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Abstract

Mapping magnetic fields is the key to resolving the yet unclear physical picture of circumstellar magnetic
fields in both late-type evolved stars and star-forming regions. Observations of linearly polarized molecular
line transitions arising from the Goldreich-Kylafis (G-K) effect provide valuable insight into the magnetic
field geometry in these sources. Through observing with CARMA, the VLA, and ALMA, this dissertation
addresses the questions concerning the dynamical role of magnetic fields in the environment of both the
young and the late-type evolved stars.

In the circumstellar envelope (CSE) of AGB stars, the uncertainties concerning both the morphology
and magnitude of circumstellar magnetic fields and the relative dynamical influence of magnetic fields in
shaping AGB mass-loss outflows relative to other proposed mechanisms such as wind interaction models
and binarity remain important open astrophysical questions. We examined the magnetic field morphology
in the CSE of two Thermal Pulsating (TP-) AGB stars, R Crt and R Leo, revealed by the detected linear
polarization of both thermal and maser lines with CARMA and VLA observations to understand the field
morphology on multiple scales in the CSE. We detected both thermal (CO J=2-1) and maser (SiO v=1,
J=5-4 and SiO v=0,1,2; J=1-0) line polarizations in these two TP-AGB stars. The observed fractional
linear polarization due to the G-K effect in the CO emission is measured as my, ~ 3% and mg, ~ 9%
for R Crt and R Leo, respectively. We utilize a model of the CSE to estimate both circumstellar envelope
(CSE) temperature and density profile to yield an estimated linear polarization from G-K modeling (Yang
and Lai, 2010) and compare it with the detected CO J = 2 — 1 linear polarization signal. The observed
thermal line polarization level is consistent with the predicted results from the model in the case of R Crt,
and the missing flux density due to spatial filtering by the interferometer may explain the higher fractional
linear polarization in R Leo if the polarized emission originates from a region of smaller spatial extent than
the Stokes I emission. The compiled comparison between the inferred magnetic field orientation from our
G-K mapping using the polarized J = 2 —1 CO transition and other intrinsic alignments published for these
sources in the literature suggested that there is a more confined magnetic field geometry in R Crt.

In star-forming regions, both the magnetic field and turbulence are considered the main agents that
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support the cloud from collapsing against self gravity (Krumholz and Tan, 2007). We studied the massive
star-forming region G10.6-0.4 in ALMA Band 3 polarization observation. (G10.6-0.4 is one of the most
luminous HII regions with embedded OB stars and thus is a good template for investigating massive star
formation processes. In this dissertation, the observed dust continuum polarization mapping and G-K
polarization mapping of the CO J = 1—0 transition are presented. The detected dust continuum polarization
is at myep ~ 1.52% with a fairly concentrated spatial structure and with an error-weighted PA ~ 7.1°. The
peak fractional linear polarization measured in the J =1 —0 CO line (my, ~ 2.28%) is broadly consistent
with the predicted signal strength from detailed G-K modeling. We also found a detailed spatial structure
of emission and absorption features across this massive star-forming region, where the absorption region
tends to concentrate at the phase center, with the emission originating prominently in the outer region. We

discuss future avenues of investigation arising out of the work in this dissertation.
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Chapter 1

Introduction

Magnetic fields are ubiquitous in the universe at various scales. Their importance has been heavily cited
from driving AGN jets to weaving the interstellar medium (ISM) (Crutcher, 2012; Han, 2017) The evolved
late-type stars are the major donors of heavy elements to the ISM via their mass-loss process (Habing and
Olofsson, 2004). The details of the driving mechanism of the mass-loss process remains unclear (Decin
et al., 2018), as well as the dynamical role of magnetic fields in shaping the circumstellar envelope (CSE)
(Blackman et al., 2001; Garcfa-Segura et al., 2005, 2014). Magnetic fields are also critical in understanding

the star formation process (Crutcher, 2012).

1.1 Magnetic Field of AGB Stars

1.1.1 AGB stars

Asymptotic giant branch (AGB) stars are known to be one of the remarkable cosmic chemistry labs in
supplying heavier elements. These elements will eventually be injected into the interstellar medium through
their significant stellar mass loss. Past the He-core burning stage when the C/O core inside the stellar center
is built up, the low- and intermediate-mass (0.8 — 8My) stars enter into the AGB phase as the last phase
before becoming planetary nebulae. The double shell burning (He-shell and H-shell burning) features early
in the AGB phase, and it drives expanded convection between layers and the envelope above (i.e. the 3rd
dredge-up). While the He shell and the H shell take turns as the dominant source for the stellar luminosity,
the drastic energy deposit in the midst of this alternation and the resulting luminosity oscillation marks
the onset of the late, thermal-pulsating AGB (TP-AGB) phase. At the end of this phase, the increasing
mass loss of the AGB stars will eventually lead to the ejection of the envelope, and the core white dwarf
(WD) will be exposed. There are three major spectral classes for AGB stars: M, S, and C stars, which are
characterized by the chemical abundance ratio of carbon and oxygen in the stellar envelope. The M-giants are
the oxygen-rich stars, the C stars are the carbon-rich stars, and the S stars have C/O~ 1. Factors including
dredge-up efficiency and hot-bottom burning (HBB) are relevant to such diversity, and these factors are
strongly correlated with the ZAMS mass range (Herwig, 2005). In general, the stellar size of AGB stars are

a few hundred solar radii, or equivalently one to a few astronomical units.



AGB stars are known to be surrounded by an extended envelope due to their great mass loss of order
M ~ 1077 = 10~*Mgyr~!. The size of such a circumstellar envelope (CSE) can extend to several hundred
astronomical units. Overall the region (extending from stellar photospheric surface) is often divided into 2
parts: 1.) the dynamical atmosphere (or inner CSE), and 2.) the (intermediate and outer) CSE. Beneath
the dynamical atmosphere is the defined stellar interior, including the stellar envelope and the stellar core.
The outermost region of the CSE marks its boundary to the ISM. The dynamical and chemical properties of
this CSE are known to be complex. The interplay of mechanisms such as convection, pulsation, radiation,
molecular and dust formation, radiation absorption onto those particles, and stellar wind acceleration greatly
complicates and impacts the evolution of chemical, dynamical, and physical properties (Habing and Olofsson,
2004). These contribute to the occurrence of the stellar wind, significant mass loss of the star, shock waves,
and the formation and destruction of chemical species, amongst other effects.

The stellar wind is believed to arise from the radiation pressure on the dust grains that form in conden-
sation at a few stellar radii. It is also known as the continuum-driven wind, a subtype of the dust-driven
wind, given the radiation absorbed by dust grains is over a broad range of wavelengths. For launching the
dust-driven wind, a few essential conditions are required (Lamers and Cassinelli, 1999a). First is that the
hot dust grains have to survive against the sublimation. In addition, the momentum coupling between the
grains and the gas molecules must be present. In the dynamical atmosphere of an AGB star, the dust grains
are believed accelerated by the absorption of photons from the strong radiation field. As a dust grain ob-
tains momentum from the absorption of photons and is driven outward, its collision with the gas molecules
produces a drag force on the gas particles. ! The outflow of gas is then triggered through the drift from
the grains to the gas. This momentum coupling model also suggests that there is a radius beyond which the
wind velocity will no longer increase (Kwok, 1975; Lamers and Cassinelli, 1999a). The drift velocity derived
from the drag force is inversely proportional to the square root of the gas density. When the drift velocity
is large, the kinetic energy of the gas might exceed the surface potential energy of the grain. Thus the
surface atoms might be ejected from the grains. This suggests the destruction of the grains, and therefore
the terminal point where the stellar wind is no longer accelerated and where the stellar wind settles down,
to be a stable outflow.

The great mass-loss process of AGB stars is induced by both the stellar pulsation/oscillation and the
dust-driven wind. The stellar pulsation raises the density scale height which levitates material in the stellar
atmosphere through periodic shock propagation through the CSE (Bowen, 1988; Wittkowski et al., 2016).
The stellar wind provides momentum moving outward. The combination of the pulsation and dust formation
(thus the dust driven wind) is thus believed to produce very high mass-loss rates up to 10->Mgyr ! or more
(Lamers and Cassinelli, 1999a).

The CSE is also a region of complex chemical reactions. As the gaseous material of the star flows

LAnd in fact, the mean-free-path among the gas molecules is not too large (~ 107 cm); thus the momentum transferred from
the dust grains is also diffused throughout the gas by gas-gas collisions (Kwok, 1975).



into the CSE, the ambient temperature and density gradients, and the radiation field produce a complicated
chemical environment. The hot, thermal-dynamically controlled synthesis, the ”freeze-out” of molecules, the
shock initiated reactions, and the photochemistry governed by radical mechanisms are all contributing to the
complexity of this environment (Ziurys, 2006). Induced by the stellar oscillation/pulsation and convection,
it is suggested that shock waves are able to induce the destruction and formation of molecules, as well as
efficient dust grain condensation (Gail and Sedlmayr, 2013a). The parent species of molecules and dust
grains are formed within the dynamical atmosphere, while some of the parent species will be eliminated due
to the adsorption onto the dust grains. At the transition point of the dynamical atmosphere and intermediate
CSE, the parent species elements are injected into the intermediate CSE. The photo-dissociation of molecules
and the production of new molecules (the daughter species) due to the ion-molecule reactions take place in
the intermediate and outer CSE (Decin et al., 2010). At the outer edge, the interstellar cosmic rays and
the UV photons penetrating the outer envelope also influence the CSE chemistry (Decin et al., 2010; Cox
et al., 2012). The wind-ISM bow shocks are occasionally present at the outer edge of the CSE, which is also
evidence for the interaction of the stellar wind and the ISM (Cox et al., 2012).

1.1.2 Circumstellar Magnetic Field of AGB stars

The detailed role of magnetic fields in the circumstellar envelopes (CSEs) of asymptotic giant branch
(AGB) stars remains an important open astrophysical question. Specifically, there are key uncertainties
concerning both the morphology and magnitude of circumstellar magnetic fields around late-type evolved
stars (Leal-Ferreira et al., 2013; Lebre et al., 2014; Duthu et al., 2017) and the relative dynamical influence
of magnetic fields in shaping AGB mass-loss outflows relative to other proposed mechanisms such as wind
interaction models and binarity (Garcia-Segura et al., 1999, 2014; Matt et al., 2000; Blackman et al., 2001;
Soker, 2006; Kwok et al., 1978; Frank et al., 1993; Balick and Frank, 2002; Soker, 2004; Garcia-Segura et al.,
2018; Frank et al., 2018).

The radial dependence of the magnetic field strength in the CSE of AGB stars can be estimated from the
Zeeman effect traced by various molecular species (e.g. SiO, H,O, OH, CN)(Herpin et al., 2006; Leal-Ferreira
et al., 2013; Duthu et al., 2017). The measured power-law index of the magnetic field strength dependence on
R (the radial distance from the central star) has been used to model the global magnetic field morphology in
the CSE and to constrain the field geometry, including possible dipole (B o R™3), solar/poloidal (B o R~?),
and toroidal (B o< R™!) geometries (Reid et al., 1979; Reid, 1990; Leal-Ferreira et al., 2013). The literature
contains competing arguments concerning the magnitude and origin of circumstellar fields around late-
type evolved stars and their global or local morphology and dynamical influence (Blackman et al., 2001;
Thomas et al., 1995; Nordhaus and Blackman, 2006; Soker, 2006; Soker and Zoabi, 2002; Soker, 2002).
Lebre et al. (2014) report optical spectropolarimetric observations of the S-type Mira star x Cyg, enabled

by recent advances in Zeeman techniques at optical wavelengths (Donati et al., 1997), that infer a magnetic



field strength of ~ 0.5 Gauss averaged over the stellar surface of the AGB star. The authors argue that
this measurement weakens the case for global dipole and poloidal morphologies due to the field strengths
(B ~ 10*7% G) implied at the stellar surface in these models. Combined with the associated measured
magnetic field strength at the surface of the non-rotating RSG Betelgeuse using optical spectropolarimetry
(Petit et al., 2013), they argue that magnetic fields formed by a local dynamo in the convective envelope of
these giant stars (Soker, 2006; Dorch, 2004) are favored. It has also been proposed that the magnetic field can
be locally enhanced at specific regions such as above stellar magnetic spots (Soker, 2002) or as a result from
amplification of the tangential magnetic field due to shock compression around pulsating stars (Hartquist
and Dyson, 1997; Kemball et al., 2009; Richter et al., 2016). The magnetic field strengths inferred from
maser polarization observations imply a magnetic energy density greater than the thermal and ram pressure
counterparts (Reid, 2007; Richter et al., 2016). Further, (Watson, 2009) argues that the measured circular
SiO maser polarization may also arise from non-Zeeman effects. Both factors have been used to argue further
against the hypothesis of a global dynamically-significant magnetic field. However, there is evidence from
recent Goldreich-Kylafis effect (Goldreich and Kylafis, 1981) observations of CO emission toward OH17.7-2.0
(Vlemmings, 2019) that the magnetic field probed by prior OH maser observations is consistent with the
global field morphology visible in the CO G-K observations. The morphology, magnitude, and dynamical
influence of magnetic fields in late-type evolved stars remains a critical open question in both theory and
observation (Vlemmings, 2019).

The uncertainty regarding AGB magnetic fields extends also to their role in shaping the physical condi-
tions in later stages of stellar evolution including the planetary nebula (PN) phase. In particular, any role
magnetic fields may play in transforming the initially spherically symmetric circumstellar winds of late-type
evolved stars into the asymmetric morphology common in PNe is presently unclear (Blackman et al., 2001;
Nordhaus and Blackman, 2006; Garcia-Segura et al., 1999, 2014). Outflow collimation (van Marle et al.,
2014) and direct shaping of the CSE material around isolated AGB stars (Riidiger et al., 2005; Nordhaus
et al., 2007) have both been attributed to the action of magnetic fields.

It is widely believed that the observed dense shell of gas in planetary nebula is formed from the colliding
of the slow wind from the progenitor (i.e. AGB star) and the fast wind from the central star (i.e. the
hot exposed core) (Kwok et al., 1978). However, over decades the causative agent for the commonly seen
asymmetric planetary nebule (APN) has been under great debate. The APN that deviates from the spherical
symmetry became a great challenge to explain to this isotropic interacting stellar wind (ISW) model (Balick
and Frank, 2002). Two of the most popular candidates as the shaping agent are the magnetic field and the
binary companion interaction.

Hinted by the observations, magnetic fields around late-type evolved stars at CSE scale have been sug-
gested as playing a role in the APN shaping process. From theory, it has been shown that magnetic fields can
possibly trigger the asymmetric shaping (Pascoli, 1997; Garcia-Segura et al., 1999; Blackman et al., 2001;

Garcia-Segura et al., 2005). However, in the more recent consideration of these arguments, both the field



sustainability and the insufficient amount angular momentum transferred from the core to the CSE through
the magnetic field are in question (Soker and Zoabi, 2002; Soker, 2002, 2006; Garcia-Segura et al., 2014). In
addition, the slow-rotating core and the angular momentum transport mechanisms such as the Tayler-Spruit
dynamo (Spruit, 2002) are still not well understood yet (Cantiello et al., 2014; Leal Ferreira, 2014). The
theory for inducing magnetic fields at CSE scale is therefore still a topic under active investigation. The
existence of a companion has been suggested as an alternative means to generate most of the APN through
binary interaction. It is suggested that if a sufficient amount of angular momentum is transferred through
the common envelope evolution, the induced aspherical fast-slow wind interaction would lead to the APN
morphology. In recent discussions, the proposed companion may be a star or planet. In recent observations,
there is no direct detection of any close companions around late-type evolved stars as the possible progenitor
system for the APN however. Based on a survey over 7 post-AGB stars, the unseen companion objects could
possibly have a longer orbital period (> 30 years), be smaller in size (< 0.2Mg), be embedded in the stellar
atmosphere, or be absent in the PPNe evolution (i.e. it evolves as a single star) to take account for no direct
detection so far (Hrivnak et al., 2017).

In summary, the APN shaping for isolated AGB stars remained unclear. Either the companion has
remained undetected, or there is a mechanism, such as the magnetic field that dominates the full process.
For general APN shaping, the balance of evidence suggests that low-mass binary companions are favored in
playing a significant role in asymmetric PNe (Soker, 2004, 2006; Marco et al., 2004; Nordhaus et al., 2007;
Chen et al., 2016; Hillwig et al., 2016; Hrivnak et al., 2017; Kim et al., 2017) while magnetic fields are still
believed to be a complimentary factor of CSE evolution.

Concerning both the field’s dynamic role in CSE shaping, and the field origin itself, high angular resolution
studies of total intensity and magnetic field morphology in AGB stars pose critical tests on the properties

of the proposed models and greatly constrain the problem.

Key science of interest

Our goal in the current work is to map the magnetic fields of TP-AGB stars (which are the precursors
of post-AGB/pre-PNe and PNe) by combining the measured electric-vector polarization angles (EVPAs)
and possibly the inferred B fields from various observational approaches in a joint analysis to develop a
better understanding. The rich CSE chemistry offers abundant tracers for further field mapping with both
continuum and spectral-line polarimetry. We have also mapped the observed EVPA and the magnetic field
alignment with other observed features such as the proposed bipolar outflow, or whether it is in correlation
with the spiral structures seen in some observational results. The link between the field alignment versus
the CSE higher order structure would offer insight concerning the field geometry, for example whether it is
toroidal or poloidal. This in turn might help us to inspect the field origin model as well. In the Section 1.3,
the key techniques employed and the potential difficulties will be discussed.



1.2 Magnetic Field in Star-Forming Regions

The formation of stars is one of the fundamental questions in astrophysics (Shu et al., 1987). The
process of star formation transforms gas into stars, which tap nuclear energy and illuminate the universe,
synthesize heavy elements, and are indispensable in the formation and evolution of planetary systems (McKee
and Ostriker, 2007). Therefore, understanding star formation remains one of the important astrophysical
problems and is critical in understanding the structure and evolution of galaxies.

Magnetic fields are ubiquitous at all size scales and throughout evolutionary stages of star formation.
In the sense that only ~ 1% of the gas forms stars every free-fall time, magnetic field and turbulence are
considered the main agents that support the cloud from collapsing against the self gravity (Krumholz and
Tan, 2007). It remains a matter of debate concerning which of the two agents governs the star-formation
process. In the strong magnetic field scenario, the cloud is supported by the magnetic field (through ambipo-
lar diffusion) against the gravitational collapse (e.g. Mouschovias (1991); Mouschovias and Ciolek (1999)).
When the magnetic pressure is released through a process such as ambipolar diffusion, the formation of
cores and protostars occur through gravitational collapse. In the weak field scenario, the interstellar tur-
bulence regulates the process and via turbulent supersonic flow it forms the high-density regions that will
either collapse if they are gravitational bounded when they were formed or dissipate back into the ISM (e.g.
Padoan and Nordlund (1999); Mac Low and Klessen (2004)). More recent theoretical work has considered
the importance of both magnetic fields and turbulent flows (e.g. Nakamura and Li (2005, 2008); Tilley and
Pudritz (2007); Kudoh and Basu (2008); Vazquez-Semadeni et al. (2011)). These models incorporated the
effect of ambipolar diffusion into magnetically subcritical regions.

In massive star-forming regions, the turbulent core model by McKee and Tan (2002) proposes that
supersonic micro-turbulence as the major role in star-forming process rather than a strong magnetic field.
A number of observations toward high-mass star-forming regions reported supersonic non-thermal velocity
dispersion (Caselli and Myers, 1995; Pirogov et al., 2003; Shirley et al., 2003; Wang et al., 2008; Vasyunina
et al., 2011; Sanhueza et al., 2012) ; meanwhile, the more recent, higher angular resolution observations
(Beuther et al., 2018; Hacar et al., 2018; Monsch et al., 2018; Sokolov et al., 2018; Li et al., 2020) revealed
subsonic non-thermal internal motions in massive star-forming molecular clouds on small spatial scales.
Whether turbulence contribute significantly to the stability of the massive star-forming regions remains a
question that requires further investigation.

On the other hand, dust polarization studies (Zhang et al., 2014) toward massive star-forming clumps
suggested that the magnetic field is dynamically important during the collapse and fragmentation of parsec-
scale clumps and the formation of dense cores. The inferred magnetic field morphology and the field strengths
up to few milliGauss in the massive star-forming cores based on more polarization analysis also suggested
the magnetic field to be dynamically important (Frau et al., 2014; Qiu et al., 2014; Li et al., 2015; Pillai
et al., 2016).



Whether magnetic field or turbulence, or a hybrid mode of both, governs the star-forming process remains
unclear. Mapping the magnetic field strength and morphology through observations in the molecular clouds

remains one of the key probes to further constrain this issue.

1.3 Methods of Measuring Magnetic Fields (Technique)

Inferences about interstellar magnetic fields are often made through either dust continuum observations
that allow the plane-of-sky morphology to be inferred (Lazarian, 2007; Hoang and Lazarian, 2008), direct
observation of the Zeeman splitting (Crutcher and Kemball, 2019; Crutcher, 2012; Goldreich et al., 1973;
Elitzur, 1996), or observations of the Goldreich-Kylafis (G-K) effect (Goldreich and Kylafis, 1981, 1982;
Kylafis, 1983b; Deguchi and Watson, 1984; Lis et al., 1988; Cortes et al., 2005).

1.3.1 Dust Polarization

Dust polarization observations allow the magnetic field morphology to be inferred in the plane of the
sky (Lazarian, 2007). This technique relies on the fact that the observed linear polarization of thermal
continuum emission from dust at millimeter and sub-millimeter wavelengths arises either from extinction
by or emission from dust grains aligned due to the local magnetic field; this causes the measured electric
vector position angle (EVPA) of the linearly-polarized dust emission to be either parallel or perpendicular
to the local projected field lines (Lazarian, 2007). It is worth noting that the dust polarization may also
arise from Rayleigh scattering if the grain sizes are smaller than the observing wavelength (e.g. Kataoka
et al. (2015)). Continuum dust polarization observations therefore yield information on the orientation of
the magnetic field on the plane of sky. However such observations do not provide field magnitude directly
as the predicted degree of dust continuum linear polarization is only weakly dependent on the magnetic
field strength (Crutcher, 2012). The field strength information can possibly be inferred from the Davis-
Chandrasekhar-Fermi (DCF) technique (Davis, 1951; Chandrasekhar and Fermi, 1953), which is based on

the assumption that turbulence-induced Alfvén waves will distort B-field orientations.

1.3.2 Zeeman Effect

The Zeeman effect occurs when degenerate magnetic sublevels are split by the presence of magnetic field;
such observations are the primary technique for measuring magnetic field strength directly, as discussed in
the reviews by Crutcher and Kemball (2019) and Crutcher (2012). The Zeeman effect can be measured in
both thermal and maser line emission and is of a higher magnitude in transitions of paramagnetic atoms or
molecules. Given the intrinsic compactness and brightness of maser components, at high angular resolution
they act as vital probes at small spatial scales, including shock-enhanced and higher density regions in the

CSE (Reid and Moran, 1981; Gray, 2012). Due to the high mass-loss rates and resulting obscuration, maser



polarization observations at radio and millimeter wavelengths have played an important role in providing
information regarding the magnetic field in the extended envelopes of late-type evolved stars (Moran et al.,
1979; Elitzur, 1980; Miyoshi et al., 1994; Diamond et al., 1994). Specific molecular species observed in such
maser polarization studies include SiO (Kemball and Diamond, 1997; Diamond and Kemball, 2003; Kemball
et al., 2009), H,O (Fiebig and Guesten, 1989; Vlemmings et al., 2006), and OH (Kemball and Diamond,
1993). Maser polarization observations of the full set of Stokes parameters, coupled with a radiative transport
model for polarized maser emission, allow the inference of both the projected magnetic field direction and
magnitude. However there remain theoretical uncertainties concerning polarized maser radiation transport

that introduce ambiguities into this inference process (Watson, 2009; Gray, 2012).

