability. Cols. 4 and 5 give the position offset relative to the feature # 10, toward the
East and the North direction, respectively. Cols. 6 and 7 report the the projected components of
the feature proper motion relative to the center of motion (as defined in Sect. 3.3.4, and identified
with label # 0), along the East and North direction, respectively. Col. 8 shows the relative error
of the proper motion amplitude. The absolute position of the reference feature # 10 is reported
at the bottom of the Table.

Feature VLSR Fpeak ∆x ∆y Vx Vy ∆|V |/|V |
(km s−1) (Jy beam−1) (mas) (mas) (km s−1) (km s−1)

1 74.72 146.03(39%) 144.50± 0.08 310.91± 0.09 1.9± 0.9 4.8± 0.9 19%
2 75.51 113.88(20%) 177.17± 0.07 233.91± 0.08 ... ... ...
3 74.28 103.74(124%) 346.87± 0.08 425.90± 0.08 3.6± 0.9 −1.2± 0.9 24%
4 74.98 102.28(14%) 186.40± 0.08 257.95± 0.08 0.7± 0.8 7.7± 0.9 12%
5 74.81 80.64(36%) 168.17± 0.08 241.89± 0.09 ... ... ...
6 80.69 53.26(89%) −47.98± 0.08 43.87± 0.08 −2.4± 0.8 8.2± 0.9 11%
7 75.86 47.43(28%) 176.27± 0.08 239.05± 0.08 ... ... ...
8 81.74 37.47(16%) 1.20± 0.07 1.27± 0.08 −3.4± 0.8 −0.9± 0.8 23%
9 74.02 36.93(174%) 156.85± 0.08 304.35± 0.09 4.2± 0.9 4.3± 1.0 16%
10 82.36 36.19(6%) 0 0 −5.7± 0.8 −0.2± 0.8 14%
11 72.70 35.76(23%) 273.15± 0.08 277.34± 0.08 3.2± 0.8 −3.8± 0.9 18%
12 81.21 34.26(23%) −37.21± 0.07 61.77± 0.08 −3.6± 0.8 −3.1± 0.9 18%
13 74.45 25.86(40%) 213.79± 0.09 278.25± 0.11 ... ... ...
14 74.28 22.88(49%) 220.58± 0.08 275.38± 0.10 ... ... ...
15 74.63 21.54(104%) 309.42± 0.12 425.16± 0.16 15.9± 1.6 −1.6± 1.9 10%
16 79.46 20.61(60%) −34.98± 0.08 47.44± 0.08 −3.2± 0.9 5.4± 0.9 15%
17 73.84 15.77(7%) 181.98± 0.08 272.74± 0.09 0.7± 0.9 −1.5± 1.0 60%
18 73.75 13.58(87%) 244.61± 0.09 276.21± 0.10 12.1± 1.0 3.2± 1.2 9%
19 73.49 13.43(82%) 167.14± 0.08 281.57± 0.09 −2.6± 0.9 −7.1± 1.0 13%
20 74.19 12.90(86%) 194.21± 0.09 272.49± 0.13 ... ... ...
21 76.74 12.77(21%) 190.23± 0.07 229.99± 0.08 10.0± 0.8 −1.2± 0.9 8%
22 74.89 12.28(115%) 344.95± 0.19 418.82± 0.21 14.6± 2.7 −5.9± 2.7 17%
23 74.37 11.81(84%) 205.90± 0.12 267.36± 0.19 ... ... ...
24 74.02 10.06(9%) 236.52± 0.09 289.86± 0.11 ... ... ...
25 80.60 10.01(44%) 331.59± 0.08 −143.43± 0.09 4.3± 1.0 −6.8± 1.1 14%
26 73.23 9.75(52%) 73.55± 0.08 341.05± 0.09 −3.1± 0.9 7.0± 1.0 13%
27 79.28 8.23(49%) 245.63± 0.08 −54.11± 0.09 3.0± 0.9 −5.5± 1.0 16%
28 81.57 8.19(14%) −49.08± 0.08 103.30± 0.09 −6.9± 0.9 2.4± 1.0 13%
29 73.23 6.81(56%) 220.62± 0.08 223.93± 0.10 3.3± 1.0 −1.2± 1.1 29%
30 74.72 6.57... 191.94± 0.21 279.13± 0.22 ... ... ...
31 73.23 6.23(66%) 315.81± 0.08 325.45± 0.09 1.3± 1.0 −2.0± 1.2 48%
32 74.10 5.86(43%) 228.71± 0.11 284.84± 0.16 ... ... ...
33 80.86 5.15(208%) 4.59± 0.11 8.87± 0.15 ... ... ...
34 77.26 4.35(36%) 196.56± 0.08 231.42± 0.09 ... ... ...
35 74.28 4.33... 191.09± 0.14 289.30± 0.25 ... ... ...
36 74.10 4.30... 183.95± 0.11 258.93± 0.16 ... ... ...
37 82.62 3.23(16%) −53.78± 0.08 40.29± 0.09 −4.3± 1.0 5.2± 1.2 17%
38 83.23 3.18(32%) −49.41± 0.08 97.93± 0.09 −5.5± 0.9 1.3± 1.0 17%
39 80.25 2.81(48%) 313.27± 0.08 −135.59± 0.09 0.1± 1.0 −6.7± 1.2 18%
40 73.31 2.65(80%) 185.38± 0.09 209.75± 0.11 ... ... ...
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Table 3.4: continued.

Feature VLSR Fpeak ∆x ∆y Vx Vy ∆|V |/|V |
(km s−1) (Jy beam−1) (mas) (mas) (km s−1) (km s−1)

41 73.93 2.58... 176.30± 0.13 260.13± 0.29 ... ... ...
42 72.79 2.27(27%) 262.25± 0.10 221.26± 0.15 ... ... ...
43 81.48 2.06(56%) −51.58± 0.09 39.14± 0.12 ... ... ...
44 78.93 1.94(27%) 78.24± 0.08 −52.01± 0.09 −4.2± 1.0 1.4± 1.2 24%
45 73.58 1.85... 252.27± 0.11 281.21± 0.19 ... ... ...
46 81.04 1.79(10%) −45.07± 0.09 −31.48± 0.12 −8.1± 1.1 0.1± 1.5 15%
47 78.84 1.78(328%) −145.32± 0.15 294.05± 0.23 −5.7± 1.8 11.4± 2.5 19%
48 73.23 1.72(424%) 117.85± 0.26 315.86± 0.44 ... ... ...
49 72.87 1.71(37%) 331.36± 0.12 326.56± 0.17 2.0± 2.0 −5.4± 2.5 42%
50 80.42 1.65(51%) 118.38± 0.09 −15.13± 0.12 −3.5± 1.7 −2.0± 2.1 45%
51 72.17 1.29(24%) 189.08± 0.09 215.22± 0.11 1.2± 1.2 −1.6± 1.4 65%
52 80.95 1.18... 285.89± 0.16 −92.10± 0.17 ... ... ...
53 78.58 1.08(122%) 361.62± 0.16 −60.32± 0.21 ... ... ...
54 79.90 1.04(81%) 148.46± 0.11 −102.60± 0.16 −3.3± 1.5 −11.1± 2.0 17%
55 70.24 0.91(13%) 192.80± 0.09 47.85± 0.11 −2.4± 1.3 −5.2± 1.6 28%
56 83.06 0.88(22%) 202.89± 0.10 −1.49± 0.13 1.5± 1.7 −3.7± 2.1 51%
57 73.58 0.84... 221.83± 0.13 263.46± 0.18 ... ... ...
58 82.44 0.83(20%) 211.57± 0.25 −10.52± 0.33 ... ... ...
59 78.49 0.78(38%) 365.62± 0.10 −53.08± 0.16 ... ... ...
60 69.80 0.76(58%) −54.83± 0.11 303.27± 0.15 −5.4± 1.5 10.0± 2.0 17%
61 76.56 0.69... 84.27± 0.24 381.13± 0.26 ... ... ...
62 79.81 0.60(80%) 110.44± 0.16 −67.92± 0.24 ... ... ...
63 80.16 0.55(50%) 109.85± 0.18 −72.17± 0.26 ... ... ...
64 80.16 0.54(33%) 369.64± 0.19 −142.39± 0.24 −2.2± 3.0 −10.4± 3.2 30%
65 78.76 0.47(6%) 18.53± 0.14 298.80± 0.22 1.4± 2.4 7.4± 3.2 43%
66 76.91 0.47... 165.18± 0.25 −23.41± 0.28 ... ... ...
67 79.72 0.46(53%) 160.89± 0.16 −26.57± 0.27 ... ... ...
68 78.23 0.41(20%) 83.31± 0.13 −38.89± 0.18 −1.9± 2.3 −0.8± 2.8 114%
69 80.25 0.37(90%) 354.72± 0.21 −140.73± 0.38 ... ... ...
70 77.44 0.36(49%) −30.76± 0.14 69.63± 0.22 ... ... ...
71 77.70 0.29(148%) −142.36± 0.26 302.09± 0.41 −9.4± 3.7 9.1± 5.1 34%
72 78.76 0.25(18%) −1.08± 0.26 313.38± 0.38 ... ... ...
73 78.23 0.25(27%) 167.15± 0.19 −25.88± 0.33 ... ... ...
74 79.20 0.24(37%) −65.58± 0.19 102.70± 0.32 ... ... ...
75 77.88 0.22(37%) −69.95± 0.33 103.10± 0.44 ... ... ...
76 78.14 0.19(50%) 200.35± 0.35 178.88± 0.46 ... ... ...
77 78.14 0.17(73%) −68.92± 0.37 103.28± 0.62 ... ... ...
78 77.35 0.16(61%) −151.21± 0.28 303.05± 0.43 ... ... ...
79 72.35 0.13(33%) 178.61± 0.38 159.23± 0.56 ... ... ...
80 78.32 0.12(5%) 50.77± 0.32 257.35± 0.50 ... ... ...
81 67.87 0.10... 178.94± 0.48 49.84± 0.55 ... ... ...
0 131.30± 0.07 149.69± 0.08 0 0

Reference Feature: Absolute position

Feature R.A.(J2000) Dec.(J2000)
(h m s) (◦’ ”)

10 18:34:40.27658±0.00014 -09:00:38.4086±0.0021
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As mentioned in Chapter 1 (Sect. 1.3.2) masers are exceptional tools for measur-
ing parallaxes of sources distributed along the spiral arms of the Milky Way. In the
present Chapter, we report a trigonometric parallax based on spectral line interfero-
metric observations of the massive star-forming region G9.62+0.20, corresponding to
a distance of 5.2+0.6

−0.6 kpc. In order to determine the true distance and reliably locate
G9.62+0.20 in the Galaxy, we conducted multi-epoch, phase referencing, VLBA ob-
servations of its 12 GHz methanol masers (Sect. 4.2). With a LSR velocity of about
2 km s−1, the region’s kinematic distances of 0.5 and 16 kpc differ greatly from
the distance derived here. In addition to the parallax, we accurately determine the
proper motion of the masers with respect to background quasars (Sect. 4.3). Com-
bining the coordinates, distance, LSR velocity, and proper motions yields the full
three-dimensional location and kinematics of the massive star-forming region. This
complete information clearly associates G9.62+0.20 with the complex inner region
of the Galaxy close to the expanding near 3 kpc arm, where the central bar/bulge
potential has strong gravitational influence (Sect. 4.4). Indeed, our measurement of
the peculiar motion of the star-forming region shows a very large deviation from a cir-
cular Galactic orbit: 41 km s−1 radially outward from the Galactic center and 60 km
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s−1 counter to Galactic rotation. We also map the distribution of 12 GHz methanol
masers, locate them with respect to a HCH ii region, and compare our data with the
periodic flare phenomenon reported previously for this source (Sect. 4.5).