1.3.3 Goldreich-Kylafis (G-K) Effect

The G-K effect produces linear polarization in thermal line emission and is induced by anisotropic velocity
gradients that produce an anisotropic radiation field or an intrinsic radiation anisotropy in the presence of
a magnetic field of sufficient magnitude (Goldreich and Kylafis, 1981). As also noted above in regard
to Zeeman splitting, a magnetic field removes the degeneracy between magnetic sublevels and transitions
between these sublevels have polarizations either predominantly parallel or perpendicular to the magnetic
field (Crutcher, 2012). Unequal magnetic sublevel populations result in net linear polarization. Under the
large velocity gradient approximation (LVG or Sobolev approximation) (Sobolev, 1960) a velocity gradient
produces a gradient in optical depth. This yields a net linear polarization in the line emission that can be
either parallel or perpendicular to the local magnetic field, depending on the transition properties and the
relative alignment between the magnetic field and the velocity gradient anisotropy. This field morphology
ambiguity can be resolved through detailed source modeling of the G-K effect (Goldreich and Kylafis, 1981;
Cortes et al., 2005; Yang and Lai, 2010). G-K observational studies have been undertaken toward molecular
clouds (Lai et al., 2003; Cortes et al., 2005; Li and Henning, 2011), associated structures in star-forming
regions such as the outflows and jets (Ching et al., 2016; Lee et al., 2018), AGB stars (Wannier et al., 1983;
Glenn et al., 1997a; Vlemmings et al., 2012; Girart et al., 2012), red supergiant (RSG) stars (Vlemmings
et al., 2017), and pre-planetary nebulae (Sabin et al., 2014).

The principal advantage of using the G-K effect to study magnetic fields is its potential to probe field
geometry in depth; the effect is weakly dependent on the field strength as long as it exceeds ~ 1uG (Kylafis,
1983a). The CSE contains a range of molecular species with various chemical stratification and excitation
profiles over the envelope. The G-K polarization signal also arises from underlying physics that is distinct
from the generating mechanisms of continuum dust polarization and the spectral line Zeeman effect; therefore
it is a unique and valuable complementary probe of magnetic field morphology subject to different systematic
errors in both observation and theory.

It was first proposed by Goldreich and Kylafis (1981, 1982); Kylafis (1983b) that spectral-line polarization



provides a way to measure the magnetic field line orientation. The sublevels of rotational lines are split by
the Zeeman effect. The associated transitions have polarization directions either parallel or perpendicular
to the magnetic field. The large velocity gradient (LVG) approximation provides a preferred direction for
radiation where the resulting optical depths in the two orthogonal directions (parallel or perpendicular to the
velocity gradient in the 1-D sense) are different. This velocity gradient in the end causes a net polarization
in accordance with the preferred direction decided by the velocity gradient geometry.

The two main sets of equations involved are: (1) the radiative transfer equation, and (2) the rate equation
of rotational states. The radiative transfer equations for specific source intensity with polarization either
perpendicular or parallel to the magnetic field (Goldreich and Kylafis, 1981, 1982; Kylafis, 1983b):
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where ¢(v) is the line profile. And the rate equation specifying the rate of change for number density of
particles populating at state ¢ = (J, M), through radiative and collisional transitions from and to state

j=(J', M') (Deguchi and Watson, 1984):
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The radiative transition rate P;; involves spontaneous emission, absorption, and stimulated emission.
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where 6 is the angle between the propagation direction and the z axis (the direction of B field). In terms of
absorption and stimulated emission, this means the rate equation is also dependent on the radiation intensity,
I9,. 2 In this integration, the large velocity gradient (LVG) approximation gives the optical depth that is
dependent on the geometry and thus yields a way for simplifying the equation and the solution. By LVG

2Specifically the integral of the intensity over frequency and solid angle.



Mix [1D+2D)]

1

1

1
-

1

=>
|
<
o

>
-
=

\
\
\
1
!
/

1

1
-——m---

I

\
\
\'

-

%

r‘ //45\\

Ké\X
<>

=

I

|
i m -

\

Figure 1.1: The schematic plot for three types of velocity gradient geometry as implemented in our existing
G-K model (from left to right): i) 1-D velocity anisotropy parallel the magnetic field; ii) a 2-D velocity
gradient along the 2-D plane perpendicular to the magnetic field; and, iii) a mixed model of (i) and (ii),
yielding a cone-shaped velocity gradient lobe. This schematic plot is adapted from Yang and Lai (2010). The
”LOS” label in red denotes the line-of-sight direction. The magnetic field orientation B is set to be aligned
with the z-axis, i.e. 2 | B. And the black arrows in the plot point in the direction of the velocity gradient
field. In our model we have adopted the mixed LVG velocity gradient geometry on the basis that of the
three velocity gradient geometries, this model is closest to the modest axisymmetry that could reasonably
be expected in the late AGB phase.

approximation, the equation 1.4 is simplified as:

B
[ 18000 = vy = 3,0 85, + 8, (15)
and 9 7, 1s the LVG escape probability involving the optical depth
B35, =1 —exp(=77,)] /75, (1.6)

The LVG optical depth 7 7, 1s dependent on the LVG geometry. The associated scaling relations according
to different geometries (illustrated in Figure 1.1) are listed in Table 1.1.

Under the LVG approximation, the simplified radiative transfer equation is

B
IgJ, = (ng, - 2) [1 - eXP(_TgJ,)]

Table 1.1: The optical depth geometry dependence on the LVG geometry.

1I-D 2D mix (1-D + 2-D)
q q q
optical depth | 79 ,(0) k(;’c;;/z(z) 755(0) ké’ifl/?(g) 755(0) o %
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The combination of the radiative transfer equation and the rate equation constitutes a nonlinear system.
We need n;, accounting for source function S%;,, thus for calculating the radiation intensity I%,,, in turns
we also need I, in the rate equation for calculating n,;. In general we need to solve the equations through
numerical iteration.

With the final calculated intensity, the conventional polarization is defined as:

_ Ly
I+

(1.8)

where I and I} are the emergent specific intensity perpendicular and parallel to the magnetic fields on the
plane of sky (POS), and B is the cosmic background blackbody radiation. For the predicted polarization
signal not only the magnitude matters, the sign of the modeled polarization is also important in determining
whether the EVPA is perpendicular or parallel to the inferred magnetic field line. In the definition given
by equation 1.8, a positive sign indicates the predicted EVPA to be aligned with I, otherwise the EVPA
is aligned with . In this, the observed EVPA along with G-K modeling will lend us an insight into the
magnetic field line direction (with 180° ambiguity. ) The modeling work in the literature (Goldreich and
Kylafis, 1981, 1982; Kylafis, 1983b; Deguchi and Watson, 1984; Cortes et al., 2005; Yang and Lai, 2010) has
been extended from 1-D to a 3-D mixing model, and higher transition levels are taken into account. The
predicted linear polarization strength varies depending on these parameters as well as the direction along
the line of sight with respect to the configuration of the magnetic field and the velocity gradient.

The principal advantage of using the G-K effect to study the magnetic field surrounding AGB stars is
that different molecular transitions probe different depths of the circumstellar environment, and we can use
this to study the profile of the plane-of-sky magnetic field with depth into the CSE and constrain the full 3-D
magnetic field. This is because the molecular abundances are dependent on radius from the star. Also the
transitions are sensitive to temperature and collisional-partner density, which are differentiated by distance
from the star. The combination of these features brings a rich source of diagnostic tools. As mentioned
earlier, the information provided by the G-K effect is weakly dependent on the field strength. Also, given
that the source mechanism for the G-K polarization signal is different from the other two approaches, dust
continuum emission and the Zeeman effect, the G-K effect is considered a valuable, independent probe for

the magnetic field morphology.
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Chapter 2

Radio Interferometry and Data Model

Dual-polarization receivers on radio telescope enable us to characterize the full polarization state of the
incident radio waves from the space (Thompson et al., 2017; Robishaw and Heiles, 2018).

Polarization can be induced by physical processes that are either associated with magnetic fields (e.g.
the Zeeman effect, dust polarization, the Goldreich-Kylafis effect, and synchrotron radiation), independent
of magnetic fields (e.g. scattering, gravitational wave) (Robishaw and Heiles, 2018), or can be induced
spuriously by instrumental effects. To allow proper inference of physical properties such as the interstellar
magnetic field, the observed polarization signals need to be carefully calibrated before scientific analysis.
The calibration requires a data model that takes into account all propagation and instrumental effects in the
signal path from the frame of astronomical source to the correlator output (Hamaker et al., 1996; Thompson
et al., 2017; Kemball and Richter, 2011).

Here we first briefly review the basic description of polarized radiation and the Stokes parameters (section

2.1). Following that, the description and details of the data model will be reviewed (section 2.2).

2.1 Polarized Radiation and Stokes Parameters

Electromagnetic (EM) waves are the traveling wave solutions based on the Maxwell Equations for the
electromagnetic field (Jackson, 1998). The EM waves are transverse, which means the associated electric
and magnetic field are perpendicular to the direction of wave propagation k. Furthermore, the electric and
magnetic field are in phase and mutually perpendicular. We can therefore characterize an incoming quasi-
monochromatic EM signal solely with the electric fields oscillating on the plane that is perpendicular to the
wave propagation vector (Rybicki and Lightman, 1979), and the associated description of the magnetic field
can be written in the form of electric field.

The electric field associated with an incident EM signal can be written as:
E = E1é] + By} (2.1)

The €; and é; can be any orthogonal basis pair that is perpendicular to the wave propagation vector k

(assuming k || Z), for example, (€x,€y) in X-Y basis or (€r,€r) in R-L basis. E; and E5 are pure scalar
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components. Both F; and Fs are scalar complex numbers and are functions of frequency and time.
The Stokes parameters were developed to completely quantify the polarization properties of the propa-
gating EM waves (Stokes, 1851; Jackson, 1998). The Stokes parameters, in a circular (R-L) or linear (X-Y)

basis, takes the form:

Q _ <ERE'L*> + <E'LER*> _ <EXEX*> _ <E'YEY*> (2.3)
U= L.(BREV) - (BLERY = (EXEYY)+(EYEX) (2.4
14 — <ERER*> _ <ELEL*> _ % . KEXEY*) _ <EYEX*>] (25)

The bracket () denotes the quantity is averaged over time. The four Stokes parameters are all real scalar
quantities and describe the total intensity (/), two orthogonal linear polarization components (Q,U), and
a circular polarization component (V). The following relation holds in general, as waves may be fully or
partially polarized:

> (Q*+U*+V?) (2.6)

The equality holds only for fully polarized radiation.
As mentioned earlier, () and U are two orthogonal linear polarization components, which can be expressed

as:

Q =/Q? + U%cos2x (2.7)
U=+Q?+U?sin2x (2.8)

where the x is the electric vector position angle (EVPA). The EVPA can be therefore expressed in terms of
Stokes parameters as:

1 U
X = itaun_1 [Q} , O<x<m (2.9)

The fractional linear polarization is expressed as:

V@ +U? (2.10)

I )

m; =

and the fractional circular polarization :

me =

v
- (2.11)

The form Stokes parameters may be represented as a 1 x 4 matrix known as the Stokes vector (e.g.
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Robishaw (2008)):

%

(2.12)

< SO~

2.2 Data Model in the Signal Path

To consider both the propagation and instrumental effects in our model, we describe the data reduction
using the general interferometric data model developed by Hamaker et al. (1996) and Sault et al. (1996),
which presented a novel matrix formalism of radio interferometric polarimetry.

We will start with a general review of the data model and the detailed representations for both circular
and linear systems will be presented in Sections 2.2.2 and 2.2.3 separately. In practice, the choice of basis

will influence the observation patterns and the calibration heuristics (Moellenbrock, 2017).

2.2.1 Signal Path, Jones Matrices, and Mueller Matrices

Consider a general linear operation, represented as a 2 x 2 Jones matrix J, that converts one signal vector

Em to another Eout in the Jones matrix formalism:
Eout = JE™ (2.13)

The Jones formalism was initially introduced in optics (Jones 1941). It describes the process as electromag-
netic waves pass through an optical element which results in the changed polarization for the emerging beam
(Born and Wolf, 1959). The original vector E is expressed as a 1 x 2 matrix, which is known as a Jones
vector.

Along the full signal path, all the net effects can be viewed as a series of linear operations (J;) that alter
the intrinsic signal. The observed signal (EObS) then can be expressed in the form of the true signal Eltrue
as:

E% = (3135 - Jp)EtTee (2.14)

The true signal Etrue is defined as the incident electric field at the top of the atmosphere.
For an interferometric system, we consider the following processes in constructing our data model for
individual antenna, m, following Hamaker et al. (1996):
1. Propagation effects from the atmosphere (T,,)
2. Phase shift from varying parallactic angle (P,,)
3. D-terms (D)
4. Cross-hand delay (K,,)
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5. Gain response (G,,)

6. Bandpass effect (B,,)

A schematic of the signal path adapted from Hamaker et al. (1996) is provided in Figure 2.1. Note that
in this schematic plot, we aggregated the terms coming from different parts of the signal path to guide the
discussion. In practice, some of the terms are coupled or mathematically degenerate, which means that they
are not perfectly separable as individual components in calibration or optically isolated to one part of the
signal path. For example, the cross-hand delay (K€,,) is the accumulated time delay from the feed to
the end of the signal path, and is coupled with terms such as gain (G,,) and bandpass (B,,). In an other
example we consider gain (G,,) and bandpass (B,,) . In reality, the instrumental response is a composite
term that is a function of both time ¢ and angular frequency w, say C,,(w,t). In solving for this instrumental

response, we factor this term as:

Cn(w,t) = By (w) - Gu(t) (2.15)
with the assumption that the frequency- and time-dependent constitutes are separable.

Propagation effects (T,,) The propagation effects from the atmosphere includes the effects from the
ionosphere and troposphere (Kemball et al., 1995). The propagation through the ionosphere will add
extra phase rotation into the signal due to ionospheric Faraday rotation. This ionospheric delay term
has strong frequency dependence: vE=F % (Thompson et al., 2017; Kemball et al., 1995); thus
this term is negligible at mm-wavelength. For propagation through the troposphere, water vapor

dominates the propagation effect at mm-wavelength.

Parallactic angle (P,,) The parallactic angle «, is defined as the angle between the local source meridian
and the great circle through source and zenith. As the tracking antenna rotates with respect to the
given source direction, the angle «,,, varies with time as well; this projected coordinate rotation thus
incorporates an equivalent phase rotation over time into the signal. For example, the altitude-azimuth
mounts, which are adopted by CARMA, VLA, and ALMA, the sources intrinsic polarization appears

to be varying in the frame of receivers as the parallactic angle varies with time.

Polarization leakage (D,,) The polarization leakage, also known as feed contamination, is the cross-
coupling between signals from nominally orthogonal polarization receptors. For example in the R
receptor’, the leakage response (from the L receptor) contaminates the EE as (EE + DEEL) where
the coefficient DE characterizes the small amount of contamination leaked to the R receptor from
the other channel (i.e. L). Here R is defined as Right-hand Circular Polarization (RCP), and L as

Left-hand Circular Polarization (LCP). The same concept applies to a linear (X-Y) system.

Cross-hand Delay (K2*®) When the signals are split by the polarizer, the analog signal electrical paths

are slightly different for each polarization receptor. This introduces a small time delay in the signal

LA receptor is a nominally orthogonal polarization measured by the feed.
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that needs to be corrected. This is known as the cross-hand delay.

Gain (G,,) The instrumental response includes an amplitude gains and a change in phase. As described
in Equation 2.15, we attribute the time-dependent instrumental response to this Gain term, and write

as: G2, = gP (1)e?*n®) p € [R, L] or [X,Y].

Bandpass (B,,) The bandpass effects are the instrumental response that has frequency dependence as

described in Equation 2.15.

In sum, the observed signal takes the form:
Eb =3, - Ere = (B,,,GnKS*D,,P,,T,,) - Erue (2.16)

Mueller Formalism

In practice, the correlator outputs from a set of baseline pairs (antennas m and n) are the interferometric
data products, which can be expressed as Vn‘ﬁf = (Eﬁfs ® Eﬁbs*>. More generally the correlator product V,,,,,

can be written as (in a circular basis, for example):

— —

Vinn = <Emn Y E:uu> = (2~17)

B =
3y S
* *

The bracket () denotes the quantity averaged over time.

For two matrices A (I; x l3) and B (ny x nz) the outer product (which is known as the direct or tensor
product or Kronecker product) is defined as A ® B (Arfken and Weber, 2005). The form of A ® B is the
lin1 X long block matrix, where every element a;; in A is replaced by a;;B. For a 2 X 2 matrix A and a

2 x 2 matrix B as examples, the elements of the outer product matrix takes the form:

b1 b1 b1 bi2 a11bi1 @bz ai12bin  a12bio
ail ai2
bar  bao bar  bao a11bo1  ai1baa  ai2bar  a12b22
A®RB= = (2.18)
bir b2 b1 b2 a21b11  ag1biz  agebii  a22b12
a21 22
bar  bao bar  bao a21ba1  a21baz  azabar  az2b2a

The Kronecker product has the mixed-product property (Arfken and Weber, 2005):

(A1 ® A2)(B1 ® B2) = (A1B1) ® (A2B) (2.19)
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For the correlator output, we have:
Vbt = {(ImE) @ (JLE7) = (Fm @ T3)(E ® E)) = (I © T) Vi1 (2:20)

where:

Jm @J7

n

= (BnGnK "Dy Py Try) @ (B, GLKT "D PIT)
= (BnGnThKD,, P, @ (BEGET K *D!P?)
= (Bm @ B})(Gm © G ) (T @ T3) (K7 @ Ki7*) (D, @ D7) (P, @ P7)
= [MBMGMTMKCPSMDMP}mn

(2.21)

and ‘7,2"#5 is the intrinsic correlator output in an ideal case without propagation and instrumental effects.
The correlator product ‘_/',,m can be converted into a Stokes vector via transformation matrix T or S as

(Hamaker et al., 1996):

%

=T.-V=8"'.V (2.22)

< QO ~

The quantities in the Stokes vector are independent of choice of basis (R-L or X-Y), while the correlator
products are not. Therefore the transformation matrices T and S vary by the choice of basis.

In the circular basis (Hamaker et al., 1996),

1 0 0 1
. 0 1 1 0
S™ rL = (2.23)
0 -5 j O
1 0 0 -1
In linear basis (Hamaker et al., 1996),
1 0 0 1
., 1 0 0 -1
S xy = (2.24)
0 1 1 0
0 —j5 j O

The Mueller formalism is the system of Matrix Optics (Parke, 1948) that was developed to characterize
the properties of radiation and its interaction with optical instruments by linear transformations of vectors
(Soleillet, 1929; Perrin, 1942; Mueller, 1948; Parke, 1948). This formalism characterizes the optical instru-

ment by a 4 x 4 matrix, the radiation by a 1 x 4 Stokes vector, and the interaction between the radiation
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and the optical elements via linear transformation(s) (Mueller, 1948):
&S, =M. =M.S 1yirue — g-lyobs (2.25)
In essence, the relation between the Mueller and Jones formalism is as:
J,®Ji=S-M-S™! (2.26)

This expression applies to describe partially polarized waves and the superposition of waves that are either
coherent, incoherent, or partially coherent (Mueller, 1948).

In the final representation of the intrinsic and the output signals for an interferometric baseline (m,n)
derives from Equation 2.21, 2.22, and 2.25:

Eops|mn = [T [MgMcMtMges MpMp],, . T_l] 2 (2.27)

* Ctrue

It was pointed out by Robishaw (2008) that the Mueller and Jones calculi are equivalent for systems that
do not depolarize, which means systems transforming incoming 100% polarized light into outgoing 100%
polarized light. In practice, generally the incoming astronomical radiation is partially polarized. Hence, we
need to follow the Mueller formalism, which reveals the features of partial polarization in the most general

sense (Robishaw, 2008).

2.2.2 Data Model for a Circular Basis (CARMA, VLA)

For circular response system, the electric field signal arriving above the atmosphere at antenna m takes

the form:
iR E
—| " (2.28)
£y,

n,m

in,m
As mentioned earlier, the Jones matrix J can be any linear response that transforms the signal from Emm

. AER in
to Eout,m. For example, if the signal is amplified by factor A, which results in i = f
Er AEL in

out

A0

0 A
For all the terms associated with antenna m considered in Section 2.2.1, we have written those in explicit

Then corresponding matrix to this linear response is J =

form for a circular system below:

Propagation Effects, T,,: For a structured water vapor layer, since the refraction index varies differently
along different signal paths, the accumulated phase delay 7, will be different for each antenna over

time. This phase delay is assumed independent of polarization since the water vapor layer in general
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is neutral. Therefore nff = nk =7, is adopted. Also, we consider this phase delay should be constant
across a frequency range Av =~ 15 GHz (which covers our observing bandwidth) and any fixed point
of time. Therefore the 2 x 2 matrix for tropospheric delay takes the form?:

ejnvn 0

T, — ‘ (2.29)
0 e]ﬁm

Parallactic Angle, P,,: The absolute value of phase delay introduced by this geometric effect should be
the same for R- and L-hand polarizations (i.e. |af| = |ak| = |a.,|); only the signs are the opposite
for two polarizations. This is a coordinate rotation relative to the sky frame; thus a positive angle
(+a) will be toward R-polarization direction,and correspondingly for L-polarization. For a relatively

compact array, we often assume ., = a, = 1; thus the parallactic term takes the form:

P, = _ (2.30)

Polarization Leakage, D,,: The leakage term (feed contamination between the two receptors) takes the

form:
| DR
D,, = (2.31)
DL 1

Cross-hand Delay, K¢"*: The time delayed between the two senses of polarization takes the form 3:

627Tj1/7'2 0
Ko = (2.32)

0 eQﬂ'jI/T,L”

Gain, G,,: The time-dependent gain takes the form:

GE 0 gR(t)ei®m® 0
G, = " =7 4 (2.33)
0 GE 0 gL (t)eidm(®)

Bandpass The frequency dependent gain takes the form:

BE 0 BE(w) 0
B,, = = (2.34)
0 BE 0 BE (w)

2From 16th Synthesis Imaging Workshop (https://science.nrao.edu/science/meetings/2018/16th-synthesis-imaging-
workshop/home), Lecture Calibration by George Moellenbrock.

3From 16th Synthesis Imaging Workshop (https://science.nrao.edu/science/meetings/2018/16th-synthesis-imaging-
workshop/home), Lecture Polarization by Frank Schinzel.
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In Equation 2.16, given matrices B,,,, G,,, and K¢* are all diagonal and therefore commute, i.e. (K¢*B,,G,,) =
(B G K?9), etc. Also note that T, is a scalar matrix, so it commutes with any matrix. Following Equa-

tion 2.17, the correlator product in a circular basis can be denoted as:

(BN B T
‘77%{;; _ <E;n ®E';l*> _ <E£,E£,*> _ rih (2.35)
(Ep B T
(BLEY™) i
From Equation 2.21, the data model is expanded as:
Vs — MpMgMrMgesMpMp - Vue (2.36)
BEBE+ 0 0 0
0 BEBL* 0 0
0 0 BL B~ 0
0 0 0 BL BL~
GEGE~ 0 0 0
0 GRGEL~ 0 0
0 0 GL GR+ 0
0 0 0 GLGL*
ejQﬂu(Tﬁ—Tf) 0 0 0
0 ej27r1/(7r12—7-7l;) 0 0
M crs|mom = Kc’r‘s ® Kc’rs,* — 239
e, " " 0 0 ed2m (T, —7.0) 0 (2:39)
0 0 0 eleTrV(TTﬁ—Ti)
1 DEx DE  DEDEx
. DE* 1 DEDEx  DE
MD‘m,n = Dm ® Dn = L L (240)
Dy DE DR~ 1 DEx
DiDy* Dy Dy* 1
e (@m=an) 0 0 0 1 0 0 0
Mp! P 0 el (am+an) 0 0 0 % 0 0
Pimmn = I'm n — ‘ — .
0 0 e~d(@m+an) 0 0 0 e 0
0 0 0 e~dlam—an) 0 0 0 1
(2.41)
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eJ (Mm—mn) 0 0 0

0 eI (m—1n) 0 0

Mrt|mp=Tn T = ‘ (2.42)
0 0 e (Mm=1n) 0
0 0 0 eI (Nm—"1n)

Given the measured Vnoﬂf, the calibration of the data is the process of solving sequentially or in iterative

SRR <ER ER*>
. SRL <ER EL*>
sense for all the matrices to estimate true incoming, scientific signal V,!""¢ = =
ghft (EnE)
SLE <E,5LE *)

Combining the first four diagonal matrices and factoring out D,,,P,, in Equation 2.36 we obtain:

Vobs — [MpMgMrMgers] MpMp] - VI = [N.MpMp] - Ve (2.43)

mn mn

where

Ngrr 0 0 0
0 Nrr, 0 0
0 0 Nrp O

0 0 0 Nrp

mn

Each element in the matrix N is a complex number involving amplitude and phase and with both time and
frequency dependence. Here we will use an example to illustrate the data reduction process. For antenna

pair (m,n) = (1,2), the data model takes the form:
T{ER — NRRJQ[SRRejAa + SRLDQR*ejZa + SLRDi%e—an + SLLD{%Dé?*e—jAa]

rBL = Npp 1o SPRDE 72 4 GRLei®e | GLRDR L =i | gLLDRe=jAe

i = Npp ol STEDEIAY 4 SREDEDRrei¥e | gLRe= 0 4 GLL plixe=ida)

Ml = NiopaolSTDEDY A% 4 STEDE f SERDY eI gh eIt
where Aa = (a1 — a3), and Ya = (a1 + a2).

R-L Phase Calibration

Consider a simple array consisting of 3 antennae. For each baseline with an expansion for the parallel-
hand RR phase @2 R,

obs,RR true,RR(

Wl = u,v) + 55 — Ef‘ (2.45)

obs,RR __ _true,RR
=9 (

1a u,v) + el — eff (2.46)
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SDggS,RR — SOt’ruC,RR(u7 ,U) + 5? _ E? (247)

where the ¢f is the phase excess at each antenna m. From this equation set, there is one degree of freedom
left from the four unknown variables ¢®,i € (1,2,3) and ¢!"*¢fE(y, v). We choose to set ef¥ = 0, which
means in practice that we treat antenna 1 as the reference antenna. The equation set does not constrain the
phase at the reference antenna.

Similarly for parallel-hand LL phase:

P L — ptrueLL(y o) 4 b _ L (2.48)
P LL — ptrueLL(y o) 4 b L (2.49)
P Ll = ptrueLL(y o) 4 L L (2.50)

After self-calibration separately in RR and LL, the difference ef — ' remains undetermined (the X in

Moellenbrock (2017)).

N bs, RL
The cross-polarization phase 75" """ can be expressed as :

(p?gs,RL — (ptrue’RL(U,U) 4 554 _ 6{% (251)

Parallel-hand self-calibration for ¢®,i € (1,2,3) and e£,i € (1,2, 3) assuming e = 0 and ¢ = 0. Applying

these corrections to the cross-polarized data:
bs,RL ,
Pl = e () + (e —eT) — (eff —e7) (2.52)

Thus (ef* — e£) is the only remaining unknown that we need to solve for (R-L phase term).
This term (¥ — &%) is known as cross-hand phase (Moellenbrock, 2017) and needs to be calibrated as
part of the data reduction. Inadequate cross-hand phase calibration will contaminate the leakage calibration

and propagates error that further reduces the Q and U signal detection quality.

D-term Calibration

After incremental and sequential calibrations for other terms such as Mg and Mg, the remaining major
term is the polarization leakage, Mp. By neglecting the 2nd-order terms (D?), the data model at this stage
can be written as (Kemball et al., 1995):

PRy, 0, w) = SR (2.53)
r;,fnL(u,v,w) = gtk (2.54)
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B (v, w) = SRY 4 DE*(SRRY 4 DR (§EL) (2.55)

mn

rER(y 0, w) = SR 4 DE*(SRR) 4 DR(SLE) (2.56)

mn

2.2.3 Data Model for a Linear Basis (ALMA)

With an X-Y receptor basis, the electric field can be written as E=E v€x + Eyéy and the correlator

output is the outer product of the signals from the two antennae on each baseline, Vi, = (E,, ® E.*).

Following Equation 2.17 Vinn takes the form:

(B ™) T

v SR (ENEY") Toun

an|XY = <E'rn X En>|XY = — = vx (257)
<EmEn > Tmn
(ENEY") T

-

The true Stokes parameters for the baseline pair (m,n), e5,,, can be written as:

Imn

é,;gnn _ an (2.58)
U’ITLTL
an

with each element written with X-Y basis are (Equation 2.2- 2.5):
In = <En)§Er)L(*> + <E737/LE’}I/*>

Qmn = (EXEX*) — (EY EY™)
Unn = <E7)r<7:E'r}L/*> + <E7}1/1E7)1(*>
Vi = S(EXEY") — (EYE)

J

For all the terms associated with antenna m considered in Section 2.2.1, we consider them here in explicit

form for a linearly-polarized receptor basis:

Propagation effects, T,,: Properties of atmospheric propagation considered for a circular basis carry
forward here. ALMA uses water vapor radiometer (WVR) to monitor the atmospheric water vapour
line at 183 GHz along the line of sight above each antenna to correct for phase delays introduced

by the wet component of the troposphere (Maud et al., 2017). Note that it is assumed this term is
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un-polarized. The 2 x 2 matrix for tropospheric delay takes the form *:

ejﬂm 0
T,, = _ (2.59)
0 eJm

Parallactic angle, P,,: In a relatively compact array we assume parallactic angle «,,, = a,, = ¥. Following
Hamaker et al. (1996); Sault et al. (1996), the linear transformation in an X-Y basis is written for this

rotation from the sky frame as:

Pm = cos ,(/} o w (260)

—sinYy cosy

Polarization leakage, D,,: The polarization leakage in an X-Y basis takes the for :

1 DX
D,, = (2.61)
DY 1

Cross-hand Delay, K¢: The cross-polarized delay effect in an X-Y basis can be expanded as °:

627'rjy‘rf,$ 0
Ks = (2.62)

0 6277]‘1/7';

Gain, G,,: The time-dependent instrumental response in an X-Y basis is written as:

o GX 0 gi(t)emi(w 0 (263
" 0 GY - 0 g%(t)ejti’fn(t) '

Bandpass, B,,: The net bandpass effect,equivalently the frequency-dependent instrumental gain can be

written as:
BX 0 BX(w) 0
B, = = (2.64)
0 BY 0 BY (w)

The final output correlated signals émn in an X-Y basis can be expanded as:

Vo = (JnE) @ (TLE N x-y = (I @ T)(E @ E*))|x—y = Myn|x-y - V"™ (2.65)

4From 16th Synthesis Imaging Workshop (https://science.nrao.edu/science/meetings/2018/16th-synthesis-imaging-
workshop/home), Lecture Calibration by George Moellenbrock.

5From 16th Synthesis Imaging Workshop (https://science.nrao.edu/science/meetings/2018/16th-synthesis-imaging-
workshop/home), Lecture Polarization by Frank Schinzel.
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where

My =Jm @3] Ix-y = [Bm @ B;) (G @ G;) (T, @ T7) (K5 @ Ki*)(Dyy, @ D7) (P, @ P [ x -y
= [MBMGMKcrsMDMP] ‘mn,X—Y

= [MEME X Mkers MpMp] [rmn,x -y
(2.66)

In the last line of Equation 2.66, the transformation MgMg is re-written as MEMgX" (Moellenbrock,
2017). This is to reflect that in the reduction process, we actually measure the M and MY relative to an
assumed zero reference antenna phase as discussed in relation to Section 2.2.2 above. This undetermined

X-Y phase difference at the reference antenna takes the form:

1 0 0 0
elexo Q) e~exo Q) 0 e 0 0
X = , ® , = (2.67)
0 6]5Y0 O e—]fYO 0 0 e Jp O
o0 0 1

where p = (exo — €vo)-
Following Moellenbrock (2017), we re-write the data model in terms of the measured correlator products

(Vb5| xy') and the intrinsic Stokes vector (&3 Based on Equation 2.66 and the transformation between

gtrue,mn)'

the Stokes vector and the correlator product, we have:

Vobs|xy =T &5, . =[MMgMrMge=MpMp] T~!T - V17ue| vy 2.68)
= [MBMGMTMK"SMDMP] Til : é‘ﬁ“ue,mn .
For all other matrices:
B%Bff* 0 0 0
0 BXBY* 0 0
0 0 BYBX 0
0 0 0 B},/LB}L/*
GﬁGf* 0 0 0
i} 0 GXGY~ 0 0
MG|m,n = Gm & Gn = (270)
0 0 G%Gf* 0
0 0 0 GﬁG};*
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ejQﬂ'l/(Tm,—Tn) 0 0 0

0 e]'271'1/('rm7'rn) 0 0
MKcrs |m7n =5 K%S ® K;TS’* - (271)
0 0 €j27rt/(‘rmf‘rn) 0
0 0 0 ejQWV(Tm—Tn)
I DX DX  DXpX:
p¥* 1 DXDY* DX
DY DYDX* 1 DX
pYpYs pY  pre |

cos 2¢ sin 29 0
—sin2y  cos 2y j

1
—1 * —1 0
Mp|mn - T =[Pp@P,]- T = (2.73)
0 —sin2y cos2y —j
0 —cos2yp —sin2y 0O
ej("]m_"ln) 0 0 0
0 eI (Mm—nn) 0 0
MT|m,n = Tm & T: = ) (274)
0 0 eJ (Mm—"n) 0
0 0 0 ej("7m —1n)

The we group the terms that are purely diagonal (MpMgMTtMgers = N) and move these to the left-hand
side of the Equation:
N~1. Vet vy = [MpMpT '] - & (2.75)

" Corue,mn
where N is:
Ny O 0 0
0 Ny O 0
N - MBMGMTMKch = (2.76)
0 0 N3 O

0 0 0 Ny

For baseline (m,n):

rXX Ny = (I 4+ Qy) + DZ,(Uy — §V) + (Uy + jV)DZ* + DZ (I — Q) DZ* (2.77)
Y Ny = (I — Qy) + DY,(Uy — §V) + (Uy — jV)DY* + DY (I + Qy) DY* (2.78)
ra Y Ny = Uy + jV) + DZ%,(I — Qy) + (I + Qy)DY" + D%, (Uy — jV)DY* (2.79)
1y X' INs = (Uy — jV) + DY(I + Qy) + (I — Qu)DZ* + DY, (Uy + jV)D2* (2.80)

in which we have abbreviated the @, U, ¢ term as @y and Uy, following the expression shown below (Moel-
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lenbrock, 2017):
Qyp =Q -cos2y + U -sin 2y (2.81)

Uy =—Q -sin2¢p+ U - cos2¢ (2.82)

We note that the parallactic angle ¢ part is known and that the D-terms can then be solved via the modulated

@y and U, over a good parallactic angle coverage throughout the observation.
Y ¥ g
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Figure 2.1: Schematic of the signal path of an incoming astronomical radiation that reaches to an antenna.
The plot is adapted from (Hamaker et al., 1996). Note that in this schematic plot, we aggregated the
terms coming from different part of the signal path to guide the discussion. In practice, some of the
terms are coupled or mathematically degenerate, which means they are not perfectly separable as individual
components in calibration or optically isolated to one part of the signal path. See detailed discussion in
Section 2.2.1
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Chapter 3

Mapping Circumstellar Magnetic
Fields of AGB stars with CARMA

Mapping magnetic fields is the key to resolving what remains an unclear physical picture of circumstellar
magnetic fields in late-type evolved stars as described in Chapter 1. Observations of linearly polarized
emission from thermal molecular line transitions due to the Goldreich-Kylafis (G-K) effect provides valuable
insight into the magnetic field geometry in these sources that is complementary to other key studies. This
Chapter derives substantially from a published paper: "Huang et al. (2020)”!. In addition to the published
results (Huang et al., 2020), more detailed diagnostics concerning the calibration quality assurance are also
included here.

In this Chapter, we present the detection of spectral-line polarization from both the thermal J =2 — 1
CO line and the v = 1,J = 5 — 4 SiO maser line toward two Thermal-Pulsing (TP-) AGB stars, R Crt
and R Leo, with the Combined Array for Research in Millimeter-wave Astronomy (CARMA?) at 1.3 mm
wavelength. The observed fractional linear polarization due to the G-K effect in the CO emission is measured
as my ~ 3.1% and m; ~ 9.7% for R Crt and R Leo respectively. A circumstellar envelope (CSE) model
profile and the associated parameters are estimated (Section 3.5.1) and used as input to a more detailed
modeling of the predicted linear polarization from the G-K effect (Section 3.5.2). The observed thermal line
polarization level is consistent with the predicted results from the G-K model for R Crt; additional effects
need to be considered for R Leo.

Pertinent information about the sources is displayed below in Table 3.1. This Table includes the right
ascension and declination (J2000), chemical classification, variability type or sub-type, pulsation period P
(days), and distance (pc) for each star.

R Crt is a semiregular (SRb) AGB star at a parallax distance 236 pc (Gaia Collaboration et al., 2018;
Luri et al., 2018) with a pulsation period of 160 days (Samus’ et al., 2017) and a mass-loss rate M ~
8 x 1077 [M /yr] (Paladini et al., 2017). It has been found that the Gaia parallax results for the extended,
pulsating, and bright AGB stars are often unreliable (van Langevelde et al., 2018; Xu et al., 2019; Ramstedt
et al., 2020). As discussed in (Ramstedt et al., 2020), this is even true for stars with that appear to have good
astrometric solutions, such as R Crt. However, since R Crt is an SRb variable star, this could also imply

significant uncertainties when using a Period-Luminosity (P-L) distance (Feast et al., 1989); accordingly we

1This chapter is published in The Astrophysical Journal as Huang et al. 2020, ApJ, 899, 152
2https://www.mmarray.org/
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adopt the Gaia distance for R Crt. Adopted distances in Table 3.1 are used only in establishing figure length
scales in this Chapter. The inferred magnetic field strength from single-dish SiO maser Zeeman observations
ranges from B ~ 0.0 — 3.7 G over spectral components (Herpin et al., 2006). R Crt has been identified
with a companion star (Proust et al., 1981; Cox et al., 2012) and is believed to harbor an outflow structure
(Ishitsuka et al., 2001; Kim et al., 2018) possibly aligned with the magnetic field direction inferred from OH
maser observations (Szymczak et al., 1999).

R Leo is a nearby, typical M-type AGB star with a P-L distance of 95 pc (Matthews et al., 2018) derived
using P-L relation from (Feast et al., 1989) and data from (Haniff et al., 1995). R Leo has been intensively
studied in several molecular lines including: SiO lines (e.g. Cotton et al. (2009); de Vicente et al. (2016);
Herpin et al. (2006)), H2O masers (e.g. Menten and Melnick (1991); Yates et al. (1995)), OH masers (e.g.
Fish et al. (2006); Etoka and Le Squeren (1997)), CO thermal lines (e.g. Ramstedt and Olofsson (2014);
De Beck et al. (2010); Teyssier et al. (2006)), and HCN thermal lines (e.g. Schoier et al. (2013)). The
dust shell properties have been observed in infrared and radio continuum (Wittkowski et al., 2016; Ireland
et al., 2004; Schoier et al., 2013); R Leo shows statistically-significant deviations from sphericity in its radio
photosphere (Matthews et al., 2018; Reid and Menten, 2007) and its dusty environment (Paladini et al.,
2017). The pulsation period of R Leo is 310 days (Whitelock and Feast, 2000; Samus’ et al., 2017) and the
mass-loss rate estimate is M ~ 1.1 x 1077 [M, /yr] (Danilovich et al., 2015). The magnetic field strength in
the near CSE of R Leo is estimated from single-dish SiO maser Zeeman observations to be: B ~ 4.2 — 4.6G
(Herpin et al., 2006). R Leo has also been suggested as hosting a Jovian planet remnant (Wiesemeyer et al.,
2009). Recent ALMA observations of R Leo (Vlemmings et al., 2019) provide important insight into the
extended atmosphere region R ~ 1 — 2R, and measure an asymmetric expansion with a mean velocity of

10.6 £ 1.4 km/s.

Table 3.1: Source information

Name RA Dec Chem. class Variability P Distance
(J2000) (J2000) (days) (pc)

R Crt || 11:00:33.85 -18:19:29.85 O-rich(® SRb(@ 160(@) 2360

R Leo || 09:47:33.49 +11:25:43.67  O-rich(® Mira(®  309.95(@) 95(c)

a. Chemical classification, variability type, and pulsation period P are from (Samus’ et al., 2017).
b. Parallax distance estimate is from Gaia DR2 (Gaia Collaboration et al., 2018; Luri et al., 2018).
c. P-L distance estimate is from (Matthews et al., 2018).

In the current work, our aim is to extract morphological information regarding the circumstellar magnetic
fields surrounding the two target TP-AGB stars, R Leo and R Crt, using CARMA continuum and molecular
line observations. More broadly, we seek to gain insights into the magnetic field geometry and its connection
to the more general picture concerning CSE evolution towards the post-AGB and PNe phases, as discussed
previously in Section 1.1.2. The observing strategy includes continuum and molecular line observations to
study different emission mechanisms that provide complementary insights into the magnetic field in the

CSE. These include maser lines in order to study the Zeeman effect, thermal molecular lines targeting the
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G-K effect, and continuum observations in order to study dust polarization. Dust polarization observations
constrain magnetic field morphology and orientation; the Zeeman observations offer an estimate of the
magnetic field strength and, with theoretical inference, the possible magnetic field alignment; and the G-K
effect, which is a physically-independent probe, offers insight in the magnetic field morphology at more
extended radial distances in the stellar envelope. The overarching goal of the current work is to use the
joint and mutual constraints offered by these three approaches to form a more comprehensive picture of the
magnetic field morphology in the CSE toward these late-type evolved stars.

We believe that these are the only G-K imaging results obtained by CARMA toward late-type evolved
stars at A = 1.3mm in full polarization. We do successfully detect the G-K linear polarization signal in the
CO thermal emission at the level m; ~ 3 —9%; detailed modeling results for these observations are presented

later in this Chapter.

3.1 Observation

The observations of R Crt and R Leo were performed in the E-configuration (8.5 — 66 m baseline lengths)
of the CARMA array, in full Stokes mode. Two observing runs were performed, on November 16, 2014 and
November 11, 2014 respectively, with each run of total duration 3.7 hours. The correlator was configured in
full Stokes mode to observe the SiO v = 1, J = 5 — 4 line in the lower sideband (LSB) and the CO J =2—1
line in the upper sideband (USB), with adopted transition rest frequencies of 215.596 GHz and 230.538
GHz respectively (Lovas et al., 2009). Both lines were observed in narrow-band (line) spectral windows of
bandwidth Av = 62.2 MHz each sampled over 191 frequency channels with corresponding nominal velocity
resolutions of 0.453 km/s and 0.423 km/s respectively. In addition, two wide-band (continuum) spectral
windows each of bandwidth Av = 489.6 MHz and sampled over 47 frequency channels each were centered

on the spectral lines both for calibration transfer and in order to observe the continuum emission.

3.2 Data Reduction

In describing the data reduction we use the general interferometric data model described by Hamaker
et al. (1996); Sault et al. (1996). For a detailed discussion of the data model adopted, see Chapter 2. In
this formalism, in a circularly-polarized basis, the detected electric field at antenna m in the array can be

expressed as:

, E'R By
E, = =JEp = (GpBmDy, ) (3.1)
EL By

where E,, represents the intrinsic incident electromagnetic signal and E/, the measured signal, both in
a circularly-polarized basis (R,L) as used by CARMA. As previously defined, Jones matrices J,, are 2 x

2 matrices representing all the linear operations along the signal path, including both instrumental and
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propagation effects. These include the frequency-independent gain G,,, net frequency-dependent passband
B,,,, and instrumental polarization leakage D,, amongst others.

The radio interferometric cross correlation of the signals at antennas (m and n) takes the form:

= [(GmBmDm T ) ® (GZBZDZ T )} Rin (3-2)

where ® denotes the outer matrix product. The overall goal of calibration is to infer the intrinsic R,,,, from
the measured R,,,,. The calibration and imaging of CARMA polarization continuum data is described by
Hull and Plambeck (2015). Polarization calibration for a pre-cursor connected-element millimeter-wavelength

array, the Owens Valley Radio Observatory (OVRO), is described by Akeson (1997).

3.2.1 Calibration

The parallel-hand (RR, LL) data calibration was performed using the CArma Data REduction pipeline,
CADRE (Friedel, 2013), which in turn uses the Multichannel Image Reconstruction, Image Analysis and Dis-
play data analysis package (MIRIAD) (Sault et al., 1995). The parallel-hand data reduction allows solution and
correction of the antenna-based passband (B,,) and gain (G,,) calibration terms. The passband correction
removes the net frequency-dependent instrumental response, while gain calibration corrects time-dependent
amplitude and phase errors induced along the signal path. The existing CADRE pipeline reduction did not
support full-polarization reduction and was modified accordingly. This included the appropriate use of full
Stokes data (RR, LL, RL, LR) in the automated flagging phase and the support of dual-polarization in the
regular gain and bandpass calibration stages.

For R Crt, 3C279 was used as the bandpass, gain, and leakage calibrator. In the case of R Leo, 3C84 was
used as the bandpass calibrator, and OJ287 as the gain and leakage calibrator. The flux density values of
the gain calibrators (3C279 in R Crt, and OJ287 in R Leo) were obtained from the ALMA band 6 (211 —275
GHz) calibrator catalogue® with observing dates closest to ours and with adequate gain and flux calibration.
The resulting absolute flux densities used for the calibrators are 8.38 £ 0.39 Jy (3C279) and 3.04 £+ 0.17
Jy (0J287). The antenna-based R and L gains (GE,GE) = (gRei®m gL ei¢m) were solved separately over
time using the parallel-hand data (RR,LL) respectively, where G,,, = diag(GE,GL ). Solutions showing high

/L

time-variability or outlier behavior in the differential polarization amplitude gain ratio gﬁ were detected

and the underlying data flagged.

3https://almascience.nrao.edu/alma-data/calibrator-catalogue
4https://almascience.nrao.edu/alma-data/calibrator-catalogue
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3.2.2 Polarization Calibration

In addition to the standard parallel-hand data reduction described above, the calibration process for
full polarization data requires: i) R-L phase (¢rr m) calibration and ii) polarization leakage (D-term, D,,)
calibration (Thompson et al., 2017; Hull and Plambeck, 2015). The R-L phase describes the residual phase
difference between R and L channels: ¢rr.n» = ¢f — ¢L. In the mm-wavelength regime this is mainly
attributable to the instrumental response as the atmosphere is predominantly non-dispersive (e.g. Kemball
and Richter (2011)).

R-L phase calibration is needed to allow accurate absolute electric vector polarization angle (EVPA)
measurement and also for correct polarization leakage calibration. The CARMA 10-m telescopes allow
instrumental calibration of the R-L phase by injecting an artificial linearly polarized noise signal as a source
of linear polarization with a known polarization position angle into the 10-m telescope system (Hull, 2014;
Hull and Plambeck, 2015). The MIRIAD task xyauto solves for the R-L phase corrections for all the 10-m
antennas based on these injected signals (Hull, 2014; Hull and Plambeck, 2015). The R-L solution from a
reference 10-m antenna was then bootstrapped and applied to the 6-m antennas to correct their R-L phases
using MIRIAD task mfcal.