4.1 The HMSFR G9.62+0.20

G9.62+0.20 is a massive star-forming complex harboring a number of H ii regions in
different evolutionary phases (e.g., Garay et al. 1993; Hofner et al. 1996; Testi et al.
2000; Hofner et al. 2001; De Buizer et al. 2003). Several masing species are associ-
ated with the component G9.62+0.20 E, which has been classified as a candidate
HCH ii region (Kurtz & Franco 2002). Both 6.7 and 12.2 GHz methanol masers
have been detected toward this object (Phillips et al. 1998; Caswell et al. 1995a), as
well as 22.2 GHz water (Hofner & Churchwell 1996) and 1.665 and 1.667 GHz hy-
droxyl (Caswell 1998) masers. Furthermore, G9.62+0.20 has been claimed to be the
most luminous 6.7 GHz methanol maser known in the Galaxy, and both its 6.7 and
12.2 GHz methanol emissions show periodic flaring (Goedhart et al. 2003, 2005).

G9.62+0.20 is in the first Galactic quadrant, projected 9.6◦ from the Galactic
center. While its LSR velocity is near zero, 21 cm wavelength Hi spectra toward its
H ii region(s) show clouds of absorbing gas with LSR velocities out to 55 km s−1

(Hofner et al. 1994). This effectively rules out the near kinematic distance of 0.5 kpc
1. The apparent cutoff in Hi absorption above 55 km s−1 suggests that the source is
not at the far distance either (16 kpc), but rather lies deep in the inner Galaxy on
the near side of the tangent point. However, this argument may partly be affected
by the decrease of cold and dense Hi inside the Galactic gas hole (Galactocentric
radius R < 3 kpc), since this gas component is the one responsible for well-defined
Hi absorption lines.

4.2 Observations and Data Analysis

Using the NRAO VLBA, we observed the HMSFR G9.62+0.20 in the 20 − 3−1 E
CH3OH transition (rest frequency 12.178597 GHz). Background information about
our VLBA program to measure parallaxes for HMSFRs is given in Reid et al. (2009a,
hereafter called R09). We observed under program BR100A at five epochs: 2005
March 25 and October 8, 2006 March 16 and October 4, 2007 March 16. These
dates were chosen to sample the peaks of the parallax signature in right ascension,
since the amplitude of the declination parallax signature is small and those position
measurements are more susceptible to systematic errors at the low declination of this
source.

1We adopt a “revised” kinematic distance using the prescription of Reid et al. (2009b), assuming
G9.62+0.20 has an LSR velocity of +2.0 km s−1.
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Figure 4.1: Images of the background continuum sources near G9.62+0.20 and the
phase reference spot F1. Source names are in the upper right corner and restoring
beams are in the lower left corner of each panel. Peak intensities are reported on the
top of each panel as well the VLSR of the spot F1. Contour levels are at multiples of
10% of each peak. All images are from the third epoch observations on 2006 March
16.

R09 describes the general observational strategy and data calibration procedures.
The maser observations were centered at a LSR velocity of +2.0 km s−1, also traced
with the CH3CN (6 − 5) line emission by Hofner et al. (1996). Spectral resolution
was 0.38 km s−1. Two fringe finders, J1743–0350 and J1800+3848 from the ICRF
catalog, were observed for single-band delay and instrumental phase-offset calibra-
tion. For background position references, we observed four calibrators, J1803–2030,
J1804–2147, J1808–2124 and J1811–2055, from the extragalactic radio survey by
Xu et al. (2006a). Only the first and last calibrators were detected with our VLBA
measurements (see Table 4.1 and Figure 4.1). We selected the LSR velocity channel
at +0.1 km s−1 as the phase reference, corresponding to the peak intensity of the
bright and compact maser spot F1, following the labeling of Minier et al. (2002) (see
Figures 4.1 and 4.3). Table 4.1 summarizes source properties.

The absolute positions of the two background sources were not known with suffi-
cient accuracy to be used to determine the absolute position of the maser emission.
However, the a priori position of the maser reference spot (F1) was correct to about
20 mas, as indicated by the low fringe rates of the interferometer phases. After cali-
bration, we imaged the phase reference maser channel and continuum sources using
the AIPS task IMAGR with a circular restoring beam of 1.5 mas× 1.5 mas at each
epoch, equal to the east–west naturally weighted dirty beam size, which was typi-
cally 3.8 mas× 1.5 mas at a P.A. of 1◦ (east of north), since the parallax information
comes essentially from the east-west position shifts. The intensity peak of the phase
reference spot varied by less than ±20% across our observations spanning 2 yr (see
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Table 4.1: Positions and Brightness. Absolute positions in Cols. 2 and 3 are
accurate to about ± 20 mas. Angular offsets (θsep) and position angles (P.A.) east of
north relative to the maser source are indicated in Cols. 4 and 5. Brightness (Fpeak)
for the background sources are from the third epoch. Restoring beam sizes (FWHM)
were 1.5 mas (round) for G9.62+0.20 and J1803–2030, and 3.0 mas (round) for
J1811–2055.