The instrumental polarization leakage term D,, describes the cross-coupling between the signals from
the nominally orthogonal receptor polarizations (R,L) (Thompson et al., 2017). This calibration term can be
solved for from the cross-polarized data (RL and LR) obtained on a bright calibrator source after parallel-
hand calibration and correction for the residual R-L phase difference, modulated by observation over a
sufficient range of parallactic angle coverage. An adequate parallactic angle range A« > 60° has been esti-
mated as required for a robust leakage solution with CARMA (Hull and Plambeck, 2015). The instrumental
polarization leakage terms were solved for using the MIRIAD task gpcal with options = qusolve.

The IQUV images were formed from the fully calibrated visibilities by MIRIAD task invert using natural
visibility gridding weighting. At 230 GHz, the beam size is 5.73" x 4.21” (at PA = 29.7°) for the calibrated R
Crt data and 5.07” x 3.58” (at PA = 80.1°) for the calibrated R Leo data. The synthesized maps of linearly
polarized intensity P were de-biased (Wardle and Kronberg, 1974) using MIRIAD task impol and were masked
below 50 in Stokes I and 40 in P. The spectral channels were averaged over 1 km s~! in both the CO
and SiO channel maps. The final calibrated continuum maps of the gain calibrators, 3C279 and 0J287,
are shown in Figure 3.1 and Figure 3.2. The calculated theoretical noise level in the spectral-line image
cubes for a 1.0 km s~! channel width and with these observing parameters is between 29.6 mJy/beam (good
weather) ~ 56.8 mJy/beam (typical weather). This is calculated using the CARMA sensitivity calculator
5. The measured median of the off-source noise over frequency from the spectral-line, total intensity data

cubes is between 50.1 ~ 274.1 mJy/beam, over the separate transitions.

Shttp://bima.astro.umd.edu/carma/observing/tools/rms.html
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Figure 3.1: Linear polarization maps of 3C279 in both LSB and USB. The color map shows the total intensity;
the peak total intensity is 8.361 Jy/beam in LSB and 8.363 Jy/beam in USB. The contour levels as the
linear polarization intensity from 20%, 40%, 60%, and 80% of the maximum linear polarization intensity,
which is 0.968 Jy/beam in LSB, and 0.967 Jy/beam in USB respectively. The synthesized beam is shown
at lower left.
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(a) Polarization map of OJ287, LSB (b) Polarization map of 0J287, USB

Figure 3.2: Linear polarization maps of OJ287 in both LSB and USB. The color map shows the total
intensity; the peak total intensity is 3.034 Jy/beam in LSB and 3.029 Jy/beam in USB. The contour levels
as the linear polarization intensity from 20%, 40%, 60%, and 80% of the maximum linear polarization
intensity, which is 0.244 Jy/beam in LSB, and 0.230 Jy/beam in USB respectively.The synthesized beam is
shown at lower left.
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Figure 3.3: The flowchart of reduction script generated by the CADRE pipeline (Friedel, 2013) before
modification.
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Figure 3.4: The flowchart for the modified reduction process for CARMA full-Stokes spectral-line data. The
red dotted line outlines the parts where the new steps were added; yellow dashed lines mark fine tuning of
the original process, and the blue solid lines mark a change in order from the original flow.
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3.2.3 The Final Flowchart of the Modified Data Reduction Process

In Figure 3.3 a brief flowchart of the reduction script generated by the CADRE pipeline (Friedel, 2013)
before our modification is outlined, and in Figure 3.4 the flowchart for the modified data reduction process
is presented. This final version of calibration procedure is a hybrid product of both the script generated by
CADRE (Friedel, 2013) and the modifications based on consideration described in Section 3.2.1 and 3.2.2.
In the following, the details at each step are illustrated in accordance with the Roman number labeling in

Figure 3.4.

I. Preliminary flagging: A preliminary round of flagging is executed. Data with system temperatures
above the assigned threshold will be flagged. The cutoff value is set to be 5000K. Besides, if one
antenna is shadowed by the other antenna, the data from the shadowed antenna are flagged. CADRE
also flags data with high elevations (> 85°) as the tracking at these high elevations has insufficient

accuracy.

II. Apply baseline solution: This calibrates for antenna position errors. The resulting baseline solution®

is applied to data.

II1. Flag bad scans based on cross-polarized gains: In general, this R/L gain solution ratio is ex-
pected to be slowly varying about a unity level throughout the observations. Any drastic drop or rise
from the global trend signals a change in data quality; this is typically reflected in higher scattering
of the data. We inspected the R/L ratio of the gain solutions obtained from the output of MIRIAD
task gpplt with options = xygains and exclude these source scans associated with discrepant R/L
solution ratios. Figure 3.5 shows example LSB data indicating this flagging process for data from the

R Crt observing run.

IV. & VI. R-L phase and bandpass calibration: The R-L phase calibration is determined during band-
pass calibration process as noted above. The bandpass calibration corrects the frequency-dependent
artifacts introduced along the signal path, indicating both the atmosphere and instrumental compo-
nents. For the amplitude response over frequency, we increased the pre-averaging over channel number

to enhance the solution quality.

As discussed in Section 2.2.2, there remains uncertainty in the R-L phase difference of the reference
antenna itself, equivalently absolute R-L phase difference. This absolute R-L phase difference will in
turn cause a net rotation of the EVPA of all the targets observed if not corrected. This calibration is
performed using scientific measurements from other facilities. Details for the absolute EVPA alignment

are discussed later in Section 3.3.

V. Split the data into files for each source and spectral window: The data are split into subsets

sorted by targets and spectral window. Three edge channels on each side of the spectral-line win-

6CADRE can also searches for the most recent system baseline solution if available (Friedel, 2013).
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(b) The RR and LL gain solution ratio of all antennae after flagging outlier scans.

Figure 3.5: The example from the R Crt LSB data of flagging by R/L gain solution ratio.
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dows are then flagged on each side of the spectral-line windows as those low-amplitude edge channels

are often noisier.

VII. Flag bad amplitude: CADRE obtains the statistical information characterizing the data using the
MIRIAD task uvlist with options = stat; this is used to identify and flag amplitude anomalies in

the data. The data can be represented at this stage as:
‘/i?‘bs =G; (t)Gj (t)vizrue + Nthe'r'mal(a') + €systematic (33)

where the Nypermai (o) is the thermal noise with a standard deviation o, and €sysiematic 1S the systematic
error. We modified” the CADRE pipeline to calculate the amplitude running average (V;l-) °()) and the
associated standard deviation o;;(t) over time. Outliers deviating from the running average V?; °(t) by
greater than 3 x 0;;(¢t) for each scan are flagged. The data were also flagged for their deviation from
the global average. In practice this process takes place before the gain calibration, meaning the slowly

time-varying, instrumental response is not removed from the signal yet.

VIII. Gain calibration: Gain calibration is performed to correct the time-dependent amplitude and phase
response. In general, the instrumental gain response in R and L receptors are different. For the full-
Stokes mode data, we switch to MIRIAD task mfcal instead of mselfcal for solving RR and LL gain

response individually®.

IX. Leakage calibration: The cross-coupling of RCP and LCP channels is corrected by polarization leak-
age calibration. Because the CARMA uses altitude-azimuth mounts, the RL and LR cross correlation
amplitude is modulated in a predictable way (Hull and Plambeck, 2015). As noted above, an adequate
parallactic angle range® Aa > 60° has been estimated as required for a robust leakage solution with

CARMA (Hull and Plambeck, 2015).

X. Imaging and De-biasing: The basic imaging process involves inverting the u—v data into dirty maps,
cleaning and restoring the maps (Thompson et al., 2017). This yields maps of the Stokes I, Q, U, and
V emission separately. The Stokes Q and U components were used to calculate the linear polarization

intensity as: P=+1/Q?+U? =R/.

Consider both @ and U are quantities of random Gaussian noise with a variance o2

centering at
peak Qo and Uy respectively. The quantity P can be viewed as the magnitude of the superposed
vector P = (Q-€e4+U-ep) from Qe and Uepr, where € and ey are an orthogonal basis. This is
plotted in Figure 3.6. The uncertainty of the magnitude P of this vector deviates from the Gaussian

distribution, and the measured peak (R') deviates from the intrinsic value \/Q3 + U¢ = R. The goal

7Original CADRE process was using the all-time amplitude average as the flagging benchmark.

8This also provides R/L gain amplitude ratio for inspection and flagging.

9To achieve such good coverage of parallactic angle, a duration for the polarization observation exceeding 3 hours across
transit is usually required with the CARMA array.
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Figure 3.6: The schematic for two extreme cases of £ < 1 (left panel) and £ >> 1 (right panel).

of the de-biasing process is to restore R from the measured peak and variance (Wardle and Kronberg,

1974).
Following the analysis of Vinokur (1965) and Wardle and Kronberg (1974), the derived probability
distribution for the polarized intensity R’ follows a Rice distribution:

_ R RR R®+ R”

PR = T exp(———

= Sho(— ) (3.4)

where [y is the O-th order of the modified Bessel function. The following are two asymptotic cases
(Wardle and Kronberg, 1974):
(I.) & < 1: the f(R') distribution approaches the Rayleigh distribution with a variance (2 — m/2)0?

(see also Figure 3.7 (a)) :

FR) = () e 52 (35)

(I1.) g > 1: the probability distribution approaches a Gaussian with variance o2, centered on R’ = R

(Figure 3.7 (b)):

1 _ (R -R)2

f(R’)IUZW-e 27 (3.6)

The MIRIAD task impol synthesizes (Q and U maps into a de-biased linearly polarized map using
specified parameters sigma =oq v, o specified. The value oy is the standard deviation of the Stokes
I image, and og, is the mean standard deviation of the noise in the ¢ and U images. In practice,
the noise in the ) and U images are comparable with each other, thus og y is comparable to ¢ in

Equation 3.4. An approximation that holds for ? > 0.5 was given by Wardle and Kronberg (1974)
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Figure 3.7: Schematic plots of Rice distribution at two asymptotic cases: ? <1 and g > 1.

(their Equation A3):

o 1/2
R~ By 1 (50 (37)
M

Using this relation, the measured og  ~ ¢’ can be used to estimate the intrinsic linear polarization

signal strength R in Equation 3.7.

Caution is also needed in estimating the noise level of the linear polarization intensity map from its
off-source region before de-biasing process. The distribution of the off-source regions in the linear
polarization intensity map before de-biasing is expected to follow the Rayleigh distribution as we
expect low-to-none signal in those regions. The measured variance should be therefore corrected as

(2 — 7/2)0"? to obtain o2

3.3 Calibration Quality Assurance

The polarization observations with CARMA were extremely limited; hence we need to run through the
quality assurance of the solutions and calibrated data.

In inspecting the calibration quality, several indicators are often examined, including the calibration
solution behavior, the corrected data behavior (e.g. over time and frequency), and the imaging products
from data at different calibration stages. In this section, we highlight the key quality assurance products
from the calibrator source 3C279 taken as an example. 3C279 is the bandpass, gain, and leakage calibrator

for the R Crt observing run.

3.3.1 Parallel-hand Calibration Quality

As noted above, the parallel-hand (RR, LL) calibration allows correction of the antenna-based passband

(By,) and gain (G,,,) calibration terms. After parallel-hand calibration, we generally expect flattened RR and
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LL data dependence over both frequency and time. Figure 3.8 shows the change in amplitude dependence
over frequency of the 3C279 USB data for baseline (4 — 15), before and after the parallel-hand calibration.
Figure 3.9 shows the analogous change in phase for this baseline before and after the parallel-hand calibration.
Figure 3.10 and 3.11 shows comparable plots over time for baseline (10 — 15). show such contrast before and
after parallel-hand calibration, in data behavior over time. The flattened dependence of both RR and LL

correlation data is apparent.

3.3.2 Polarization Calibration Quality

Several quality assurance tests were applied to assess the quality of the fully calibrated data specifically
including the polarization calibration.

The amplitude of the derived polarization leakage terms, across all spectral windows and both observing
runs, ranged from few percent to a maximum of ~ 20%. Prior continuum polarimetry with CARMA showed
a comparable range in values (Hull and Plambeck, 2015). We also compared our solved D-term amplitude
with a separately reduced CARMA archival data set'? from a continuum polarimetry survey of extragalactic
active galactic nuclei (Bower (2014), hereinafter the TADPOL data). This comparison is displayed in Figure
3.12 and 3.13. In this Figure, TADPOL denotes the CARMA archival data (Bower, 2014), R Crt denotes
the D-term derived from the associated USB calibrator (OJ287) in the current work, and R Leo denotes the
D-term derived from the 3C279 USB data in the current work. In all cases, Dg denotes the D-term from
R receptors, and Dy, the D-term from L receptors. The antenna-based D-term values are not expected
to be precisely constant with time and independent of frequency within the band; however, a moderate
level of instrumental stability is expected. We therefore examined the rank correlation of the antenna-based
D-term amplitudes against those obtained from the referenced CARMA archival data set!! (Bower, 2014).
The rank correlation measures the ordinal association of two data sets (Zwillinger and Kokoska, 1999). In
this test we computed: Spearman’s rank-order correlation (Zwillinger and Kokoska, 1999) with scipy using
SciPy.stats.spearmanr'?, Kendall’s tau (Knight, 1966) using SciPy.stats.kendalltau, and the Pearson
correlation coefficient (Pearson, 1895) using SciPy.stats.pearsonr. Correlations of —1.0 or +1.0 imply
an exact monotonic relationship, and zero implies no correlation. All three correlation coefficients were
computed for both the R Crt (3C279) and R Leo (0J287) data, across all spectral windows, for both |D|
and | DL | against the corresponding reference TADPOL values. The maximum number of antennas in our
data was 15 and the rank-order correlation coefficients fell within the range r € [0.1 ~ 0.6] with a median
value r ~ 0.4; this indicates moderate correlation, consistent with our physical expectation.

The quality of the polarization calibration was also assessed by examining the scatter of the calibrator

cross-polarized visibility data in complex plane before and after polarization calibration, as shown for 3C279

10CARMA project ID: ¢1217; Observing Block ID: ¢1217.2D_2303¢279.2
HCARMA project ID: ¢1217; Observing Block ID: ¢1217.2D_2303¢279.2
2http:/ /www.scipy.org
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(b) Plot of 3C279 USB data amplitude over frequency after BP calibration.

Figure 3.8: The C279 USB data for baseline pair (4 — 15). This shows amplitude over frequency (a) before
and (b) after parallel-hand calibration.
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(b) 3C279 USB data phase over frequency after bandpass calibration.

Figure 3.9: The C279 USB data for baseline pair (4 — 15). This shows phase over frequency (a) before and
(b) after parallel-hand calibration.
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(a) 3C279 USB data amplitude over time before gain calibration.
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(b) 3C279 USB data amplitude over time after gain calibration.

Figure 3.10: The 3C279 USB data for baseline pair (10 — 13). This show amplitude over time (a) before and
(b) after parallel-hand calibration.
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(b) 3C279 USB data phase over time, after gain calibration.

Figure 3.11: The 3C279 USB data for baseline pair (10 — 13). This show phase over time (a) before, and
(b) after parallel-hand calibration.
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Figure 3.12: The compiled D-term results from all LSB data. The antennas associated with zero-values
are the antennas either not available during the observation or flagged later in the data reduction. In this
Figure, TADPOL denotes the CARMA archival data (Bower, 2014), R Crt denotes the D-term derived from
the associated USB calibrator (OJ287) in the current work, and R Leo denotes the D-term derived from the
3C279 USB data in the current work. In all cases, Dy denotes the D-term from R receptors, and Dy, the
D-term from L receptors.
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Figure 3.13: The compiled D-term results from all USB data. The antennas associated with zero-values
are the antennas either not available during the observation or flagged later in the data reduction. In this
Figure, TADPOL denotes the CARMA archival data (Bower, 2014), R Crt denotes the D-term derived from
the associated USB calibrator (OJ287) in the current work, and R Leo denotes the D-term derived from the
3C279 USB data in the current work. In all cases, Dy denotes the D-term from R receptors, and Dy, the
D-term from L receptors.
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Figure 3.14: Plot of 3C279 D-term scattering in the complex plane before calibration.

USB data in Figure 3.14 and 3.15 separately. Polarization calibration was found to improve the scatter
significantly, especially the RL and LR correlation distribution in the complex plane was more compact after
the polarization calibration, as expected.

The statistical distribution of the R-L phase difference derived from the visibility data was also narrower
after R-L phase calibration and polarization leakage calibration. This is illustrated in Figure 3.16 which
shows the histogram of phase differences of the cross-hand correlation signals (RL and LR) under 3 cases:
(a) the data calibrated only with the parallel-hand calibrations, (b) data calibrated with the parallel-hand
and R-L phase calibrations (i.e. no leakage calibration yet), and (c) the fully-calibrated data set. Figure 3.17
and 3.18 show this comparison for R-L phase difference from only 6.1-m and 10.4-m antennas respectively.

To interpret these plots, we examined the phase of the RL and LR visibility data for baseline pair (m,n):
RL _ 4R _ 4L | RL
Py = O — Oy + U (3.8)

where ¢ is the calibration phase at antenna m in the indicated receptor polarizations and ¢XZ the source

structure phase in the indicated correlation pair. The visibility phase difference between the RL and LR
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Figure 3.15: Plot of 3C279 D-term scattering in the complex plane after calibration.

correlation is therefore:

Amn = (L — OLR)mn = (D5 — O5) — (6 — oF) + L — LR

:( m ﬁz)+(¢§_ 71;)_"1/)712%_ anl'rE

RL

BL_o LR constant and independent of baseline

For point-like sources such as 3C279 in these observations, 1
length. Denoting d¢p2tt = (¢ —pL ), the equation above therefor secures: A¢,, = 6¢EL+5¢FL = constant.
The ultimate goal of R-L phase calibration is to correct the extra R-L phase difference introduced along
the signal path, (6¢r—r). A good R-L phase calibration is expected to minimize the description of the
compound quantity (d¢r_r,m + dér—r,n) The diagnostic plots Figure 3.16 provides a quality assurance
on this association. As expected, the distribution of (¢rr, — ¢rr) is more compact when the full version of
calibration is carried out. The rms variation (0s4) of the R-L phase difference is shown in right panel of
Figure 3.16. The variation os4 of the R-L phase difference is reduced after full polarization calibration. Note

the plotted R-L phase difference data were all wrapped around 360° to confine all points within [—180°,
180°].

The dynamic range of the polarization calibrator polarization intensity maps was also shown to be
improved from ~ 30 to ~ 150 by polarization calibration. Figure 3.19 shows the IQUV maps before and

after the full calibration including the leakage calibration.
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Figure 3.16: Histogram of 3C279 USB: (a)the cross-polarized phase difference (¢prr — ¢rr) and (b) their
rms oag. The top, middle, and the bottom panels are for different levels of applied calibrations. This plot

includes data from all available baselines.
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Figure 3.17: Histogram of 3C279 USB: (a)the cross-polarized phase difference (¢prr — ¢rr) and (b) their
rms oag. The top, middle, and the bottom panels are for different levels of applied calibrations. This plot
includes data from all available baselines with only 6.1-m antennas
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Figure 3.18: Histogram of 3C279 USB: (a)the cross-polarized phase difference (¢prr — ¢rr) and (b) their
rms oag. The top, middle, and the bottom panels are for different levels of applied calibrations. This plot
includes data from all available baselines with only 10.4-m antennas
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(a) 3C379 LSB IQUV maps before (top panel) and after (bottom panel) the full calibration.

-0.01 -0.0061 -0.0019 0.0022 0.0064 0.011 0.015 0.019 0.023

(b) 3C379 USB IQUV maps before (top panel) and after (bottom panel) the full calibration.

Figure 3.19: Map comparison of dynamic range before and after leakage calibration with (a) LSB, and (b)
USB data of the calibrator 3C279. The displayed white rectangles are the selected region for calculating the
off-source noise.
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Figure 3.20: Phase structure of 3C279 LSB data in RR and LL components. The red asterisks plotted is the
rms defined in Equation 3.10. We also fitted the rms with the form: o4, = % following the Thompson
et al. (2017) in characterizing the atmospheric fluctuations (their Equation 13.78a).

The phase structure function of the fully calibrated parallel-hand data of the calibrators in the contin-
uum windows (averaged over frequency) was inspected as well. The fluctuation of the atmosphere can be

characterized by the structure function of phase (Dy(d)) (Thompson et al., 2017):

Dp,., (d) = ([mt(2) = Prt(z — d)])e = (|AGmne(d)]*) (3.9)

where d refers to baseline length, and the ®,, ((x) refers to the phase at arbitraty point . And the rms

deviation is:

Gt = /Do () = /(A o D)) (3.10)

For 3C279 (calibrator in R Crt observation), after the calibration the residual phase rms o is approximately
9.8° and for 0J287 (calibrator in R Leo observation) o, ~ 17.0°. Both phase structure functions also showed
a slow increase of ~ 10° over a uv distance from 5.0 kA to 40.0 kA. The compactness of the residual phase
distribution is evidence of sufficiently robust phase calibration. In Figure 3.20 and 3.21, the phase structure
function and the rms of the function are plotted for 3C279 LSB and USB data.

Hull and Plambeck (2015) list the following sources of systematic error in polarization observations with
CARMA: i) the need to de-bias linear polarization measurements (Wardle and Kronberg, 1974), as noted
above we correct all linear polarization intensity maps after imaging; ii) limitations due to polarization
leakage uncertainties; iii) absolute EVPA angle accuracy; and, iv) direction-dependent polarization across
the primary-beam (beam squint and beam squash).

Concerning polarization leakage calibration uncertainties, (Hull and Plambeck, 2015) note that for weakly
linearly polarized sources (m; < 0.5%) caution needs to be used regarding the EVPA interpretation. In the

current data, the linear polarization level is typically a few percent, which is above this threshold. To verify
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Figure 3.21: Phase structure of 3C279 USB data in RR and LL components. The red asterisks plotted is the
rms defined in Equation 3.10. We also fitted the rms with the form: o4, = % following the Thompson
et al. (2017) in characterizing the atmospheric fluctuations (their Equation 13.78a).

the accuracy of the absolute EVPA alignment, equivalent to any residual uncorrected R-L phase difference
at the reference antenna, we compared the measured EVPA values of the quasar calibrators (3C279, OJ287)
in our data against surveys or other observations that are available near our observing dates. Our current
data yielded an error-weighted average EVPA measurement for 3C279 of 36.6° + 0.07° and 33.9° + 0.08°,
and for OJ287 of —16.5° + 0.33° and —19.0° £ 0.40°, for the LSB and USB continuum spectral windows
respectively. As noted above these 500 MHz spectral windows are centered on ~ 215 GHz and ~ 230
GHz respectively. Applicable external EVPA values were obtained from the MOJAVE project (Lister et al.
(2009), private communication), the VLBA-BU-BLAZAR program ((Jorstad and Marscher, 2016; Jorstad
et al., 2017), private communication), and the POLAMI project'® (Agudo et al., 2018a,b). We selected
external measurements falling within +14 days from our observations. Available observations were limited,
and we considered data within a frequency range of 43.0 ~ 230.5 GHz. The resulting 14-day averaged EVPA
for 3C279 thus obtained is 42.88° 4+ 10.83°, and for OJ287 is 159.85° + 11.58°. As a global reference, we
note that when averaging over 1000 days the EVPA value obtained for 3C279 is 135.4° + 18.3° (MOJAVE)
and 151.4° £+ 26.0° (VLBA-BU-BLAZAR); for OJ287 this global average over 1000 days is 21.5° 4 4.4°
(MOJAVE) and 29.3° + 17.7° (VLBA-BU-BLAZAR). In summary, our measured EVPA of both 0J287
and 3279 were found to be consistent with the external contemporaneous EVPA measurements in broadly
comparable frequency bands. For the primary beam polarization noted in (iv) above, when the source is
not on-axis, additional distortions will be introduced across the primary beams of the telescopes (Hull and
Plambeck, 2015). Such distortions are characterized by beam squint and beam squash in general. Beam
squint is embodied in a double-lobed pattern in Stokes V maps, while beam squash is evident as a cloverleaf

pattern in the Stokes Q and U maps (Hull and Plambeck, 2015). Our sources are less than 10” in angular

13http://polami.iaa.es

56



Table 3.2: Summary of the detected molecular lines of R Crt and R Leo in CARMA observation.

Source Line 0 F, Fi
[GHz] [ Jy beam™" [Jy beam™!
km s7!] km s7!]
R Crt CO (J=2-1) 230.538 3.6027 433.88
SiO (J=5-4, v=1) 215.596 1.3099 27.913
R Leo CO (J =2-1) 230.538 2.6156 297.93
SiO (J=5-4, v=1) 215596  89.873 492.34

Note: The listed are the rest frequency (o) of the detected molecular lines, the integrated brightness over
velocity channels of the linearly polarized intensity (F¢) and total intensity (Fr) in each observation

extent and centered on the optical axis. At A ~ 1.3mm wavelength, the FWHM of the primary beam for
the CARMA 10-m antennas is ~ 30”7, and for the 6-m antennas it is ~ 56” (Hull and Plambeck, 2015). Our
10" source extent is therefore well within the inner primary beam and we therefore do not expect strong
primary beam polarization effects. We find no evidence of a quadrupolar squash pattern in the Stokes @
or U images in the current data. We expect our quasar calibrators to have negligible intrinsic circular
polarization (Rybicki and Lightman, 1979). This internal astrophysical consistency check yields a residual
Stokes V signal in our calibrators of m. ~ 0.32% for 3C279 (in the R Crt observing run), and m. ~ 0.77%
for OJ287 (in the R Leo observing run) after full calibration. These values define the limits on our intrinsic

polarization accuracy but also similarly limit the magnitude of the beam squint effect.

3.4 Results

In Table 3.2, the rest frequency vy, integrated brightness over velocity channels of the linear polarization
(F¢) and the total intensity (Fy) of the detected molecular lines are listed for both R Crt and R Leo. The
integrated spectra of the emission from the J =2 —1 CO and v = 1,J = 5 — 4 SiO transitions are shown
in Figure 3.22. These spectra were obtained by summing all total intensity points above 3¢ in each image
plane per velocity channel of the interferometric image cubes using MIRIAD task imspec.

We detect continuum emission toward R Crt of 14.9 + 2.4 mJy/beam in the LSB continuum spectral
window and 18.3+2.9 mJy/beam in the counterpart USB window. The provided uncertainties are statistical
errors from the off-source image region and do not include any systematic errors in the absolute flux density
calibration. These values are measured at the peak-brightness pixel and the error is the off-source rms noise.
In the same spectral windows, continuum emission is detected toward R Leo of 118.24+3.2 mJy/beam in LSB
and 123.0 + 3.4 mJy/beam in USB using the same measurement methodology. No continuum polarization
was detected toward either R Crt or R Leo, likely due to sensitivity limitations and the expected weakness
of the dust continuum emission relative to the underlying stellar continuum. By comparison with the stellar
continuum flux densities reported by Vlemmings et al. (2019) for R Leo, the dust contribution does not

exceed ~ 20%; a comparable result is expected for R Crt.
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The maximum detected linear polarization intensity (P,), the peak total intensity at the associated pixel
and velocity channel (I,) in molecular lines, and the derived peak fractional linear polarization (my ;) and
the error-weighted polarization angle (Xwav, Or X) are summarized in Table 3.3 for both sources. This table
also enumerates the detection of linearly-polarized v = 1, J =5 — 4 SiO maser emission toward R Leo and
R Crt, and circularly-polarized SiO maser emission toward R Leo. The observed linearly polarized intensity
maps for the J =2 — 1 CO emission toward both sources are displayed as contours in Figure 3.23 overlaid
on color plots of the total intensity in the molecular line emission. Analogous maps of the linearly-polarized
and total intensity emission in the v = 1,J =5 — 4 SiO molecular line are shown in Figure 3.24.

The measured EVPA for R Crt in the J =2 —1 CO maps ranges from 38.0° to —19.8° over the angular
and frequency extent of the source with an error-weighted average xwaw = 7.6°, as cited in Table 3.3 as
the representative value for the field; in the v = 1,J = 5 — 4 SiO maps the EVPA ranges from 49.5° to
—34.2° with xwaew = —15.4°. For R Leo in the J = 2 — 1 CO emission the EVPA ranges from —65.4° to
—86.6° with ey = —77.7%; in the v =1, J = 5 —4 SiO maps the EVPA ranges from 89.7° to —88.6° with
Xwav = —1.1°. These average values are taken from point detections with statistical significance exceeding
40, and the samples generally cover a velocity width Av = 2.0 ~ 4.0 km/s and extend over physical scales
of ~ 10 arcseconds on the plane of the sky.

We estimated both the random error (oyq,) and the systematic error (osy) in the measured EVPA

values. Each measured EVPA is assigned a statistical uncertainty as follows (Wardle and Kronberg, 1974):

op 180°

1
~ Zx (2L A1
o5 x () x = (3.11)
and this error is propagated through error-weighted averaging as (Taylor, 1996):
1
Tway = ——— (3.12)

This is based on the assumption that each EVPA y; is randomly sampled from a normal distribution
with standard deviation o,,. The estimated random errors after error-weighted averaging for R Crt are
Owav = 1.0° in the J = 2 — 1 CO maps and oy4, = 0.7° in the J = 5 — 4,v = 1 SiO maps. For R Leo
Owav = 1.7° in the J = 2 —1 CO maps and 0,4, = 0.03° in the v = 1, J =5 —4 SiO maps. We adopted the
uncertainty from the absolute EVPA alignment (see Section 3.3) of the quasar calibrators against external
measurements as a conservative estimate of the systematic error (osys). Based on the alignment for 3C279,
the systematic error of EVPA for R Crt is estimated as 10.8°; from OJ287 alignment the systematic error of
EVPA for R Leo is estimated as 11.6°. The statistical and systematic errors in EVPA are included in Table
3.3.

Table 3.4 lists the peak-pixel circularly-polarized intensity V, in the v = 1,J = 5 — 4 SiO spectral-line

image cube (Figure 3.24) and associated LSR velocity vrgr, point total intensity I, and resulting degree of
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fractional circular polarization m., at V}; circular polarization is only detected toward R Leo.

Table 3.3: Polarization properties at the position of peak linearly-polarized intensity in the spectral-line
image cubes.

Source Line VISR P, 1, my X
[km s1] [ Jy beam™] [Jy beam™] [%] [°]
R Crt  SiO (J=5-4, v=1) 12.0 0.778 4.52 17.2 (17.3 o) —154
o 0.045 0.05 - +0.7+10.8
Co (J = 2-1) 20.0 0.361 11.44 3.13 (7.2 0) 7.6
o 0.050 0.27 - +1.0+10.8
R Leo SiO (J=5-4, v=1) -4.0 18.67 53.98 34.6 (317 o) -1.1
o 0.06 0.17 - +0.03 £11.6
CO (J =2-1) 4.0 0.375 3.86 9.71 (6.10) —77.7
o 0.062 0.14 - +1.7+11.6

Table 3.4: Polarization properties at the position of peak circularly-polarized intensity in the spectral-line
image cubes.

Source Line VLSRR Vo I, Me,p
[km s'] [ Jy beam™] [Jy beam™] (%]
R Crt SiO (J=5-4, v=1) - - - -
o _ _ . _
R Leo SiO (J=5-4, v=1) -3.0 2.95 51.34 5.7 (40.3 o)
o 0.07 0.17 -

The final part of this Section will consider comparisons between the G-K signal, SiO maser polarization,

and further source properties in the literature.

3.5 G-K Modeling Analysis and Discussion

3.5.1 CSE Modeling

Previously it was highlighted that the principal advantage of using the G-K effect to study the magnetic
field surrounding AGB stars is based on the different depths sampled by different molecular transitions in the
CSE; this is the result of both chemical abundance stratification for these molecules and radiative excitation
effects. The CO molecule is generally expected to be found from radii near the stellar surface (~ 1R.) to the
outer edge of the circumstellar envelope (> 10*R,) (Hofner and Olofsson, 2018). Its fractional abundance

XCO = (Zf{(

D
2

) through the entire circumstellar envelope is thought to remain roughly constant (Duari et al.,
1999; Decin et al., 2010) until it reaches the photo-dissociation radius. The CO envelope therefore covers a
very extended CSE region and accordingly a diverse set of physical and chemical environments. In contrast,
SiO is prone to depletion in the inner CSE including due to adsorption onto dust grains (Teyssier et al., 2006;
Decin et al., 2010; Gail and Sedlmayr, 2013a; Gobrecht et al., 2016). SiO density declines within ~ 102R,
and has an outer photodissociation radius well within CO (Decin et al., 2010; Khouri et al., 2014). CO and
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Figure 3.22: Integrated spectra for both (a) R Crt and (b) R Leo. The spectra were obtained by summing
the total intensity at all points above 3¢ in each image plane of the interferometric image cube using MIRTIAD

task imspec. The spectra are binned at a Av = 1km/s interval.
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Figure 3.23: CO(2-1) spectral-line polarization maps of (a) R Crt, and (b) R Leo. The channels are averaged
over interval of 1 km s™'. The color map shows the spectral-line emission total intensity in log scale, and the
contour levels of the linear polarization intensity are 4, 5, 6, and 7 times ¢ where ¢ is the noise level of each
source. The white segments indicates the polarization angle and the scaled length represents the strength
of linear polarization. Beam size is also displayed at the lower-left corner in each map.
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Figure 3.24: SiO(5-4, v=1) spectral-line polarization maps of (a) R Crt, and (b) R Leo. Again the channels
are averaged over 1 km s! interval. The color corresponds to total intensity of the emission in log scale,
contour levels as the linear polarization intensity from 20%, 40%, 60%, and 80% of the maximum, and white
segments as the polarization angle with the scaled length as display of the linear polarization strength.

SiO are thus sensitive to different scales in the CSE.

Our G-K model requires as input radial CSE profiles in temperature T'(r) and density n(r) in addition to a
characterization of radiation anisotropy and velocity gradient structure. Detailed modeling of the kinematics,
dynamics, and chemical structure in the CSE requires numerical approaches (Bowen, 1988; Humphreys et al.,
1996; Ireland et al., 2008, 2011) given the inherent complexity of pulsation shock structure and mass loss
in this region, amongst other fine-scale physical processes. However, the input temperature, density, and
velocity profiles required for our G-K modeling can be adequately derived using a semi-analytic model for
the CSE as described below, and we adopt that approach here. Our specific target is to model the G-K

effect in CO emission, as observed in the current work.

Temperature profile

Power-law temperature profile Following (Bowen, 1988) as cited by Cherchneff et al. (1992), the kinetic

temperature dependence on radius is approximated as a power-law:

()

where the exponent index, «, is often adopted to be 0.6 (Cherchneff et al., 1992; Decin et al., 2010; Gobrecht

et al., 2016). The functional form of this relation can be derived from the assumption of a gray stellar

atmosphere (Bowen, 1988). For R Leo, the effective stellar blackbody equilibrium temperature T} is esti-
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mated from modeling of the spectral energy distribution (SED) to be T, = 1.8 x 103K (Schéier et al., 2013;
Danilovich et al., 2015). We adopt an inner dust condensation radius R, ~ 1.6 x 10 cm from SED modeling

(Danilovich et al., 2015). These parameters predict a thermal temperature at the dust-condensation radius

T(R.) ~ 5.3 x 102K.

Density profile

Semi-analytic CSE solutions exist for the approximate conditions applicable within broad radial zones in
the CSE. For this reason we consider the CSE to consist of an inner region, extending from the photosphere
to the dust formation radius R., and an intermediate-outer CSE region extending beyond R. to the outer
edge of the photodissociation zone. Both regions are modeled here to establish continuity in the density

relation.

I. Inner CSE The inner CSE includes the shock formation radius Ry (Hill and Willson, 1979). (Cher-
chneff et al., 1992) have derived a radial density profile n(r) in the shock-extended region by considering
averaged physical quantities in the momentum equation, including average flow velocity v = Yv.s. and av-
erage dynamical scale height H(r) (Willson and Bowen, 1986), in conjunction with the radial temperature
Lv , where Awv is the shock amplitude

Vesc

(Cherchneff et al., 1992). The resulting density profile of the inner CSE is (Cherchneff et al., 1992):

profile in Equation 3.13. Here v.s. is the escape velocity and v =

n(T) _ e{ Hiol(%Rél)aﬁa)*) [1—<RL0)Q_1}} Ry <r<R,. (3.14)

where Hy(Rp) is the static scale height in the stellar photosphere. (Cherchneff et al., 1992) fit a power law

to the numerical CSE model results for v = 2% = f(P, M,, R,,r) presented by Willson and Bowen (1986)

Vesc

where P is the pulsation period (days), M, is the stellar mass, and R, is the photospheric radius. This
allows the derivation of an approximate expression for the shock formation radius Ry in the form (Cherchneff

et al., 1992):

0.81

Ry =R, (3.15)

8.24P0'82 M* 0.41 R@ 1.23
(Av/vese) (%) <R* )

—0.81
The radius Ry is expected to be of the same order as one stellar radius. For R Leo, Ry ~ {0.75 X (ﬁ%) ] X
R,, therefore Ry ~ R,.

II. Intermediate-outer CSE In this region, the velocity is often fitted by the classical S-law (Lamers
and Cassinelli, 1999b; Danilovich et al., 2015):

(3.16)



We use this relation combined with mass continuity to derive a density profile for the intermediate-outer

CSE region. From Equation 3.16:

)

[’Ug_l - U[g] (317)

RN\ R\’
dr rUc+(ono*rUc) <1) *Uc*(Uoofvc) (1)

r

where R, is the dust condensation radius defined above and v, is the expansion velocity at R.. Typically
ve ~ 3 km/s based on the approximate sound speed at this radius (Danilovich et al., 2015). The terminal
expansion velocity v can be assumed constant for individual stars, e.g. voo ~ 8.5 km/s for R Leo and
Voo ~ 12.0 km/s for R Crt in CO emission (Danilovich et al., 2015). Exponent 8 > 0 is the profile index; we
adopt a range 8 = 0 ~ 5 (Danilovich et al., 2015). Note that 5 = 0 is equivalent to a constant and isotropic
outflow.

By continuity in the equation of mass,
L@ V)p+pV-T=0 (3.18)

which yields,
VUp—1

7+$ 2-B)+4- -0 (3.19)

with the quasi-static state and zeroth-order approximation v = v7 assumed.

We used the SciPy'* package odeint to solve the differential equation in Equation 3.19 applying a
boundary condition of continuity across the inner-region boundary r = R, to derive the density profile n(r)
in this region. We model the CSE of R Leo in this manner, adopting parameters: R, = 1.4 AU (De Beck
et al., 2010), T, = 1800 K, (Schéier et al., 2013), R, = 10.7 AU (Danilovich et al., 2015), v, = 8.5 km/s
(Danilovich et al., 2015), and M = 1.1 x 10~7 Mg /yr (Danilovich et al., 2015). Photospheric temperature
estimates in the literature fall in the ranges T} ~ 1800—2100 K (Schéier et al., 2013; Ramstedt and Olofsson,
2014; Gonzélez Delgado et al., 2003) and Ti ~ 2850 — 2890 K (De Beck et al., 2010; Vlemmings et al., 2019).

The continuity condition across the boundary was enforced by estimating the number density at the dust
condensation radius as n(R.) = ﬁévc and assuming a photospheric density 10'* ¢cm~2 (Gobrecht et al.,
2016). This is a re-parametrization that avoids computing uncertain parameters in Equation 3.14.

As described above, the scientific goal of the semi-analytic CSE models is to produce temperature and
density as input to the G-K modeling. The semi-analytic CSE models do not include modeling of spectral
line excitation or emission. The derived profiles in velocity, density, and temperature are displayed in Figure
3.25. The derived CSE parameter sets (temperature T(r) and Hy number density n(r) profiles) solved for
here and used as input to the G-K model are summarized in Table 3.5. For the G-K modeling, we assume

that we lie within the CO photodissociation radius. In the G-K modeling, the general Hy density defines

Mhttps://www.scipy.org
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the collisional partner for CO but we are not highly sensitive to the exact CO abundance ratio assumed.
As noted above, the semi-analytic CSE models do not include spectral line excitation or emission. How-
ever, an important coupling exists between the adopted mass-loss rate and CO outflow kinematics and the
predicted CO emission intensity. To test this consistency we examine recent modeling initiatives of the CO
emission intensity toward R Leo, as listed in Table 3.6, where each model was previously used in the literature
to estimate the mass-loss rate M. Each model in this Table is described by the outflow velocity v, at the dust
condensation radius, the terminal CO expansion velocity v, the § velocity exponent in Equation 3.16, and
the estimated mass-loss rate M. We have used our numerical CSE model to derive density profiles n, (r) for
each set k of CO emission model parameters in Table 3.6. The resultant minima and maxima in the density
profiles ng(r) at the radii sampled in Table 3.5 and across the CO emission model sets k are summarized
in Table 3.7. These density ranges are consistent with the range in densities produced by our semi-analytic
CSE model for R Leo in Table 3.5 under the input parameters described earlier. We therefore consider the
densities produced by our model to be conservative but reasonable estimates within the uncertainty that

exists regarding the mass-loss rate.

Table 3.5: The radial profiles in temperature T'(r), density n(r), and velocity (as represented by parameter
B in Equation 3.16), generated from the CSE analytic models. Note: (a) The density n(r) is shown as a
minimum and maximum range across the set of integer values of 8 € {0, 1,..,5} enumerated.
Source r T n(r)® Jé]
[R.] [K] [em 7]
R Leo 567.1 40 1.38 x 103, 3.88 x 103 0,1,..,5}
392.9 50 [2.90 x 10%,8.11 x 10°]  {0,1,..,5}
289.0 60 [5.39 x 10%,1.50 x 10*]  {0,1,..,5}
{0,1
{0,1

123.2 100 [2.99 x 10%,8.13 x 10*] .., 5}
19.9 300 [1.50 x 10°,3.19 x 106 .., 5}

)

)

Table 3.6: CO emission models for R Leo.

Ve Voo 15} M Reference
[km/s] [km/s] [10~" Mg /y7]
3.0 8.5 5.0 1.1 Danilovich et al., 2015)
- 5.0 1.8 Schéier et al., 2013)
- 6.0 1.0 Ramstedt and Olofsson, 2014)

- 6.0 1.2 Teyssier et al., 2006)

(
0 (
0 (
- 6.0 0 2.0 (Gonzélez Delgado et al., 2003)
0 (
- 9.0 0 0.92 (De Beck et al., 2010)

3.5.2 G-K modeling

As shown in Table 3.3, the peak fractional linear polarizations for the J = 2 — 1 CO line emission are
my = 3.13% and m; = 9.7% for R Crt and R Leo respectively. Detailed modeling is necessary in order to

determine if this linear polarization in the thermal J = 2 —1 CO emission arises from the G-K effect and the
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(b) Density and temperature profiles based on the listed physical parameters of
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Figure 3.25: CSE parameters as G-K modeling input.
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Table 3.7: Minima and maxima in the radial density profiles ny(r) across the CO emission models tabulated
in Table 3.6 sampled at or very near the radii listed in Table 3.5.

Source r T Nmin (T) Nmax (T)
R [K]  [em™?] [cm—?]

RLeo 567.1 40 1.75x10° 3.82x 103
3929 50 3.72x10° 7.95x 103
289.0 60 6.74 x10% 1.47 x 10*
123.2 100 3.71 x 10* 8.09 x 10*
19.9 300 1.45x10% 3.11 x 10°

associated underlying magnetic field geometry, which has been shown in Section 3.5.1. The detailed G-K

modeling will be described, and modeled results will be presented.

Framework

We use the G-K modeling framework developed independently by Yang and Lai (2010). The differences
between the numerical code and prior approaches is described briefly here. Original work by Goldreich and
Kylafis (1981, 1982) and Kylafis (1983a) considered 1-D and 2-D LVG geometries, a J = 1 — 0 transition,
and a collisional rate C' to Einstein coefficient A, ; ratio of % = 0.212. Deguchi and Watson (1984)
extended these calculations to multi-level transitions in CO, CS, and SiO using molecular data from Green
and Chapman (1978) and Robinson and van Blerkom (1981). Cortes et al. (2005) moved further to include
the influence of anisotropic radiation, a mixture of 1-D and 2-D LVG geometries, and updated molecular data
from Flower (2001). The G-K numerical work by Cortes et al. (2005) was motivated by their observational
results of polarized emission in the CO J = 1 — 0 line taken jointly with observations of polarized CO
J =2 —1 emission by Lai et al. (2003). In combination these observations indicated orthogonal linearly-
polarized CO emission electric vector position angles in different rotational (J) transitions. Yang and Lai
(2010) developed an independent G-K numerical model incorporating these prior physical approaches, but
excluding anisotropic radiation, and similarly focused on star formation. The code uses updated molecular
data from the Leiden Atomic and Molecular Database (LAMDA) Schéier et al. (2005). Results from the Yang
and Lai (2010) code have been checked qualitatively for consistency against published results by Goldreich
and Kylafis (1981), Deguchi and Watson (1984), and Cortes et al. (2005) over a range of physical conditions
and LVG geometries.

In the current work the (Yang and Lai, 2010) G-K code was applied in a CSE environment and a source of
radiative anisotropy was introduced to model emission from the central AGB star. Representative densities
and temperatures for the CSE, as tabulated in Table 3.5, differ from those in star-forming regions described
above.

The model used here considers a uniform magnetic field and uniform velocity gradient through the slab
of material with constant thickness and density, as a first-order approximation. As noted above, we allow

for anisotropic radiation from the central star; this effect is not dominant however and is discussed further
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at the end of Section 3.5.2.

As mentioned in Section 1.3.3, the two main sets of equations involved in the G-K model are: i) the
radiative transfer equation; and, ii) the population rate equation of rotational states. The radiative transfer
equation for the specific intensity of a source with polarization either perpendicular or parallel to the magnetic
field, following (Goldreich and Kylafis, 1981; Cortes et al., 2005; Yang and Lai, 2010) is given by:

drs

7 = 9Ly =S5, g=Lor]
Ty

where I is the line intensity, S is the source function, 7 is the optical depth, and ¢(v) is the line profile.
The labeling ¢ =L or || denotes the source with polarization either perpendicular or parallel to the magnetic
field. The labeling JJ' refers to the transition from state J to J’. The rate equation specifying the rate
of change of the number density of particles populating state ¢ = (J, M), through radiative and collisional
population exchange with state j = (J', M), following (Deguchi and Watson, 1984; Cortes et al., 2005; Yang
and Lai, 2010) is given by:

— dCZ: ==Y P+ Y Pu+)Y (Cjn;—Cijny)

J>J J<J’ j

0

n; is the population density at state 7. The radiative transition rate P;; includes spontaneous emission,
absorption, and stimulated emission, and Cj; denotes the collision rate. Note that steady state is assumed,
thus % = 0 (Deguchi and Watson, 1984; Cortes et al., 2005; Yang and Lai, 2010). In terms of absorption
and stimulated emission, this means the rate equation is dependent on the radiation intensity, 14 ;,, specif-
ically the integral of the intensity over frequency and over solid angle. The combination of the radiative
transfer equation and the rate equation constitutes a coupled nonlinear system that we need to solve through
numerical iteration.