Source R.A. (J2000) Dec. (J2000) θsep P.A. Fpeak VLSR

(h m s) (◦’ ”) (◦) (◦) (Jy beam−1) (km s−1)

G9.62+0.20 18 06 14.6568 -20 31 31.670 ... ... 5.0–6.3 +0.1
J1803–2030 18 03 23.7204 -20 30 17.242 0.7 -70 0.011 ...
J1811–2055 18 11 06.7911 -20 55 03.286 1.2 127 0.018 ...

Figure 4.4).
Figure 4.1 shows the images of the background sources, J1803–2030 and J1811–

2055, and the phase reference maser spot from the middle epoch. For J1803–2030, the
small deviations from a pointlike image are most likely caused by unmodeled short-
term atmospheric fluctuations and follow the dirty beam shape (cf. Brunthaler et al.
2009). The calibrator J1811–2055 turned out to have an elongated structure, with a
possible extended halo. When imaging this source, we used a larger circular restoring
beam of 3.0 mas×3.0 mas. This beam size was set to maximize the brightness sensi-
tivity in the image. For parallax purposes, we fitted only the peak of the emission. At
the first epoch (2005 March 25) only four (BR, FD, NL, OV) VLBA antennas were
usable and the dynamic range of the images was about seven times worse than for the
subsequent four epochs. This precluded the use of the extended source J1811–2055
at this epoch. We measured the positions of the maser and the background sources
by fitting elliptical Gaussian brightness distributions to the detected emission (AIPS
task JMFIT).

4.3 Results

We measured the parallax and the proper motion of 12 GHz methanol masers by
modeling the position differences between the reference maser spot and each calibra-
tor versus time. The model is the sum of the parallax sinusoid, including the effects
of the ellipticity of the Earth’s orbit, and a linear motion in each coordinate. Since
systematic errors usually dominate over random noise, we adopted an “a posteriori”
estimate of the errors from the fit itself. We assigned independent “error floors”
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4.3 Results

Table 4.2: G9.62+0.20: Parallax and Proper Motion Fit. Col. 1 reports the LSR
velocity of the reference maser channel; Col. 2 indicates the background sources
whose data were used for the parallax fit; Col. 3 reports the fitted parallax; Cols. 4
and 5 give the fitted proper motions along the east and north directions, respec-
tively. “Mean” is the un-weighted average of the measurements relative to the two
background sources.

Maser VLSR Background Parallax µx µy

(km s−1) Source (mas) (mas yr−1) (mas yr−1)

+0.1 J1803–2030 0.171± 0.026 −0.635± 0.059 −2.76± 0.11
+0.1 J1811–2055 0.218± 0.050 −0.526± 0.091 −2.22± 0.31

Mean ... 0.194± 0.023 −0.580± 0.054 −2.49± 0.27

to the east and north position offsets and added them in quadrature to the formal
position fitting uncertainties. This procedure was iterated, adjusting error floors to
achieve a reduced χ2 per degree of freedom near unity in each coordinate (see R09 for
a detailed discussion). We down-weighted the data from the first epoch (2005 March
25) by a factor 7, equal to the dynamic range degradation of the background source
images. We can also put an upper limit on the shift over time of the centroid position
of the quasars due to a possible jet component evolution. The small residuals for the
parallax fits relative to the two quasars, and the similar parallax results, suggest that
such effects are less than about 50 µas.

Table 4.2 and Figure 4.2 show the results of the parallax and proper motion fit
for each background source. While the post-fit residuals for the fit using J1803–2030
were about half that of the fit using J1811–2055, the J1803–2030 fit is dominated
by data from only three epochs. As such, there are effectively near-zero degrees of
freedom and the formal errors are not reliable. Since we could not reliably determine
the relative weights for the two parallax data sets, we calculated an un-weighted
average, instead of the combined fit procedure applied in previous papers (e.g., R09).
The measured parallax of G9.62+0.20 obtained in this manner is 0.194± 0.023 mas,
corresponding to a distance of 5.2+0.6

−0.6 kpc.
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Our new distance indicates that the luminosity of the brightest 6.7 GHz methanol
maser observed in the Galaxy has been substantially underestimated in the past.
The near kinematic distance (2.0 kpc) adopted by Phillips et al. (1998) is only 38%
of our measured distance implying a seven times brighter source. This kinematic
distance was derived by Forster & Caswell (1989) based on OH masers velocities,
assuming the Schmidt (1965) Galactic rotation model and a Sun–Galactic center
distance (R0) of 10 kpc. Adopting the IAU value of the distance to the Galactic
center, R0 = 8.5 kpc, our measured distance translates to a Galactocentric radius
of 3.5 kpc. The measured mean proper motion is −0.580 ± 0.054 mas yr−1 toward
the east and −2.49 ± 0.27 mas yr−1 toward the north; at our measured distance
these values correspond to −14 km s−1 and −61 km s−1 eastward and northward,
respectively. Completing the kinematic information, we assume a LSR velocity of
2± 5 km s−1 for the maser complex.