The large velocity gradient (LVG) approximation (Sobolev, 1960) was used to simplify the equations and
their solution. In our G-K model, the following three types of velocity gradient geometry are implemented:
i) 1-D velocity anisotropy parallel to the magnetic field; ii) a 2-D velocity gradient along the 2-D plane
perpendicular to the magnetic field; and, iii) a mixed model of (i) and (ii), yielding a cone-shaped velocity
gradient lobe. We used model (iii) to model bipolar outflows. A repeated schematic plot (first shown in
Chapter 1) of the velocity gradient geometries is provided in Figure 3.26.

Adapted for the nomenclature used in this paper, the final calculated fractional polarization is written

as (Deguchi and Watson, 1984; Cortes et al., 2005; Yang and Lai, 2010):

¢ IJ_+IH

where I, and || are the emergent specific intensity perpendicular and parallel to the magnetic fields.
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Figure 3.26: The schematic plot for three types of velocity gradient geometry as implemented in our existing
G-K model (from left to right): i) 1-D velocity anisotropy parallel the magnetic field; ii) a 2-D velocity
gradient along the 2-D plane perpendicular to the magnetic field; and, iii) a mixed model of (i) and (ii),
yielding a cone-shaped velocity gradient lobe. This schematic plot is adapted from Yang and Lai (2010). The
"LOS” label in red denotes the line-of-sight direction. The magnetic field orientation B is set to be aligned
with the z-axis, i.e. 2 | B. And the black arrows in the plot point in the direction of the velocity gradient
field. In our model we have adopted the mixed LVG velocity gradient geometry on the basis that of the
three velocity gradient geometries, this model is closest to the modest axisymmetry that could reasonably
be expected in the late AGB phase. This is a repeated plot as we have shown it earlier in Chapter 1.
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Observed linear polarization and the G-K model predictions

For the CSE parameters listed in Table 3.5, the predicted fractional linear polarization generated by the
G-K model levels are shown as a function of optical depth, temperature, and density in Figure 3.27. The
primary independent variable in this Figure is optical depth; different temperatures and densities are plotted
representing various effective distances from the central stars. The two styles of lines denote the conditions
derived from the lower and upper bound of the density profile from the exponent range 8 € [0,5]. In the
model, the sign of the predicted fractional linear polarization refers to the direction of the EVPA relative
to the magnetic field. This includes the case that the EVPA is perpendicular (positive sign) or parallel
(negative sign) to the magnetic field lines. The inferred EVPA from our G-K model is therefore parallel to
the local magnetic field. Accordingly, the displayed EVPA in Figure 3.23 must therefore be aligned with the
local magnetic field. In our model, we have adopted the mixed LVG velocity gradient geometry (as shown in
Figure 3.26) on the basis that of the three velocity gradient geometries, this model is closest to the modest
axisymmetry that could reasonably be expected in the late AGB phase. A comparative study of the effect
on the G-K profile of changing velocity gradient geometry at a fixed representative temperature and density
is shown in Figure 3.28.

The predicted fractional linear polarization for the G-K effect is at ~ 3% level, which is consistent with
our observational results for R Crt. On the other hand the detected fractional linear polarization for R Leo
is at the ~ 9.7% level, and is larger than expected from our modeling results.

We note however that if the CO total intensity emission is missing flux density due to spatial filtering by
the interferometer and if the polarized emission originates from a region of smaller spatial extent than the
Stokes I emission, then the measured linear polarization m; may be over-estimated.

It was pointed out by Morris et al. (1985) that the presence of an anisotropic radiation field from the
central star or the circumstellar dust regions can possibly provide a preferred axis for the alignment of
molecules and thus for linear polarization in the absence of either LVG conditions or a non-radial magnetic
field profile. (Morris et al., 1985) lists the predicted linear polarization levels for several molecular species due
to an anisotropic radiation field, but CO lines were not included. The expected fractional linear polarization
can exceed 10%. In the presence of modest magnetic field (B > 1uG), however, the alignment due to
this anisotropic radiation field will be greatly diminished, and the remaining alignment is governed by
the magnetic field. Further computations regarding anisotropic radiation sources in the G-K effect were
performed by Cortes et al. (2005). Their predicted fractional linear polarization levels for the J = 2 — 1
CO line were no greater than 5%. Concerning this, we also implemented an anisotropic radiation source in
our G-K model. In the case of the CSE surrounding an AGB star, the possible brightest radio source of
anisotropy is the star itself. We considered the relative brightness in radio of the star and a dust clump at the

dust-forming radius. Typical values adopted were a stellar source temperature of several thousand Kelvin
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Figure 3.27: The predicted polarization signal level from our G-K modeling using mix model (corresponding
to @ = 0.1 as discussed in (Cortes et al., 2005)), density and temperature profile calculated based on R Leo
case as listed in Table 3.5. The colors denote the temperature from low to high. The styles denote the lower
bound (solid) and the upper bound (dashed) of the density profile listed in Table 3.5.

and an angle of ~ 0.01 rad subtended by the central star in the CO region of the CSE at ~ 200R,. Using
these parameters the G-K polarization peaked at the same optical depth but the stellar radiation anisotropy
produced a negligible change in the measured linear polarization m;. We expanded the radiation anisotropy
parameter region over a range of physical, and even unphysical conditions, but conclude from these tests
that fractional linear polarization greater than 5% cannot readily be generated by this mechanism with our
existing G-K model.

Lastly we note that uncertainty in T noted earlier translates to uncertainty in the CSE temperature
following Equation 3.13 but does not have a significant effect on our inferred G-K linear polarization mag-

nitude.

3.5.3 SiO maser polarization

As indicated in Table 3.4 we detect linear polarization in the v = 1, J = 5 — 4 SiO maser emission
toward R Crt at m; ~ 17.2% and R Leo at m; ~ 34.6%. At the closest corresponding velocities in the
v =1, J = 2—1 SiO maser spectra presented by Herpin et al. (2006) the associated fractional linear
polarization is m; ~ 15% for R Crt and m; ~ 26% for R Leo. In the same v = 1, J = 2 — 1 SiO maser
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Figure 3.28: A comparison of the predicted G-K polarization profiles for the J = 2—1 CO line under various
choices of velocity gradient geometries (Figure 3.26) and the line-of-sight (LOS) viewing angles. The angle 6
(see color legend) refers to the angle between the LOS direction and the presumed magnetic field direction.
Line style indicates the 1-D, 2-D, and Mix LVG geometry models. The CSE parameters used here are: T =
50K, n(r) = 2.9 x 103cm=3.
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transition, (Wiesemeyer et al., 2009) report a fractional linear polarization toward R Leo of m; ~ 24 — 26%.
We note however that these are different SiO rotational transitions at different spatial resolution and that SiO
maser emission is highly time-variable (Pardo et al., 2004). Nonetheless these results are broadly consistent
with the current work. Linear polarization in the current v = 1, J = 5 — 4 SiO maser transition has been
observed toward other target sources including VY CMa at m; ~ 10 — 60% (Shinnaga et al., 2004) and VX
Sgr at < m; >= 26 £+ 16% (Vlemmings et al., 2011). Watson (2009) argues that the high fractional linear
polarization in circumstellar SiO maser emission (approaching ~ 50%) would require an unphysical degree
of maser saturation; higher values of m; are more readily explained by anisotropic pumping. High fractional
linear polarization in high—.J SiO maser transitions strengthens the case for anisotropic pumping (Lankhaar
and Vlemmings, 2019).

We detect peak fractional circular polarization m. ~ 5.7% in the v = 1, J = 5—4 SiO maser line toward R
Leo as indicated in Table 3.3, but do not detect statistically significant circular polarization in this transition
toward R Crt perhaps due to sensitivity. For reference, (Herpin et al., 2006) report m. ~ 9 — 10% toward R

Leo in the v = 1,J = 2 — 1 SiO maser transition.

3.5.4 Comparison with other intrinsic alignments

In this Section, we consider the relation between the magnetic field orientation measured in the current
work for R Crt and R Leo and other intrinsic alignments published for these sources in the literature.
The compiled results are listed in Table 3.8, and illustrated in Figure 3.29. For R Crt as observed in
the current work, the inferred magnetic field orientation of the J = 2 — 1 CO envelope from the G-K
effect is 7.6° £+ 1.0° + 10.8°, while the measured EVPA of the v = 1,J = 5 — 4 SiO maser polarization is
—15.4°+0.7°£10.8°. The format of the inferred/measured angles from our work are as: [error-weighted value]
+0q0[statistical error] £ o, [(systematic error] . We compare our EVPA and magnetic field measurements
with results from the literature, specifically: i) v = 1, J = 2—1 SiO maser linear polarization EVPA y = 120°
(Herpin et al., 2006); ii) HoO maser observations indicating an inferred bipolar outflow with PA= 136°
(Ishitsuka et al., 2001); iii) 1667-MHz OH maser observations with an inferred magnetic field orientation of
—30° (Szymczak et al., 1999); iv) the fitted inclination angle of the elongated star ¢, = 157° (Paladini
et al., 2017); and, v) the visible light scattered by dust grains observed using SPHERE/ZIMPOL on the VLT
reveals a biconical outflow extending over a region up to at least 500 mas from the central star (Khouri et al.,
2020). The position angle of this structure (~ 160°) is consistent with those measured for the magnetic field
and the elongation of the star in the mid-infrared (Khouri et al., 2020).

From the current observations of R Leo, the inferred magnetic field orientation of the J = 2 —1 CO
envelope obtained from the G-K effect is —77.7° & 1.7° & 11.6°, while the measured EVPA of the v =1,J =
5 — 4 SiO maser polarization is —1.1° £0.03° £ 11.6°. We compare our measurements with results from the

literature, specifically: i) v = 1, J = 2—1 SiO maser linear polarization EVPA x = 80° (Herpin et al., 2006);
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Figure 3.29: Schematic plot from the compiled results. The labeling refers to the literature cited in Table
3.8

ii) v =1,J =2 — 1 SiO maser linear polarization EVPA x = [—40°, —35°] (Wiesemeyer et al., 2009); and,
iii) v =1,J = 2 — 1 SiO maser linear polarization EVPA x = —19° £ 65° (Glenn et al., 2003).

Several caveats apply when interpreting these alignment and orientation data. The measured SiO maser
EVPA has a 90° ambiguity (]|, L) with respect to the magnetic field, depending on the angle between the line
of sight and the magnetic field line in relation to the Van Vleck angle 6 ~ 55° (Goldreich et al., 1973). The
physical conditions and associated radial distances sampled by the SiO, H,O, OH, and CO molecules differ
significantly as noted earlier. Similarly, different transitions from same molecule, such as thev =1,J =5—4
and v = 1,J = 2 — 1 SiO maser transitions sample different physical conditions (Humphreys et al., 2002;
Gray et al., 2009; Soria-Ruiz et al., 2004; Yoon et al., 2018). In Figure 3.29, we plot the compiled results
in schematic form, where the opening angle of the shaded area indicates the uncertainty in the orientation
if this is available. Note that the uncertainties plotted for the current work are the combination of the
statistical and the systematic error as 4o ~ /02, + 02, In Figure 3.29, the EVPA from the SiO maser
polarization EVPA are plotted with dashed lines, to stress the 90° ambiguity relative to the magnetic field
orientation, as described above. The length of each line is monotonically proportional to the distance scales
traced by each transition, but not drawn strictly to scale for clarity of presentation. Figure 3.29 shows that

for R Crt, the measured angles are confined to within a more limited range compared to the case of R Leo.

3.6 Conclusions

We have successfully detected the G-K effect in thermal J = 2 —1 CO line emission from the CSE of the
TP-AGB stars R Leo and R Crt in A1.3 mm full-Stokes observations with CARMA. The fractional linear
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polarization measured in the J = 2 — 1 CO line for R Crt (m; ~ 3.1%) is consistent with the predicted
signal strength from detailed G-K modeling, while for R Leo the measured fractional linear polarizaion
(m; ~ 9.7%) is higher than expected. Our G-K modeling is able to resolve the directional degeneracy,
placing the measured EVPA parallel to the magnetic field lines. We also have detected linear polarization
in the v = 1,J = 5 — 4 SiO maser line toward the CSE of R Crt and R Leo with values in the range
my ~ 17 — 34%. We detect circular polarization in this maser line toward R Leo but not toward R Crt, the
latter possibly due to sensitivity limitations. We detect continuum emission toward R Crt and R Leo in the
wide-band spectral windows. However, no successful detection of polarized continuum emission is achieved
likely due to sensitivity limitations and the relative weakness of dust emission to the stellar continuum.
These results with CARMA from both observation and modeling demonstrate that the G-K effect is a viable
means of extracting information concerning magnetic field morphology in the CSE around late-type evolved
stars at various depths in the envelope. These observations are profoundly sensitivity-limited compared to
modern telescopes such as ALMA but are the first such observations with CARMA and confirm the scientific
importance of observations of this nature (Vlemmings et al., 2012). At greater sensitivity, future in-depth
morphological mapping of the circumstellar magnetic field around late-type stars is possible using a range
of molecular species and the associated transitions. In addition, these G-K observations are complemented

by associated Zeeman and continuum observations.
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Chapter 4

Mapping Circumstellar Magnetic
Fields of AGB stars with VLA

As described in Chapter 3, the magnetic field around late-type evolved stars is not yet fully understood,
including the role of the magnetic field interacting with the star(s) in the stellar system and the origin of the
field. The Goldreich-Kylafis (G-K) effect provides valuable insight in the three-dimensional magnetic field
morphology via observations in multiple molecular lines. As describe in Chapter 3, the linear polarization
signal from the G-K effect has been successfully detected in the CO line in our observations of two Thermal-
Pulsating (T-P) AGB stars: R Crt and R Leo, using CARMA at 1.3-mm wavelength. In a follow-up project,
we have also observed these two AGB stars with the Karl G. Jansky Very Large Array (VLA)! in the
v=0,J =1-085i0 and v = 0,J = 1—0 CS transitions as prospective tracers of the magnetic field through
the G-K effect and the v = 1,2;.J = 1 — 0 SiO maser lines as tracers of the Zeeman effect; all transitions fall
in the A7mm VLA Q band.

SiO line emission is often found in evolved stars (de Vicente et al., 2016). The vibrational excited (v > 1
low-J transitions in AGB stars, especially in O-rich Mira variables, show intense maser features with some
narrow spikes each over only several km/s spectral width (e.g. Buhl et al. (1974); Bujarrabal et al. (1987);
Jewell et al. (1991)). The SiO v = 0 J = 1 — 0 emission from late-type evolved stars are less frequently
explored partially due to their weak strength compared to v > 0 components (de Vicente et al., 2016). The
measured SiO v = 0,J = 1 — 0 emission is found to show a composite profile involving a broad parabolic
or flat-topped component and a central spiked component that is thought to arise from maser emission
(Jewell et al., 1991; Boboltz and Claussen, 2004; de Vicente et al., 2016). A wide single-dish survey of SiO
v =0,J = 1—0 emission over more than 20 AGB stars found such a composite profile presents systematically
in O-rich and S-type AGB stars (de Vicente et al., 2016). The reported SiO v = 0, J = 1 — 0 flux density of
R Crt and R Leo are 0.95 Jy and 5.9 Jy in this study.

In general, carbon monosulfide (CS) molecules are favored in a carbon-rich (C-rich) environment, where
oxygen coexists with other species but is less abundant than carbon. This is because of the high binding
energy of carbon monoxide (CO). In oxygen-rich (O-rich) star, for example, most carbon will be locked in
CO molecules, and we mostly detect oxides rather than carbon-bearing species (Gail and Sedlmayr, 2013b)

though some observations also suggested that C-bearing molecules can still be produced in O-rich shells by

1The National Radio Astronomy Observatory is a facility of the National Science Foundation operated under cooperative
agreement by Associated Universities, Inc.
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a combination of photospheric shocks and photochemistry (Ziurys et al., 2009). Thus, in the C-rich stars,
there is spare carbon to form more molecular species other than CO. Strong CS rotational lines have been
found in C-rich AGB stars and proto-planetary nebulae (PPNe), while weak CS lines were found in some
O-rich planetary nebulae (Edwards et al., 2014; Zhang, 2017). For our two targets, there is no report of
detecting CS transitions thus far. But out hope was that these could be detected with the sensitivity of the
upgraded VLA.

4.1 VLA Observation

The observations of R Crt and R Leo were performed in the C-configuration of the Karl G. Jansky
Very Large Array (VLA) in high-frequency (Q band; A7 mm), full Stokes mode. Two observing runs were
performed, on November 26, 2018 and November 21, 2018, respectively with each run of total duration 3.7
hours. The correlator was configured in full Stokes mode to observe the SiO v = 0,1,2;J = 1 — 0 line in
the lower sideband (LSB) and the CS v = 0,1;J = 1 — 0 line in the upper sideband (USB). The adopted
transition rest frequencies are: 43.424 GHz (v =0,J = 1—-0 Si0), 43.122 GHz (v = 1, J = 10 Si0O), 42.820
GHz (v =2,J =1-0Si0), 48.991 GHz (v =0, J = 1—0 CS), and 48.636 GHz (v = 1, J = 1—-0 CS). These 5
transitions were observed in narrow-band (line) spectral windows. These spectral windows are of bandwidth
Av = 16.0 MHz, each sampled over 256 frequency channels with corresponding nominal velocity resolutions
of 0.438 km/s, 0.435 km/s, 0.432 km/s, 0.382 km/s, and 0.385 km /s respectively. In addition, 11 wide-band
(continuum) spectral windows each of bandwidth Av = 128.0 MHz and sampled over 64 frequency channels
each were used to observe the continuum emission. Five out of these 11 continuum windows are placed
over each target spectral line, for potential solution transfer. The remaining seven continuum windows were
placed in the line-free frequency region; two were placed in the 43-GHz band, and 5 were placed in 49-GHz
band.

For both the R Crt and R Leo observing runs with the VLA, J133143030 was used as the flux density
calibrator and absolute EVPA calibrator, and J0854+2006 as the bandpass calibrator and leakage-term
calibrator. For R Crt, J1002+1216 was used as the phase gain calibrator. For R Leo, J1048-1909 was used

as the gain calibrator and as a secondary leakage-term calibrator.

4.2 Data Reduction

The VLA observes with circular polarization receptors at Q band. This VLA observation therefore has
a similar polarization data model to that described for CARMA in Chapter 2. The R Crt and R Leo
observations were reduced and calibrated based on the scripts generated by the VLA standard pipeline with
CASA version 5.1.2. The final version of the scripts were modified to allow optimization for spectral-line

polarization data. The flowchart for the final version of the scripts is provided in Figure 4.1. The key

7



(hifv_importdata)
Load data

— [
(hifv_flagdata)

Apply online flags, deterministic flags, myflags.txt

(hifv_vlasetjy)
Set flux calibration models

hifv_priorcals
Derive prior calibrations [antenna positions, opacity, requantizer/rq gains, etc. ]

(hifv_testBPcals)
Test run of delay and BP calibrations, normalized due to previous gain cal

(hifv_flagbaddef)
Flag bad deformatters, bad spws

(hifv_checkflag)
Run rflag on (delay & BP calibrated) calibrators

x1

(hifv_semiFinalBPdcals) v
Semifinal delay and BP calibrations
Not normalized, spectral index not determined yet

(hifv_solint)

Split out calibrators with spectral averaging into calibrators.ms

Make test gain cal using short and long solint (pipeline will decide later on to use short of long
solint based on this test)

(hifv_fluxboot)

Make amp gain table for flux density bootstrapping

Flux density bootstrapping (transfer flux scale to other calibrators) [also fit the spectral index for
calibrators]

set the flux model for SDM.ms

(hifv_finalcals)
Make final calibration tables [delay, BP, amp, phase], including re-do the split and fluxboot, etc

(hifv_applycals)
Apply final calibrations to the main ms

(hifv_targetflag)
Run rflag [flag for RFI] on fields [exclude our sci source to keep spec-

line features]
<

(hifv_circfeedpolcal)
polcal [l. solve for instrumental polarization]
polcal [Il. solve for PA angle]

(hifv_plotsummary, hif_makeimlist, hif_makeimages)

Figure 4.1: The flowchart of the final scripts after modification for generating our science results of R Crt
and R Leo. The section outlined with orange dashed lines are steps with modification to the original set up.
The section outlined with red solid lines are the newly included step in the original scrip.
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modifications are summarized below:

Modification to the default mode pipeline: In the default reduction scripts generated automatically
by the CASA VLA pipeline, there are several steps that need to be modified for spectral-line data.
Specifically this includes the removal of two commands: hifv_hanning and hifv_statwt, and tuning

the parameters for hifv_targetflag.

The hifv_hanning steps employ Hanning smoothing to lessen the Gibbs ringing from strong spectral
features such as strong and narrow RFI, or maser lines. This will interfere with our analysis of
spectral-line data including maser lines. Preliminary inspection does not indicate the presence of
RFI signals. We thus remove this step from the script. In the hifv_statwt step, the visibility data

are weighted by the inverse square of their RMS noise, i.e. o7 2.

Strong spectral lines will increase
the RMS and will therefore be down-weighted. Accordingly, we therefore remove this step as well.
For the hifv_targetflag step, either RFI or strong spectral line signals in our science targets could
inadvertently trigger flagging. We therefore need to confine the flagging to continuum calibrators only

by specifying the parameter intents="*CALIBRATE*".

Modification for Polarization Data Calibration: Polarization calibration includes calibration of polar-
ization angle, R-L phase, leakage (D-term), and absolute EVPA. To achieve this, the pipeline command

hifv_circfeedpolcal was added to the script after hifv_finalcals.

Additional Flagging: Additional flagging was added based on discrepant values of the R/L gain solution

ratio over time and based on the switched power gains quality.

Self-Calibration: The maser emission in the AGB CSE is expected to be compact; and at our resolution,
the SiO masing region is expected to be unresolved. Accordingly, we performed phase self-calibration
using the brightest maser transition SiO (J=1-—0; v=1) in both observations to enhance the phase

calibration quality. The adopted solution interval was 60 seconds; this choice was confirmed empirically.

4.3 Results

In Table 4.1 the rest frequency vy, integrated brightness over velocity channel of the linear polarization
(F¢), and integrated brightness of total intensity (Fp) of the detected molecular lines are listed for both R
Crt and R Leo. For R Crt, the velocity range of the brightness integration is ~ —1 — 25 km/s, and for R
Leo the velocity ranges is ~ —13 — 17 km/s.

We detect continuum emission toward R Crt of 4.134+0.06 mJy /beam in the 43-GHz group of continuum
windows and 5.3140.06 mJy/beam in the 49-GHz group of continuum windows. No continuum polarization

was detected toward either R Crt or R Leo, likely due to sensitivity limitations and the expected weakness of

79



Table 4.1: Summary of the detected molecular lines of R Crt and R Leo in the VLA observation.

Source Line 0 F Fi
[GHz] [Jy beam™ [Jy beam™!
km s71] km s71]
R Crt SiO (J = 1-0, v=0) 43.424 19.93 209.71
SiO (J = 1-0, v=1) 43.122 139.029 945.35
SiO (J = 1-0, v=2)  42.820 19.16 197.88
R Leo SiO (J =1-0,v=0) 43.424 37.43 117.23
SiO (J = 1-0, v=1) 43.122  4798.89 27248.44
SiO (J = 1-0, v=2)  42.820 1698.92 15722.07

Note: Column includes the rest frequency (1) of the detected molecular lines, the integrated brightness over
velocities of the linearly polarized intensity (F,) and total intensity (Fr).

the dust continuum emission relative to the underlying stellar continuum emission. We report no detection
for the v =0,1;J =1 — 0 CS transitions in either target.