We compare our measurements with a simple rotation model of the Galaxy, con-
verting these values from the equatorial heliocentric reference frame to a rotat-
ing Galactic reference frame. This approach subtracts a circular velocity compo-
nent at the position of the source and yields a peculiar motion vector with re-
spect to circular rotation (Reid et al. 2009b). Assuming negligible internal mo-
tions of CH3OH masers (e.g., Moscadelli et al. 2002, 2009) and adopting the IAU
value for the distance to the Galactic center (R0 = 8.5 kpc), the rotation ve-
locity at the solar circle (Θ0 = 220 km s−1), and the Hipparcos measurements
of the solar motion (Dehnen & Binney 1998), the peculiar velocity components of
G9.62+0.20 are (Us, Vs, Ws) = (−31 ± 15,−58 ± 15,−10 ± 8) km s−1, where Us,
Vs and Ws are directed toward the Galactic center, in the direction of Galactic ro-
tation and toward the north Galactic pole, respectively. Using instead the best-
fit values of R0 = 8.4 kpc and Θ0 = 254 km s−1, obtained from 16 parallax and
proper motion measurements (Reid et al. 2009b), the peculiar velocity components
are (Us, Vs,Ws) = (−41 ± 18,−60 ± 17,−10 ± 8) km s−1. Quoted uncertainties are
based on proper motion and VLSR measurement errors and also a 7 km s−1 uncer-
tainty in each peculiar velocity component, owing to expected virial motions of a star
within a high mass star forming region.

4.4 Galactic Location and Peculiar Motion

In the literature, there are two estimates of distance to the source G9.62+0.20 consis-
tent with our direct measurement. Scoville et al. (1987) derived a distance of 4.7 kpc
for the H ii complex G9.62+0.20, based on the association to a CO cloud with a
LSR velocity of +4 km s−1 and following the expanding ring model of the 3 kpc
arm given by Bania (1980). Hofner et al. (1994) showed that there is Hi absorption
over the LSR velocity range from -5 to 55 km s−1 and suggested a kinematic dis-
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Figure 4.2: Results of the parallax fit for G9.62+0.20. The different symbols refer
to measurements relative to background sources J1803-2030 (triangles) and J1811-
2055 (squares). Left panel: sky projected motion of the maser with respect to
J1803-2030 (left) and J1811-2055 (right). The empty circles and the lines show the
best-fit position offsets and the trajectory, respectively. Middle panel: the position
offsets of the maser along the east and north directions vs. time. The best-fit model
in east and north directions are shown as continuous and dashed lines, respectively.
Right panel: same as the middle panel but with fitted proper motions subtracted
(parallax curve). Parallax curves relative to J1803-2030 (black thick) and J1811-
2055 (blue thin) are superimposed. The north offset data have been shifted for
clarity.
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tance of 5.7 kpc. Our trigonometric parallax places G9.62+0.20 at a distance close to
5.2 kpc. The combination of distance and Galactic coordinates locates G9.62+0.20
in the inner region of the Galaxy within the so-called “molecular ring”, which ap-
pears as a complex structure in CO longitude-velocity maps (e.g., Dame et al. 2001;
Rodriguez-Fernandez & Combes 2008). Based on the observations of distinct tan-
gents points, traced by the early CO surveys in the southern Milky Way (e.g.,
Robinson et al. 1984; Bronfman et al. 1989), the inner edge of the molecular ring
is thought to be composed of the Norma and expanding 3 kpc arms (e.g., Figure 5 in
Bronfman et al. 2000; Figure 3 in Dame et al. 2001). Due to observational difficulties
detecting and following the Norma arm in CO emission at positive longitudes, the
question to which arm, if any, does the Norma arm connect in the first quadrant is
still controversial (e.g., Russeil 2003; Vallée 2008). Therefore, in the following, we
focus our comparison of the spatial and velocity properties of G9.62+0.20 with the
well-studied expanding 3 kpc arm.

Since the LSR velocity for a nearly circular Galactic orbit at the longitude and
distance of G9.62+0.20 would be +53 km s−1, about 50 km s−1 greater than ob-
served, G9.62+0.20 is clearly highly kinematically anomalous. We can gain a more
complete picture of the region by comparing the Galactic location (`,b) and the LSR
velocity (+2 km s−1) of G9.62+0.20 with respect to the distribution of CO toward
this region. Using the longitude-velocity and latitude-velocity CO (1− 0) line maps
of Bitran et al. (1997), we find the HMSFR G9.62+0.20 associated with the edge of
a CO clump (cutoff at 0.5 K). Dame & Thaddeus (2008) locate the expanding (near)
3 kpc arm (hereafter simply the 3 kpc arm) below the plane of the Milky Way at
Galactic longitude 9.6◦, whereas G9.62+0.20 is slightly above the plane. The LSR ve-
locity of the 3 kpc arm in this direction is expected to be −13 km s−1, blueshifted by
about 53 km s−1 with respect to a circular orbit at +40 km s−1. We find G9.62+0.20
to have a VLSR ≈ +2 km s−1, which, while close to the CO velocity at this longitude,
is shifted by about 15 km s−1 with respect to CO in the 3 kpc arm. Thus, G9.62+0.20
may not be part of the 3 kpc arm as previously proposed and, perhaps, could belong
to a nearby structure such as the Norma arm. Either way, this source, and presum-
ably its associated arm, has a large peculiar motion with a 41 km s−1 component
radially outward and a 60 km s−1 component counter to Galactic rotation, rendering
kinematic distances useless.

The spatial and velocity properties of the HMSFR G9.62+0.20 and the 3 kpc arm,
although not strictly associated, suggest they could participate in a similar dynam-
ical anomaly. The large peculiar motion of the 3 kpc arm might be induced by the
gravitational influence of a central bar(s) potential, as explored by many authors.
Habing et al. (2006) studied the distribution of maser stars in the inner Milky Way
with respect to the ISM distribution and compared their spatial properties with a
set of orbits derived by combining an axisymmetric potential plus a weak rotating
bar. They found an overall agreement between maser stars and gas in both space
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and velocity, moving inward along the Galactic plane with almost circular orbits
that become more and more elongated inside the molecular ring with radial motion
increasingly important. Following Sevenster (1999), they suggested the 3 kpc arm
to be the locus of ballistic orbits originating at the corotation radius of the bar.
In contrast, Rodriguez-Fernandez & Combes (2008) modeling the dynamics of the
Milky Way gas flow in the presence of a potential from two nested bars, suggested
by the Two Micron All Sky Survey (2MASS) data, reproduced the longitude-velocity
features of the 3 kpc arm as a spiral density wave maximum surrounding the pri-
mary bar. Further parallax and three-dimensional velocity measurements of HMSFRs
sampling the inner region of the Galaxy will help to constraint the dynamics of this
complex region.

As a final remark, we note that two supernova remnants, G9.8+0.6 and G9.7-
0.0, are projected to within a half degree of G9.62+0.20. G9.8+0.6 has distance
estimates of 8.8 kpc (Stupar et al. 2007) and 10.4 kpc (Case & Bhattacharya 1998),
both based on the Σ-D relation, which may not be reliable (e.g., Green 2004), whereas
the G9.7-0.0 has a near kinematic distance estimate (4.7 kpc) based on an asso-
ciated OH maser velocity (+43 km s−1) detected toward the supernova remnant
(Hewitt & Yusef-Zadeh 2009). However, the association of G9.62+0.20 and G9.7-0.0
is questionable given their about 40 km s−1 different radial velocity.

4.5 On the 12 GHz Methanol Masers

Our measurements allow us also to locate the distribution of the individual maser
spots with respect to the HCH II component G9.62+0.20 E. Figure 4.3 presents the
absolute positions of the 12 GHz maser spots superposed on the 22 GHz continuum
emission map of Testi et al. (2000). For these data taken in the BnA-configuration,
the VLA has a synthesized HPBW of 0.′′28 × 0.′′18 at a P.A. of 64◦ east of north
and is insufficient to resolve the emission of the HCH II region E. The accuracy in
the absolute position of the VLA map is better than 0.2 arcsec. The spectral index
of component E at radio frequencies, from 8.4 to 110 GHz, is 0.95 (Franco et al.
2000). We find that individual 12 GHz methanol maser spot velocities and flux
densities, as well as their overall distribution, change little over a time span of about
8 yr, from 1998 November (Minier et al. 2002) to our observations in 2007 March.
We detected all nine distinct clusters imaged by Minier et al. (2000, 2002) within a
region of about 150 mas× 130 mas, labeled from A to I, and resolved them into 20
distinct spots/knots. The maser emission generally appears as compact cores of high
brightness embedded in extended low brightness structures (Figure 4.3 edge panels).

Analysis of the light curves of the brightest channel of each spot is consistent with
the timing of the flares measured by Goedhart et al. (2003). Light curve data of
12 GHz methanol maser emission in G9.62+0.20 E at our five epochs are plotted
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Figure 4.3: G9.62+0.20 12 GHz methanol maser distribution and channel-maps of
methanol emission centers. Large panel: distribution of the 12 GHz methanol maser
peaks (filled triangles) plotted on the 22 GHz continuum VLA BnA-configuration
image (dashed contours) of the component G9.62+0.20 E (Testi et al. 2000). The
plotted levels of the continuum emission are at multiples of 10% of the peak bright-
ness of 8.5 mJy beam−1. The synthesized HPBW of the VLA image is 0.′′28× 0.′′18
at a P.A. of 64◦. Different colors are used to indicate the maser LSR velocities, ac-
cording to the color scale on the right-hand side of the plot. The labels of each maser
group follow those introduced by Minier et al. (2002) and Goedhart et al. (2005).
Edge panels: channel-maps of the brightest, extended-structure, maser emission
from the fifth epoch (2007 March 16). The plotted levels are at multiples of 10% of
the peak intensity reported on the top of each panel as well the LSR velocity of each
channel-map. Positions are relative to the phase reference spot F1. The naturally
weighted synthesized beam, with a HPBW of 3.8 mas × 1.5 mas at a P.A. of −1◦,
is shown on the bottom-left corner of each panel.
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in Figure 4.4 and reported in Table 4.3. Brightness (Jy beam−1) and integrated
flux density (Jy) of the brightest channel of each maser feature are estimated using
the task IMSTAT. Selected BOXes for IMSTAT purposes are the same per spot at
every epoch. Note that flux densities from the first epoch should be taken as lower
limits because of the loss of extended emission due to the lack of short-baselines
at that epoch (cf. visibility amplitude versus uv -distance diagrams in Minier et al.
2002). Epoch 2 falls just before the start of the flare predicted by the periodicity
and phasing reported by Goedhart et al. (2003); epochs 3 and 4 fall in the expected
quiescent periods. Interestingly, epoch 5 (2007 March) falls during the expected
flaring time, and our data for features B and C1 (which displayed the strongest flares
previously; cf. Figure 7 in Goedhart et al. 2005) show the greatest increases of flux
density.
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Figure 4.4: Plot of light curves of the 12 GHz methanol maser emission in
G9.62+0.20 E at our five epochs: 2005 March 25 and October 8, 2006 March 16
and October 4, 2007 March 16. Day 0 is 2005 January 1 (JD 2453371). The three
panels are divided according to the three regions defined by Goedhart et al. (2005).
Dotted lines enclose the central period of each flare, from 3 weeks (start of steep
rising) to 7 weeks after the start of each flare cycle. Timing of flares was evaluated
using the ephemeris provided by Goedhart et al. (2003). For region 1 and 2 the
timing of flares was advanced, with respect to region 3, of 12 and 8 days, respec-
tively, according to Figure 7 in Goedhart et al. (2005). Values from the first epoch
should be taken as lower limits because of loss of extended emission due to the lack
of short-baselines at that epoch.
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4.5 On the 12 GHz Methanol Masers