The emission channel maps for the v = 0,1,2;J = 1 — 0 SiO transitions for both sources are shown in
Fig. 4.2 - 4.7. Contours depict linearly-polarized intensity P with associated vectors indicating EVPA ;
both are overlaid on color plots of total intensity. The peak-pixel linearly-polarized intensity P across these
spectral-line image cubes is tabulated in Table 4.2 for each source and transition. We denote this as P,.
This table includes the associated LSR velocity v ggr, point total intensity I, and resulting fractional linear
polarization m, , at P,. The EVPA Y, associated with the peak-pixel linearly-polarized intensity P is also
listed in Table 4.2. Table 4.3 lists the peak-pixel circularly-polarized intensity V, in the v =0,1,2;J =1-0
SiO spectral-line image cube and associated LSR velocity vrsr, point total intensity I, and resulting degree
of fractional circular polarization m., at Vp; circular polarization is only detected toward R Leo. At 43
GHz, the beam size is 0.76” x 0.42" for the calibrated R Crt data and 0.48” x 0.44"” for the calibrated R Leo
data.

4.4 Analysis and Discussion

In Table 4.2, the peak fractional linear polarizations for the v = 0,J = 1 — 0 SiO line emission are
my = 29.4% and m; = 60.5% for R Crt and R Leo respectively. These detected fractional linear polarization
levels are not atypical for SiO maser emission (e.g. Herpin et al. (2006)). Detailed modeling is therefore
necessary in order to determine if this linear polarization in the v = 0,J = 1 — 0 SiO emission arises from

the G-K effect in thermal emission or if other effects need to be considered.

4.4.1 G-K Analysis

We used the modeled CSE parameters by Huang et al. (2020), as described in Section 3.5.1, as the input
to our G-K modeling of the v = 0, J = 1—0 SiO transition. Our G-K model predicts peak linear polarization
for the v =0, J = 1 —0 SiO transition of m; ~ —0.2% (Fig. 4.8). This level is much lower than our observed
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Figure 4.2: SiO (J=1-0,v=0) spectral-line polarization maps of R Crt. The channel width is ~ 0.4 km
s't. The color map shows the spectral-line emission total intensity, and the contour levels are the linear
polarization intensity as 2, 4, 6, 8, and 10 times o where o is the off-source noise level of each source. The
white segments indicates orientation of the EVPA. The synthesized beam size is displayed in the lower-left
corner in each map. The plotted EVPA threshold is 50,07 With oper is the rms quiet region noise after

de-bias.
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Figure 4.3: SiO(J=1-0,v=1) spectral-line polarization maps of R Crt. The channel widths are ~ 0.4 km
s'. The color images correspond to total intensity, and contour levels are the linear polarization intensity
from 20%, 40%, 60%, and 80% of the maximum value. White segments indicate the EVPA orientation. The
plotted EVPA threshold is 50p,0;1 With opor is the rms quiet region noise after de-bias.
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Figure 4.4: SiO(J=1-0,v=2) spectral-line polarization maps of R Crt. The channel widths are ~ 0.4 km
s'. The color images correspond to total intensity, and contour levels are the linear polarization intensity
from 20%, 40%, 60%, and 80% of the maximum value. White segments indicate the EVPA orientation. The
plotted EVPA threshold is 50p,0;1 With opor is the rms quiet region noise after de-bias.
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Figure 4.5: SiO(J=1-0,v=0) spectral-line polarization maps of R Leo. The channel widths are ~ 0.4 km
s'. The color images correspond to total intensity, and contour levels are the linear polarization intensity
from 20%, 40%, 60%, and 80% of the maximum value. White segments indicate the EVPA orientation. The
plotted EVPA threshold is 50,01 and 200, with o; is the off-source rms of the total intensity map and op01
is the off-source rms of the linearly polarized intensity map after de-bias.
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Figure 4.6: SiO(J=1-0,v=1) spectral-line polarization maps of R Leo. The channel widths are ~ 0.4 km
s'. The color images correspond to total intensity, and contour levels are the linear polarization intensity
from 20%, 40%, 60%, and 80% of the maximum value. White segments indicate the EVPA orientation. The
plotted EVPA threshold is 50,01 and 200, with o; is the off-source rms of the total intensity map and op01
is the off-source rms of the linearly polarized intensity map after de-bias.
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Figure 4.7: SiO(J=1-0,v=2) spectral-line polarization maps of R Leo. The channel widths are ~ 0.4 km
s'. The color images correspond to total intensity, and contour levels are the linear polarization intensity
from 20%, 40%, 60%, and 80% of the maximum value. White segments indicate the EVPA orientation. The
plotted EVPA threshold is 50,01 and 200, with o; is the off-source rms of the total intensity map and op01
is the off-source rms of the linearly polarized intensity map after de-bias.
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Table 4.2: Polarization properties at the position of peak linearly-polarized intensity in the spectral-line
image cubes.

Source Line VLSR P, I, my Xp
[km s!] [Jy beam™] [Jy beam™] [%] °]
RCrt  SiO (J=1-0, v=0)  2.277 0.0585 0.1991  29.4% (12.6 o)  29.68
o - 0.0046 0.0032 - 0.32
SiO (J = 1-0, v=1)  21.283 2.831 8.605 32.9% (598 o) -61.8
o - 0.0047 0.0040 - 0.01
SiO (J = 1-0, v=2) 15.178 0.134 4.523 2.952 (30.7 o) 58.5
o - 0.0044 0.0030 - 0.19
R Leo  SiO (J=1-0, v=0) -0.929 1.245 1.90 60.5% (329 o)  38.31
o - 0.0038 0.0027 - 0.02
SiO (J = 1-0, v=1)  4.121 121.6 397.5 30.6% (1136 ¢)  -47.55
o - 0.11 0.11 — 0.0002
SiO (J = 1-0, v=2) 5.743 44.05 271.9 16.2% (1024 o) -10.97
o - 0.043 0.062 - 0.0006

Note: Column includes the velocity associated with the listed peak linear polarization, the peak linear
polarization, the associated total intensity, the derived peak fractional linear polarization, and the
error-weighted polarization angles.

Table 4.3: Polarization properties at the position of peak circularly-polarized intensity in the spectral-line
image cubes.

Source Line VLSR Ve I, Mep
[km s!] [ Jy beam™] [Jy beam™] (%]
R Crt  SiO (J=1-0, v=0) - - - -
o . . . .
SiO (J=1-0, v=1) 16503  -0.445 1051 -4.23% (148 o)
o - 0.00301 0.00395 -
SiO (J=1-0, v=2) 15.178  -0.0556 4523 -1.23% (19.4 o)
o - 0.00286 0.00297 -
R Leo SiO (J=1-0, v=0) -1.361 0.746 2.632 28.3% (283 o)
o - 0.00264 0.00268 -
SiO (J=1-0, v=1)  3.687 10.57 379.9 2.78% (190 o)
o - 0.0557 0.110 -
SiO (J=1-0, v=2)  6.181 4.614 265.0 1.74% (168 o)
o - 0.0274 0.0618 -

Note: Column includes the velocity associated with the listed peak circular polarization, the peak circular
polarization, the associated total intensity, and the derived peak fractional circular polarization.

results for both R Crt (my, ~ 29.4%) and R Leo (my, ~ 60.5%).

It is noted in the literature (Jewell et al., 1991; Boboltz and Claussen, 2004; de Vicente et al., 2016) that
the measured v = 0,J = 1 — 0 SiO profile in some AGB stars may contain maser components. Later in
Section 4.4.2, two analyses are presented in order to further characterize the measured v =0,J =1 -0 SiO

transition profile in this context.
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Figure 4.8: The predicted polarization signal level from our G-K modeling for J = 1 — 0,v = 0 SiO
transition using the mix model (corresponding to = 0.1 as discussed in Cortes et al. (2005)), with density
and temperature profiles calculated based on the R Leo case as listed in Table 3.5.
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Figure 4.9: A schematic plot illustrating the spatial and spectral profile of an idealized spherical CSE with
spherical mass outflow. For a spherical-symmetric radial outflow the practical spectrum is shown in blue
and red. A tangentially amplified spectrum is shown in yellow.

4.4.2 Maser Analysis

As discussed in Section 4.4.1, there may be maser features blended into the observed J=1-0; v=0 SiO
line profiles of R Crt and R Leo. High-resolution very long baseline interferometry (VLBI) images of the SiO
masers are found frequently in a broken ring structure (Diamond et al., 1994; Greenhill et al., 1995; Boboltz
et al., 1997). As indicated by Gray (2012), such an observed ring pattern suggests predominantly tangential
amplification paths for SiO masers, confined in a restricted range of radii within the CSE. The SiO masers
typically exhibit such ring-like structures on shell sizes of a few tens of mas (Boboltz and Claussen, 2004).
A schematic shown in Figure 4.9 illustrates the spatial and spectral location of features for both tangential
and radial amplification. Note in practice, the masing clumps can be radially accelerated by shocks in the
inner CSE, and the distribution often deviates from the idealized spherical symmetry (Gray, 2012).

Boboltz and Claussen (2004) performed a simultaneous observation of the v = 0,J = 1 — 0 SiO and
the v = 1,J = 1 — 0 SiO transitions towards six O-rich evolved stars. They pointed out the observed
v =0,J = 1—0 SiO transitions are generally weaker and have different spectral morphology than the
first vibrationally excited-state components. It was found that the derived brightness temperature in the
detected v = 0,J = 1 — 0 SiO transition is above 10*K, and four out of the six sources exhibited spectral
features with multiple maser peaks. They also analyzed the spatial distribution and the brightness of the
emission components over frequency. Qualitatively they found that the vibrational ground-state SiO appears
to spatially distribute over larger regions in the CSE than the v = 1 counterpart (Boboltz and Claussen,

2004). Following Boboltz and Claussen (2004), we examined the brightness temperature of the emission
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components in order to determine whether the observed J=1—0; v=1 SiO line profile is likely to contain
maser components (Section 4.4.2). We also follow a further analysis in Boboltz and Claussen (2004) and
fit the peaks in each spectral frame by two-dimensional profiles in order to further characterize the spatial

distribution of the potential masing components (Section 4.4.2).

Brightness Temperature of the Emission Components

The fitted component flux densities are converted to equivalent brightness temperature using (Boboltz

and Claussen, 2004):
SN Sy

T, = ~936°%
"7 2kQ, 02

(4.1)

where the S, is flux density in Jy, and 6 is the geometric mean of the fitted source size in arcseconds. For our
two objects, the derived brightness temperature from our observations are T}, = 894.8K and T}, = 8.96 x 10*K,
for R Crt and R Leo respectively.

We then compare T}, with the kinetic temperature (7}) of the gas in the CSE as considered by Boboltz
and Claussen (2004). We estimate the gas kinetic temperature T}, using our modeled CSE profiles in Section
3.5.1. Using R Leo as a standard example, the angular extent of the v = 0,J = 1 — 0 SiO emission
from R Leo is about ~ 1 arcsecond (see Section 4.4.2, Figure 4.13), which corresponds to ~ 80 R,. The
estimated kinetic temperature at this angular extent is ~ 130K. In Boboltz and Claussen (2004), they used
the estimated kinetic temperature of v = 1 maser transition 7} ,; = 1500K as a conservative estimate of the
kinetic temperature of the v = 0 transition. The true value should be in between these two values.

For R Leo, the brightness temperature is far higher than even the most conservative estimate of kinetic
temperature. This clearly indicates that masing is a significant component. The brightness temperature
of v =0,J = 1—0 SiO emission in R Crt is in the kinetic temperature range. It can be either that this
transition in R Crt is close to thermal emission and we need other sources to take account for high linear
polarization in SiO (see relevant discussion in Section 3.5.2); or it still is a maser feature, but its intrinsic

weakness makes the estimate of the morphology in the line profile less accurate.

Two-Dimensional Spatial Fitting of the Emission Components

We performed image-plane component fitting of the v = 0,1,2;J = 1 — 0 SiO maps in each velocity
channel for both R Crt and R Leo with two-dimensional Gaussian profiles following the method of Boboltz
and Claussen (2004). Boboltz and Claussen (2004) performed this analysis on the v = 0,1;J = 1 -0
SiO maps of multiple evolved stars and as noted above, found that the fitted v = 0 components tend to be
spatially more extended than the v = 1 counterparts. Our goal here is to characterize the spatial and spectral
distribution of each emission component by this image-plane analysis, and determine if our results comply
with this prior finding. We would also like to determine whether there is the spectral-spatial association in

each transition provided by the schematic shown in Figure 4.9. This may produce a correlation between

90



the line center and the outer regions of the spatial distribution for maser features, and between the thermal
expansion wings and the center of the spatial distribution. We are observing in the same frequency band
and at a similar angular resolution (VLA C configuration) as in the work by Boboltz and Claussen (2004).
Our two TP-AGB stars (R Crt and R Leo) were not observed by Boboltz and Claussen (2004) however. We
also consider additional analysis from the v = 2,J = 1 — 0 SiO emission that was not covered in the work
by Boboltz and Claussen (2004).

We note that the image-plane component analysis here needs to deblend component near or below the
VLA resolution. It is difficult to determine the position of image components that are heavily overlapping
spatially (Plambeck et al., 2009). However, one can still fit the isolated image components to an accuracy of
~ 0.5x% G‘EWT’E‘/’ (Reid et al., 1988), so this analysis is possible in a high SNR regime. The image-plane analysis
also shares difficulties with uv-fitting, in that there is no prior knowledge of the number of image components.
Compared to fitting in the visibility domain, image-plane fitting has the advantage of localizing the imaging
components spatially; in the visibility domain all sources within the telescope primary beam contribute to
the fit (Plambeck and Wright, 2016). Within these caveats, we interpret our image-plane component analysis
only in a qualitative sense concerning the spatial distribution. A mode quantitative constraint on the spatial
distribution of these transitions will require higher-resolution interferometric observations.

As the number of emission components in each image plane could vary over velocity channel, the two-
dimensional Gaussian fitting was carried out per channel with the associated interactive 2D fitting tool in
the CASA image viewer 2. In the initial analysis, a single 2-D Gaussian fit was performed for most channels;
while for those image planes that present double or multiple peaks visible by eyes, we performed multiple
Gaussian fits over specified sub-regions. We set the fit cut-off to be 10-0 where o is the off-source rms-noise,
and we exclude pixels below 10-o from the fitting process. Each 2D Gaussian fit provides output parameters
including the integrated and peak brightness, the image component size (convolved and deconvolved by the
beam), and the position of the source component. The fitted peak brightness and the fitted component
position (relative to the phase center) are presented in Figure 4.10 - 4.15.

For R Crt, the reported formal position errors from CASA range from 5 mas up to 70 mas in v = 0 fits,
and from less than 1 mas up to 20 mas in v > 1 counterpart fits. For R Leo, the reported position errors
from CASA range from 2 mas up to 105 mas in v = 0 fits, and from less than 1 mas up to 1.5 mas in v > 1
counterpart fits. The typical rms residual from the fits for R Crt are 13 mJy/beam, 10 mJy/beam, and
5 mJy/beam for the v = 0,1,2 SiO components respectively. The rms residual from the fits to the peak
total intensity channel for R Crt are 14 mJy/beam, 27 mJy/beam, and 13 mJy/beam for the v = 0,1,2
SiO components respectively. The typical rms residual from the fits are 13 mJy/beam, 0.5 Jy/beam, and
0.3 Jy/beam for the case of R Leo, for the v = 0,1,2 SiO components respectively. The rms residual from

the fits to the peak total intensity channel are 19 mJy/beam, 1.0 Jy/beam, and 0.5 Jy/beam for the case

2This 2D fitting tool reaches to the same top level interface ”ImageFitter” for fitting image source components as the CASA
task imfit
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of R Leo, for the v = 0, 1,2 SiO components respectively. The typical rms values correspond to 6.5%, 0.1%,
and 0.1% of the peak total intensity in R Crt, and 0.7%, 0.3%, and 0.2% of the peak total intensity in R
Leo, for the v = 0,1,2 SiO components respectively. We considered sources of position uncertainty due to
phase uncertainty from the bandpass calibration and the phase self calibration. At the SNR of our bandpass
calibrators we believe our bandpass calibration is of sufficient accuracy, and not to have erroneous phase
slopes. The phase self-calibration solution transferred from the v = 1,J = 1 — 0 SiO data was shown to
enhance the final results compared to the phase solution transferred from the phase calibrator only.

For both cases of R Crt and R Leo, we note that the v = 0 profiles are qualitatively more extended
spatially than their v > 1 counterparts by a factor of several. As pointed out by Boboltz and Claussen
(2004), the observed more extended spatial distribution of v = 0 emission supports the idea that the v =0
SiO maser occurs at distance larger than the v > 1 shells, and they may not be excited in the same gas

layers (Boboltz and Claussen, 2004).

Comparison with SiO maser observation in the literature

We compare the detected v = 0,J = 1 — 0 SiO line emission in R Crt and R Leo with the results
presented by de Vicente et al. (2016). For R Leo, our detected total intensity is consistent within the range
in the spectra presented over stellar phases reported by de Vicente et al. (2016). The observed R Crt total
intensity of this transition is lower but of a same order of magnitude to that reported by de Vicente et al.
(2016) over two epochs. We note that the estimated stellar variation period of R Crt is given as 160 days
(see Table 3.1), but it is a semiregular (SRb) AGB star. The duration between the two epochs presented by
de Vicente et al. (2016) is 214 days, which slightly exceeds one stellar period. It is possible that our R Crt
observation is at a different stellar phase from the two presented by de Vicente et al. (2016).

For the v = 1 polarization results, we compared against observations presented by Herpin et al. (2006)
and by Wiesemeyer et al. (2009). As indicated in Table 4.2, the detected linear polarization (mg,) in the
v=1,J =1—0 SiO transition is 32.9% and 30.6% for R Crt and R Leo respectively. Herpin et al. (2006)
reported fractional linear polarization at the closest corresponding velocities of m; ~ 15% for R Crt and
my ~ 36% for R Leo. The observed fractional circular polarization in this work is —4.23% and 2.78% for R
Crt and R Leo respectively. Their reported fractional circular polarization at associated velocity channels is
—8% for R Crt and —9% for R Leo. Wiesemeyer et al. (2009) also reported a fractional linear polarization
toward R Leo of m; ~ 24 —26%, along with fractional circular polarization m; ~ 1 —3%. We note that these
are different SiO rotational transitions at differing spatial resolution and that SiO maser emission is highly
time-variable (Pardo et al., 2004). Given this, the linear polarization results in the literature are broadly

consistent with our results.
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Figure 4.10: The observed v = 0,J = 1 — 0 SiO line emission toward R Crt. The upper panel shows the
total intensity interferometric spectrum. The colored dots indicates channels in which component fits were
performed; the color code indicates velocity. The fitted component positions in right ascension A« and
declination A¢é offset relative to the field center are shown in the lower panel; line segments indicate position
erTors.
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Figure 4.11: The observed v = 1,J = 1 — 0 SiO line emission toward R Crt. The upper panel shows the
total intensity interferometric spectrum. The colored dots indicates channels in which component fits were
performed; the color code indicates velocity. The fitted component positions in right ascension A« and
declination A¢é offset relative to the field center are shown in the lower panel; line segments indicate position
erTors.
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Figure 4.12: The observed v = 2,J = 1 — 0 SiO line emission toward R Crt. The upper panel shows the
total intensity interferometric spectrum. The colored dots indicates channels in which component fits were
performed; the color code indicates velocity. The fitted component positions in right ascension A« and
declination A¢é offset relative to the field center are shown in the lower panel; line segments indicate position
erTors.
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Figure 4.13: The observed v = 0,J = 1 — 0 SiO line emission toward R Leo. The upper panel shows the
total intensity interferometric spectrum. The colored dots indicates channels in which component fits were
performed; the color code indicates velocity. The fitted component positions in right ascension A« and
declination A¢é offset relative to the field center are shown in the lower panel; line segments indicate position
erTors.
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Figure 4.14: The observed v = 1,J = 1 — 0 SiO line emission toward R Leo. The upper panel shows the
total intensity interferometric spectrum. The colored dots indicates channels in which component fits were
performed; the color code indicates velocity. The fitted component positions in right ascension A« and
declination A¢é offset relative to the field center are shown in the lower panel; line segments indicate position
erTors.
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Figure 4.15: The observed v = 2,J = 1 — 0 SiO line emission toward R Leo. The upper panel shows the
total intensity interferometric spectrum. The colored dots indicates channels in which component fits were
performed; the color code indicates velocity. The fitted component positions in right ascension A« and
declination A¢é offset relative to the field center are shown in the lower panel; line segments indicate position
erTors.
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4.5 Conclusion

We have observed with the VLA the v = 0,J = 1 —0 SiO and v = 0,J = 1 — 0 CS transitions as
tracers of the magnetic field through the G-K effect, and the v = 1,2; J = 1 — 0 SiO maser lines as tracers
for Zeeman effect in @ band observations toward the sources R Crt and R Leo. We have detected the SiO
v = 0,1,2;J = 1 — 0 transitions and their associated polarization properties. The detected high linear
polarization fractions in the SiO v = 0,J = 1 — 0 transition for both R Crt and R Leo suggests that this
transition in both targets may include maser features. We analyzed the detected brightness temperature
T, in comparison to the gas kinetic temperature 7} estimated in the region of the SiO v = 0,J =1 -0
emission. The estimated values satisfy T, 2 T}, suggesting at least the observation in this transition for R
Leo presents maser emission. We also analyzed the spatial distribution of each spectral components for both
targets for all three v = 0,1,2 transitions to seek the possible correlations between spectral component at
the line center and spatial distribution. At our spatial resolution, we do not confirm such a spectral-spatial
association. However, we note that the v = 0 components tend to be more extended spatially compared to
other v > 1 counterparts. We report no detection in the CS v = 0,1;J = 1 — 0 transition in both targets
with the most sensitive results after self-calibration. We also report no detection in continuum polarization,

possibly because of the sensitivity limitation and the expected dust component.
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Chapter 5

Mapping magnetic fields in
star-forming regions with ALMA

Massive stars (M 2 8Mg) have short Kelvin-Helmholtz timescales compared to other relevant evolu-
tionary timescale (such as accretion time), thus they are expected to influence their environment soon after
a proto-stellar core has formed (Garay and Lizano, 1999). At their earliest evolutionary stage, the mass
accretion from the surrounding dense molecular gas in the proto-stellar envelope continues even after the
ignition of hydrogen burning (Kahn, 1974; Garay and Lizano, 1999). The newly formed massive stars also
produce energetic, ionizing photons that later creates an ultracompact (UC) HII region !. In other words,
the UC HII regions are manifestations of newly formed massive stars that are still embedded in their natal
molecular clouds (Churchwell, 2002). The UC HII regions are small (< 0.1 pc), very dense (typically > 10*
em~3), and bright ( with emission measures > 107 pc cm~%) (Churchwell, 2002; Hoare et al., 2007) The
copious UV radiation and the radiation-induced strong stellar wind from the massive stars interact with the
interstellar medium that these objects are shrouded in (Hoare et al., 2007).

The UC HII region complex G10.6-0.4 is a well studied OB-cluster star-forming region (Caswell et al.,
1975; Ho and Haschick, 1981; Ho et al., 1983, 1986, 1994; Keto et al., 1987, 1988, 2008; Guilloteau et al.,
1988; Keto, 1990, 2002; Omodaka et al., 1992; Sollins et al., 2005; Sollins and Ho, 2005; Keto and Wood,
2006; Klaassen et al., 2009) at distance ~ 4.95 — 6 kpc (Caswell et al., 1975; Downes et al., 1980; Sanna
et al., 2014). The detected high bolometric luminosity (~ 10°Ls) and bright free-free continuum emission in
this molecular cloud suggest that a cluster of O-type stars has formed (Ho and Haschick, 1981). In previous
high angular resolution observations with molecular lines and dust continuum, a ~ 10 pc scale organized
structure has been revealed, with filamentary geometry at ~ 5 pc scale and lower that might link to the
central < 1 pe scale flattened rotating accretion flow (Keto et al., 1987; Liu et al., 2010, 2011, 2012).