Table 4.3: Light Curves. Light curve data of 12 GHz methanol maser emission in G9.62+0.20 E
at our 5 epochs. Brightness (Fpeak in Jy beam−1) and integrated flux density (Fint in Jy) of the
brightest channel (VLSR) of each maser feature are estimated using the task IMSTAT. Selected
BOXes for IMSTAT purposes are the same per spot at every epoch. The CLEAN restoring beam
is 3.8 mas× 1.5 mas at a P.A. of 0◦ at every epoch. Values from the first epoch should be taken as
lower limits because of loss of extended emission due to the lack of short-baselines at that epoch.

Spot VLSR 2005 2005 2006 2006 2007
(km s−1) MAR. 25 OCT. 8 MAR. 16 OCT. 4 MAR. 16

Fpeak A1 +2.0 0.82 0.84 1.73 1.94 2.80
Fint 1.19 3.35 9.15 10.70 15.15
... A2 +2.0 0.65 1.42 1.30 1.79 3.93
... 0.81 5.87 4.73 6.36 14.34
... B +1.6 1.22 4.58 7.80 8.10 11.07
... 3.29 26.94 45.25 40.85 71.56
... C1 +1.2 5.16 10.68 6.16 5.77 12.15
... 7.89 27.73 19.95 16.47 42.25
... C2 +1.6 2.14 3.52 3.60 4.47 9.03
... 2.70 10.91 10.25 12.66 24.35
... D +2.4 0.34 0.43 0.82 0.75 0.94
... 0.56 0.59 1.49 1.21 1.67
... E1 +3.5 1.33 2.46 3.25 3.06 3.11
... 1.49 3.27 4.63 4.37 4.13
... E2 +3.2 4.93 5.34 4.99 4.20 4.96
... 5.79 6.08 5.80 4.56 5.64
... E3 +4.3 1.19 1.42 1.83 1.72 1.73
... 1.12 1.53 2.18 2.18 2.03
... E4 +3.9 9.05 9.47 10.94 9.43 10.45
... 11.34 11.06 14.76 11.84 13.47
... F1 +0.1 5.43 5.02 6.30 5.87 5.86
... 6.46 6.10 7.44 6.96 6.95
... F2 -2.6 1.12 1.26 1.28 1.16 1.21
... 1.46 1.86 1.92 1.68 1.67
... G1 -0.7 0.76 1.02 1.88 1.94 2.12
... 2.23 6.63 10.00 10.90 11.22
... G2 -0.7 0.29 0.49 0.65 0.56 0.54
... 0.36 1.20 1.34 1.32 1.14
... G3 -1.1 0.72 1.20 0.98 0.89 1.25
... 2.44 5.78 5.44 6.07 6.78
... H1 -1.8 0.19 0.46 0.79 0.73 0.55
... 0.16 0.67 1.45 1.20 1.02
... H2 -1.8 0.39 0.66 0.70 0.70 0.49
... 0.46 1.16 1.32 0.97 0.86
... H3 -1.5 0.14 0.27 0.24 0.22 0.24
... 0.19 1.04 0.72 0.80 0.80
... H4 -1.1 0.072 0.19 0.20 0.18 0.21
... 0.044 0.23 0.31 0.52 0.44
... I -0.3 0.49 0.79 0.69 0.64 0.79
... 1.13 3.43 4.29 3.81 4.24
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5
Epilogue

5.1 Summary

An image of the dusty cocoon hosting a high-mass Young Stellar Object (YSO), taken
by an hypothetical observer in situ, would probably sketch out the following picture:
an accreting, rotating envelope flattened toward the equatorial plane and swept along
the polar cavities by collimated, supersonic outflows. However, this intriguing sce-
nario is still a tantalizing puzzle for Earth observers owing to dust obscuration at
optical/near infrared (NIR) wavelengths and insufficient angular resolution. We ad-
dress this issue, and try to overcome these limitations, by combining interferometric
observations of thermal lines with Very Long Baseline Interferometry (VLBI) radio
observations of maser transitions, with the aim of obtaining a view of the star-forming
environment moving from pc scales down to a few AU.

Maser emission in high-mass star-forming regions (HMSFR) can be used as unique
target of mas-resolution observations (i.e. VLBI) to trace the inner portion of cir-
cumstellar envelopes. Monitoring over time the spatial distribution of each masing
cloud allows us to infer the velocity field of the masing gas. In particular, those sites
where several molecular maser species are emitting gain greater interest since differ-
ent molecular species can trace distinct and complementary physical environments,
thus providing us with information useful to distinguish among different dynamical
processes such as rotation, expansion, or contraction.

In this work, we have studied in great detail two HMSFRs, G16.59–0.05 and
G23.01–0.41, using two VLBI networks, the European VLBI network (EVN) and
the American Very Long Baseline Array (VLBA), to measure the kinematics of
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the most powerful and widespread maser transitions (H2O at 22.2 GHz, CH3OH
at 6.7 GHz, and OH at 1.665 GHz) during a total observing time of about 100 h.
Putting together the information obtained from these maser observations and from
interferometric thermal line measurements, previously performed, we draw a detailed
and self-consistent scenario of the environment and phenomena related to massive
star formation.

The accurate knowledge of the distance to an HMSFR is fundamental to inter-
pret observations. Unfortunately, because of the strong dust obscuration, spectro-
fotometric distances of HMSFRs, derived at optical and/or NIR wavelengths, are
generally accurate to only 30–50%. We have then complemented our study of HMS-
FRs by performing a direct measurement of the distance to the source G9.62+0.20 via
trigonometric parallaxes of the CH3OH masers at 12.2 GHz. This exciting technique
can achieve accuracies as high as 10 µas in the measurement of relative (angular)
separations, thus allowing an accurate measurement of distances as large as 10 kpc
(corresponding to a parallax of 100 µas). Since HMSFRs trace the spiral arms of the
Milky Way, this technique can permit, for the first time, a direct determination of
accurate (better than 10%) distances and three-dimensional motions across the whole
Galactic Disk. The Galactic Rotation curve and the enclosed mass as a function of
Galactic radius can be derived, addressing the issue of the presence of ”dark matter”.

5.2 Conclusions and Future plans

Our main conclusions can be resumed as follows:

• We studied in detail velocity gradients and internal distributions of water, methanol,
and hydroxyl masers in two HMSFRs, doubling the number of (very few) sources, so
far, studied in different maser transitions at the resolution of the VLBI. The overall
different position and velocity distribution of the three maser species demonstrate
that they trace different gas environments. We have ascertained that water masers
trace fast layers of gas moving at velocities of several tens of km s−1, placed at dis-
tances from hundreds to a few thousands AU from the YSOs. The present work, for
the first time, provides accurate (better than 20–30%) measurements of proper mo-
tions of 6.7 GHz methanol masers in HMSFRs. The time stability of the spatial and
velocity structure of the 6.7 GHz maser emission is a strong evidence in favour of
the kinematical interpretation of 6.7 GHz maser proper motions. In the two studied
HMSFRS, 6.7 GHz methanol masers move slower than water masers, with typical
velocities of 5–10 km s−1, and are distributed on average closer to the YSOs. In par-
ticular, we suggest that both toward G16.59–0.05 and G23.01–0.41 methanol masers
emerge from a relatively cold gas component (about 50 K), which rotates around
and/or flows away from the YSOs. OH masers, detected only in the G23.01–0.41
source, trace lower densities than the methanol gas (nH2 ≈ 106 cm−3), consistent
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with our measurements of magnetic field strength (of the order of 1 mG) obtained
through OH Zeeman splitting pairs.

• We used our measurements of velocity fields traced by maser emission, combined
with the information taken by thermal lines, to successfully constraint the scenarios
of high-mass star formation in G16.59–0.05 and G23.01–0.41.

G16.59 We show that the hot molecular core, where maser emissions cluster, is
excited by at least two YSOs in different evolutionary phases. The simplest interpre-
tation for the bipolar distribution of 6.7 GHz maser l.o.s. velocities and the regular
pattern of the observed transverse velocities is that the methanol masers in G16.59–
0.05 are tracing rotation around a central source of 26 M¯, that is also powering a
12CO bipolar outflow extending up to the pc scale. This evidence strongly support
the accretion-based scenario of massive star formation.

G23.01 Water masers trace both a fast (50 km s−1) stellar wind close to the YSO
and a collimated jet at the base of a massive CO outflow observed at larger angular
scales. The 6.7 GHz masers present a funnel-like distribution, and the measured
proper motions, although smoothly varying with position, appear to trace a complex
kinematics, which might result from a combination of rotation and expansion. The
6.7 GHz masers might arise from a disk/toroid structure, also detected in the CH3CN
and NH3 molecules at larger scales, or, alternatively, emerge from an additional, slow
outflow emitted from the same YSO powering the fast, water masers flows.

• We have accurately measured the distance of the HMSFR G9.62+0.20 locating this
source at 5.2 kpc from us toward the Galactic center. This source shows very inter-
esting properties, hosting the most luminous periodically-flaring 6.7 GHz methanol
maser known in the Galaxy. Since we aim at performing a study of maser associations,
as done for the HMSFRs G16.59–0.05 and G23.01–0.41, the accurate knowledge of
the distance to G9.62+0.20 is fundamental for a proper interpretation of such future
VLBI maser observations. Our study indicates that this source lies close (≈ 3.5 kpc)
to the Galactic center. Furthermore, it shows that the source is strongly affected
by the gravitational influence of the central bar. Indeed, we have derived a highly
anomalous motion of the HMSFR, with a large deviation from a circular Galactic
orbit, of 41 km s−1 radially outward from the Galactic center and 60 km s−1 counter
to Galactic rotation.

The study reported in this PhD thesis work convincingly demonstrates that multi-
epoch VLBI radio observations of different maser species provide unique complemen-
tary information useful to explore and constraint the complex phenomena occurring
at distances of tens up to thousands of AU around massive YSOs. It is also ev-
ident that being able to perform thermal line observations of both outflow(s) and
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core(s) at comparable angular resolution to that of the VLBI is a necessary step
to properly match the powerful maser information, and help solving ambiguities in
the interpretation of kinematical structures. The best scientific return from VLBI
maser observations will be gained when we will complement such observations with
data of new generation (sub)millimeter interferometers (i.e. ALMA). On the other
hand, at present we aim at increasing the, so far, low statistics of sources studied
in the maser transitions with the VLBI in order to establish evolutionary trends
and recurring morphologies. In parallel with these studies, in collaboration with the
leading institutes Harvard-Smithsonian Center for Astrophysics (Cambridge, USA)
and Max-Planck-Institut für Radioastronomie (Bonn, Germany), we are taking part
to a large project aimed at measuring trigonometric distances of hundreds of wa-
ter and methanol masers throughout the Galactic Disk, and ultimately solve the
“grand-design spirals” of the Milky Way.
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