(G10.6-0.4 is one of the most luminous HII regions with embedded OB stars and thus is a good template for
investigating the massive star formation processes (Wong and An, 2018), which surely includes the influence
of the magnetic field. In this project, we studied the molecular cloud G10.6-0.4 in continuum, CO, and CN
linear polarization observations with ALMA to explore the magnetic field in this high-mass star forming
region, and to understand the role of magnetic fields in the high-mass star-formation process. These data

comprised ALMA project with proposal ID: 2016.1.00187.S (PI: Richard Crutcher, Col: Athol Kemball).

IThe term was coined by Israel et al. (1973). And the UC HII regions were first distinguished from merely compact HII
regions, and came to be defined observationally (Wood and Churchwell, 1989; Hoare et al., 2007)
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5.1 Observation

The observations of G10.6-0.4 were performed with the Atacama Large Millimeter Array (ALMA) in
Band 3 and in full Stokes mode in C43-3 configuration, with resolution achieved ~ 1.7”. The observing run
was executed on April 13th, 2018, with total duration ~ 5 hours. The observation was split into five execution
blocks (EBs). The correlator was configured in full Stokes mode to observe the polarization properties of
the CN IV =1 — 0 hyperfine lines and the CO J =1 — 0 line. The adopted transition rest frequencies were:
113.1442 GHz (J =1/2—-1/2,F = 1/2—3/2 CN), 113.1705 GHz (J = 1/2—1/2, F = 3/2—1/2 CN), 113.1913
GHz (J=1/2—-1/2,F =3/2—-3/2 CN), 113.4881 GHz (J =3/2—1/2,F =3/2—1/2 CN), 113.4910 GHz
(J =3/2—1/2,F = 5/2 —3/2 CN), 113.4996 GHz (J = 3/2 —1/2,F = 1/2 — 1/2 CN), 113.5089 GHz
(J=3/2—-1/2,F =3/2—3/2 CN) (Crutcher et al., 1996; Crutcher and Kemball, 2019); and 115.271 GHz
(J =1-0CO) (Lovas et al., 2009). These transitions were observed in narrow-band (line) spectral windows.
The CN spectral window covers the N = 1 — 0 hyperfine transitions and is of bandwidth Av = 468.75 MHz
sampled over 1920 frequency channels with a corresponding nominal velocity resolutions of ~ 0.646 km/s.
The CO spectral window covers the CO J = 1 — 0 transition and is of bandwidth Av = 234.375 MHz
sampled over 1920 frequency channels with a corresponding nominal velocity resolutions of ~ 0.317 km/s.
In addition, two wide-band (continuum) spectral windows were observed each of bandwidth Av = 2.0 GHz
and sampled over 64 frequency channels.

In this observation, J1924-2914 was used as the bandpass calibrator, Ganymede was used as the flux
calibrator, J1832-2039 as the gain (phase and amplitude) calibrator, and J1733-1304 (NRAO 530) was used

as the polarization calibrator.

5.2 Data Reduction

The data reduction process is derived from the automated scripts provided along with the data delivery
from the observatory. The calibration was performed with the scripts in the Common Astronomy Software
Applications package (CASA; version 5.1.1). In the default mode of reduction (see Figure 5.1), each execution
block (EB) data has its own parallel-hand calibration script module. The 5 parallel-hand calibrated EBs
were concatenated, then the polarization calibration and imaging process was then performed in this default
track.

To optimize the calibration solution quality, we proceed with a merged calibration script solving for
bandpass and gain calibration that applies to the full concatenated data (see Figure 5.2). After preliminary
calibration (e.g. for antenna position errors) and before solving for the bandpass and gain solution, the
line and continuum spectral windows are split by spectral resolution (see Figure 5.2), as the sensitivity
and solution quality will vary by channel width. This choice improves the consistency in the flagging and

calibration process. The polarization calibration and the imaging process were performed after the parallel-
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hand calibration for bandpass and gain. In addition to these changes in data reduction workflow, we also

performed further flagging based on the calibration solution and data quality.

5.2.1 Calibration

The reduction process generally follows the standard on-axis reduction for ALMA polarization data
(Nagai et al., 2016; Hull et al., 2020). The bandpass solution was determined using bandpass calibrator J1924-
2914 with a preliminary phase-gain solution applied on-the-fly. The amplitude and phase gain calibration
followed, assuming an unpolarized source model for the calibrators. All calibrators were self-calibrated, while
the gain solution from the gain calibrator J1832-1304 was transferred to our science target G10.6-0.4. The
phase and amplitude gain were solved for X and Y polarization receptors independently (gaintyp="G’). A

simplified flowchart is listed in the upper half of Figure 5.3.

5.2.2 Polarization Calibration

A condensed flowchart for the polarization calibration is listed in the lower half of Figure 5.3. All solutions
in the polarization calibration process are derived using the polarization calibrator J1733-1304 (NRAO 530),
the cross-hand delay (Keps) and the XY phase offset at the reference antenna (XY0). A final source model
((1,Q,U) model) of J1733-1304 is determined during the process of resolving the ambiguity in XYO0 phase
using the task xyamb from almapolhelpers.py. This J1733-1304 source model including an estimated Q
and U components is then applied in a further gain calibration (Gpol2) to remove the residual polarization
response from the gain amplitude (Hull et al., 2020). Finally, the leakage terms (D-terms, DfOgen) were
derived, using the final source model and accumulated calibration solutions. A final gain offset (Gxyamp)
was derived using the final source model and accumulated calibration solutions (including DfOgen) applied
on-the-fly. The final calibration solutions were applied collectively at the end of the polarization calibration

process.

5.2.3 Imaging and De-bias Process

After completing the full data calibration process, we performed imaging in I, Q, U, V components using
the standard imaging task tclean. The primary beam correction was applied to all images using CASA
task impbcor.

The statistical information was derived from the Q and U images for use in the debiasing calibration
(Wardle and Kronberg, 1974) using CASA task immath. After de-biasing, the polarization intensity and

EVPA maps were produced.
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5.3 Quality Assurance

We review the three major diagnostics in verifying the calibration quality in general. These diagnostics
include: the calibration solution behavior, the corrected data properties, and the full Stokes images of the

calibrator(s). In this section the key results from these diagnostics are presented.

A. SOLUTION BEHAVIOR

All the solutions applied to our data are presented for four selected antennas: DA46, DA50, DV14, DV22.
The bandpass solution are plotted over frequency in Figure 5.4. The gain solutions (G are plotted over time

in Figure 5.5.

B. DATA BEHAVIOR

It is also informative to review the calibration quality by inspecting the data behavior before and after
the calibration is applied. We present data at three calibration stages: only with preliminarily processing,
after the parallel-hand calibration, and with full calibration. Figure 5.6 reveals the data quality being
improved in both the amplitude and phase behavior over frequency. Both the data scattering and the
instrumental response over frequency has been greatly reduced after the parallel-hand calibration. Figure
5.7 shows the data quality being enhanced in both the amplitude and phase behavior over time. Both the
data scattering and the instrumental response over time has been greatly reduced after the parallel-hand
calibration. Figure 5.8 shows the data quality being enhanced by the reduced scattering on the complex

plane, especially noticeable in the case for the calibrator J1733-1304.

C. STOKES MAPS of CALIBRATED DATA

The dynamic range of the calibrator J1733-1304 polarization intensity maps was shown to be improved
from ~ 30 to ~ 60 by polarization calibration. Figure 5.9 shows the IQU maps for J1733-1304 before and
after the polarization calibration with. This comparison of the map product reveals that the polarization

calibration did improve the data as anticipated.

5.4 Results

Here we discuss the dust continuum and CO line polarization results based on the initial calibration
described above (Section 5.2). The full results will be expanded upon in future publications.

The linear polarization results for the continuum emission are summarized in Table 5.1. We detect
continuum emission toward G10.6-0.4 of 2.10 & 0.0031 Jy/beam. These values are measured at the peak-
brightness pixel and the uncertainty is statistical error from the off-source image region and do not include

any systematic errors in the absolute flux density calibration.
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The maximum detected CO linear polarization intensity (F,), the peak total intensity at the associated
pixel and velocity channel (I,,) in the molecular line, and the derived peak fractional linear polarization (my ;)
and the error-weighted polarization angle (xuwav, Or X) are also summarized in Table 5.1. The measured
EVPA for G10.6-0.4 in the dust continuum maps ranges from 20.7° to —1.56° over the angular extent of
the source with an error-weighted average xqvw = 7.1° as cited in Table 5.1 as the representative value for
the field. The measured EVPA for G10.6-0.4 in the J =1 — 0 CO maps ranges from 90.0° to —90° over the
angular and frequency extent of the source with an error-weighted average xwao = —9.4° as cited in Table 5.1
as the representative value for the field. These average values are taken from point detections with statistical
significance exceeding 3¢ in polarization intensity and 10¢ in total intensity, and the samples generally cover
a velocity width Av = —14.7.0 ~ 48.5 km/s, and extend over physical scales of ~ 30 arcseconds on the plane
of the sky. This physical extent is approximately ~ 0.7 pc if we estimate assuming a distance of 4.95 kpc
(Sanna et al., 2014).

We estimated both a random error (0.,4,) and a systematic error (o,y,) in the measured EVPA values.
Each measured EVPA is assigned a statistical uncertainty following Wardle and Kronberg (1974). We
estimated the systematic error by inspecting the observation from the external survey Analytic Matrix for
ALMA POLArimetry (AMAPOLA)? with the most adjacent observing time. J1733-1304 was observed
in 97.5-GHz band by AMAPOLA on Apr. 13, 2018 obtaining a total intensity 2.972 + 0.052 Jy, linear
polarization intensity 0.029 Jy, and EVPA —47.94+11.2°. We observed J1733-1304 to have a total intensity of
2.87 Jy, linear polarization intensity of 0.018 Jy, and EVPA of —68.7°. We give the estimate of the systematic
EVPA error using the difference of the measured EVPA in this two, which is 20.8°. The systematic EVPA
error is dominated by the rapid intrinsic fluctuation of the quasar calibrators used in this analysis. These

estimated errors are listed in Table 5.1.

Table 5.1: Polarization properties at the position of peak linearly-polarized intensity in the spectral-line
image cube and the dust continuum result.

Source Emission VLSR P, I, me,p X
[km st] [ Jy beam™] [Jy beam™] (%] °]
G10.6-0.4 Dust continuum — 0.032 2.10 1.52 (64.00) 7.1
o - 0.00050 0.0031 - +2.7+20.8
CO (J=1-0) 4.30 0.048 2.11 2.28 (11 o) -9.4
o — 0.0044 0.064 — +0.016 &+ 20.8

5.5 Analysis and Discussion

Based on the results presented, several analyses were performed. We inspected both the total intensity

line profile from the CO (J =1 —0) (Section 5.5.1) and the detected dust continuum polarization (Section

2http://www.alma.cl/ skameno/AMAPOLA/
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5.5.2). We also investigated the CO linear polarization results using further modeling of the G-K effect
(Section 5.5.3).

5.5.1 Total Intensity Line Profile

The CO channel maps after continuum subtraction show significant optical and spectral structure. The
channel maps reveal both emission and absorption features at various spatial locations. To systematically
characterize this property, we examined grid spectra over the area of interest, and plotted the color-coded,
pixel-base spectra in Figure 5.13.

In Figure 5.13, there seems to be a correlation between the spatial and spectral location, where we see
more emission in the outer region, and absorption at the center of the region. In the analysis by Keto et al.
(1987), they performed an opacity mapping derived from a comparison of the main-line versus satellite-line
brightness of the NH3 transitions. They also derived another opacity estimate based on the comparison of
the line versus background continuum emission. The observed absorption features, coming from the gas in
the line-of-sight to the HII region, have velocities that are always redshifted with respect to the velocities seen
in emission that occur spatially away from the HII region implying an infall velocity of 54 1.7 km s~! (Keto
et al., 1987). Their analysis of opacity distribution, along with the temperature and density distribution
show strong velocity gradient with rotational motion across the HII region (Keto et al., 1987). The estimated
velocity gradients from 0.7 ~ 3.0 pc were found to be consistent with Keplerian rotation; while within the
inner 0.1 pc, the gas appears to be infalling toward the HII region, instead of being rotationally supported.

In our observation, the total intensity absorption feature does occur in the reshifted wing (see Figure
5.13). It will be important to continue a systematic analysis such following Keto et al. (1987) for this part
of the data, including analyzing Stokes QUYV profiles on top of the Stokes I profile.

5.5.2 Dust Continuum Polarization

Liu et al. (2012) pointed out that, based on their no-detection of the dust continuum polarization with
SMA, the linear polarization level of dust continuum of G10.6-0.4 at 0.87mm-wavelength was constrained to
be lower than 2.8%. This is consistent with our results as 1.52% at 2.6mm after extrapolating their estimate

to our observing frequency.

5.5.3 G-K Modeling of CO and Comparison with Observation
G-K Observations in the Literature

The G-K effect has been detected in several molecular species in a number of molecular clouds and their
associated structures: CO (Greaves et al., 1999; Girart et al., 1999; Greaves et al., 2001; Lai et al., 2003;
Cortes et al., 2005; Cortes and Crutcher, 2006; Cortes et al., 2006, 2008; Beuther et al., 2010; Li and Henning,
2011; Houde et al., 2013; Ching et al., 2016), CS (Forbrich et al., 2008), HCO+ (Glenn et al., 1997b), and
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SiO (Lee et al., 2014). The reported peak (best SNR) CO linear polarization levels are often at ~ 0.5 to a
few percent level (Greaves et al., 1999; Girart et al., 1999; Greaves et al., 2001; Lai et al., 2003; Cortes et al.,
2005; Cortes and Crutcher, 2006; Cortes et al., 2006; Beuther et al., 2010; Houde et al., 2013; Ching et al.,

2016). Our results as presented in Table 5.1 are consistent with this range.

Analysis with G-K Modeling of This Work

Detailed modeling is necessary in order to determine if this linear polarization in the thermal J =1 —0
CO emission in the current data (as presented in Section 5.4) arises from the G-K effect and the associated
underlying magnetic field geometry. For the relevant discussion concerning the alternative sources of CO
polarization, see Section 3.5.2. Here we describe the detailed G-K modeling and the associated modeled
results.

We adopted estimated physical parameters for G10.6-0.4 including cloud temperature and density from
Keto (1990). In their Table 2, the estimated parameters are given at various physical scales. The two main
observation scales from our observations are: 0.05 pc (from ~ 2 arcsec with our beam size of 2.17 x 1.67
arcsec), and 0.7 pc (physical scale of our region of interest). Based on these data, we currently choose a
parameter space for G-K investigation as: T’ €[20,40]K, and n € [20,2.0 x 10*] cm™3.

In Figure 5.15 and 5.14, we show the G-K model results derived for 20K and 40K respectively. The
model results show that our detection of linear polarization in the thermal J = 1—0 CO emission is broadly

consistent.

5.6 Conclusion and Outlook

We have successfully detected dust continuum polarization and CO J = 1 — 0 linear polarization with
ALMA in Band 3 toward a massive star-forming region G10.6-0.4. Significant properties has been shown
with initial analysis. The detected dust continuum polarization is at 1.52% with a fairly concentrated
spatial structure, and with error-weighted PA ~ 7.1°. The peak fractional linear polarization measured
in the J = 1 —0 CO line (mg, ~ 2.28%) is consistent with the predicted signal strength from detailed
G-K modeling. An interesting total intensity CO line profile has also been revealed, which demands further
investigation in future work. The CN data included in this observation will be analyzed in future work as

well.
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Figure 5.1: The flowchart of the default calibration process for ALMA spectral-line polarization data. The
data from each execution block (EB) has its own parallel-hand calibration script module, and are merged
before polarization calibration and imaging process.
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Figure 5.2: The flowchart of the modified calibration process for ALMA spectral-line polarization data for
this work. This is a merged calibration workflow solving for bandpass and gain calibration that applies to
the full concatenated data. The concatenated raw data comprises observations from execution block (EB)
0 to 4. After preliminary calibration, and before solving for the bandpass and gain solution, the line and
continuum spectral windows are split by spectral resolution.
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Figure 5.3: (a) An expansion of the box "Flux, Gain, and Bandpass Calibration” in Figure 5.2; (b) and
expansion of the box ”Polarization Calibration” in Figure 5.2 above.
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Figure 5.5: The derived gain solution (amplitude and phase) for ALMA antennas DA46, DA50, DV14, and
DV22 as labeled. The shown two rows of solution in each antenna are from the two continuum windows of
observation, as labeled spw0 and spwl. The two colors marks the solution from two polarization receptors.
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Preliminarily processed: amp/phase - frequency
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(a) The data behavior over frequency before the gain and bandpass calibration.

Data.paracal: amp/phase - frequency
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(b) The data behavior over frequency after the gain and bandpass calibration.

Figure 5.6: Data behavior over frequency of the calibrators J1733-1304 and J1832-2039 before and after
the gain and bandpass calibration. The four colors mark the four correlator products: XX (purple), YY
(orange), XY (magenta), and YX (black).
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Preliminarily processed: amp/phase - time
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(b) The data behavior over time after the gain and bandpass calibration.

Figure 5.7: Data behavior over time of the calibrators J1733-1304 and J1832-2039 before and after the gain
and bandpass calibration. The four colors mark the four correlator products: XX (purple), YY (orange),
XY (magenta), and YX (black).
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Data.paracal: Real - Imaginary
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Data.paracal.polcal

Imag vs. Real Spw: 0 Imag vs. Real Spw: 1
4 4
3
2
' Im XXYY
)
= o
E XY, YX
)
i
-2
2 Re
4 -4
4 2 o 2 4 6| -4 -2 o 2 4 6
Real Real
Imag vs. Real Spw: 0 Imag vs. Real Spw: 1 Imag vs. Real Spw: 0 Imag vs. Real Spw: 1
s ) 0.2 0.2
0.15 0.15
1 1
0.5 05
o o
H H
I YiE © ¥
-0.5 -0.5
1 =1
-0.15 -0.15
1.5 1.5 -0.2 0.2
05 0 05 1 15 2 25 3 05 0 05 1 1.5 2 25 3 01 0 01 02 03 04 0.5 01 o0 01 02 03 04 05
Real Real

(b) The data behavior in the real-imaginary plane, after the polarization calibration.

Figure 5.8: Data behavior in the complex plane for the calibrators J1733-1304 and J1832-2039 before and
after the polarization calibration. The four colors mark the four correlator products: XX (purple), YY
(orange), XY (magenta), and YX (black).
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Figure 5.9: The [I, Q, U] maps for the calibrator J1733-1304: (a) before, and (b) after the polarization
calibration. The left column shows the Stokes I images, the middle column shows the Stokes Q images,
and on the right column the Stokes U images are shown. The color map shows the intensity of each Stokes

component.
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Figure 5.10: ALMA CO linear polarization channel maps part I: CO maps from velocity channel v = —9.7
km/s to —7.8 km/s. The CO total intensity is displayed in false colors, and the grey line segments indicate
the EVPA orientation. EVPA vectors are not drawn for pixels with total intensity below 100; or linear

polarization intensity below 3o,,.
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Figure 5.11: ALMA CO linear polarization channel maps part II: CO maps from velocity channel v = 2.3
km/s to 4.3 km/s. The CO total intensity is displayed in false colors, and the grey line segments indicate
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Predicted GK fractional linear polarization, T=40K
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Figure 5.14: GK modeling with temperature of 40K using a density profile from 20 to 2.0 x 10* cm™2. The
model with different densities are marked with designated colors. The dashed lines mark the models with
2-D LVG geometry. The solid lines mark the models with mix(1-D 4+ 2-D) LVG geometry.
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Predicted GK fractional linear polarization, T=20K
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Figure 5.15: GK modeling with temperature of 20K using a density profile from 20 to 2.0 x 103 cm™3. The
model with different densities are marked with designated colors. The dashed lines mark the models with
2-D LVG geometry. The solid lines mark the models with mix(1-D 4+ 2-D) LVG geometry.

121



Chapter 6

Summary- Conclusion and Future
Work

Magnetic fields are ubiquitous in the universe yet present a perennial challenge to our detailed under-
standing of astrophysics in many environments. In this work, we have explored synergistic observational
approaches to explore the magnetic field in late-type evolved stars and star-forming regions.

In the case of circumstellar magnetic fields of late-type evolved stars, there are key uncertainties concern-
ing both the morphology and magnitude of circumstellar magnetic fields around these objects (Leal-Ferreira
et al., 2013; Lebre et al., 2014; Duthu et al., 2017) and the relative dynamical influence of magnetic fields in
shaping AGB mass-loss outflows relative to other proposed mechanisms such as wind interaction models and
binarity (Garcia-Segura et al., 1999, 2014; Matt et al., 2000; Blackman et al., 2001; Soker, 2006; Kwok et al.,
1978; Frank et al., 1993; Balick and Frank, 2002; Soker, 2004; Garcia-Segura et al., 2018; Frank et al., 2018).
The radial dependence of the magnetic field strength in the CSE of AGB stars and the measured power-law
index of the magnetic field strength dependence on radius R have driven discussions of competing arguments
concerning the magnitude and origin of circumstellar fields around late-type evolved stars and their global
or local morphology and dynamical influence (Blackman et al., 2001; Thomas et al., 1995; Nordhaus and
Blackman, 2006; Soker, 2006; Soker and Zoabi, 2002; Soker, 2002).

In the case of star-forming regions, magnetic fields are important both on different size scales and through-
out evolutionary stages of star formation. The magnetic field and turbulence are considered the main agents
that support the cloud from collapsing against self gravity (Krumholz and Tan, 2007). Whether either of the
two mechanisms, or a hybrid mode of both governs the star-formation process remains a matter of continuing

debate.

6.1 Conclusions

Detecting magnetic fields remains technically challenging observationally and requires careful scientific
and theoretical inference. In this work, we have focused on complimentary techniques with different technical
and scientific biases in order to strengthen their joint scientific constraints on estimates of magnetic field
properties. We have mapped the magnetic fields in the CSE of two AGB stars using CARMA combining
observations of maser polarization, polarized dust emission, and the G-K effect (Goldreich & Kylafis 1981),

auxiliary VLA observations have also been performed. We have also presented the mapping of the magnetic
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field in a massive star-forming region (G10.6-0.4 using ALMA observation of the G-K effect in the J =2 —1
CO and J =2 —1 CN transition, as well as dust continuum polarization emission. We summarize our prior

conclusions in the following subsections.

6.1.1 Magnetic Field Morphology in Evolved Stars

We have successfully detected the G-K effect in thermal J = 2 —1 CO line emission from the CSE of the
TP-AGB stars R Leo and R Crt in A1.3 mm full-Stokes observations with CARMA (Huang et al., 2020).
A circumstellar envelope (CSE) model profile and the associated parameters are estimated and used as
input to a more detailed modeling of the predicted linear polarization from the G-K effect in the J =2 —1
CO transition (Huang et al., 2020). The fractional linear polarization measured in the J = 2 — 1 CO
line for R Crt (my ~ 3.1%) is consistent with the predicted signal strength from detailed G-K modeling,
while for R Leo the measured fractional linear polarization (m; ~ 9.7%) is higher than expected perhaps
due to spatial filtering in the Stokes I. Our G-K modeling is able to resolve the directional degeneracy,
placing the measured EVPA parallel to the magnetic field lines. We also have detected linear polarization
in the v = 1,J = 5 — 4 SiO maser line toward the CSE of R Crt and R Leo with values in the range
my ~ 17 — 34%. Combining the inferred magnetic field orientation from our G-K mapping using polarized
J =2 —1 CO transition and other intrinsic alignments published for these sources in the literature suggest
that there is a more confined or directed magnetic field geometry in R Crt. These results from CARMA with
associated modeling demonstrate that the G-K effect is a viable means of extracting information concerning
magnetic field morphology in the CSE around late-type evolved stars at various depths in the envelope.
These observations are profoundly sensitivity-limited compared to modern telescopes such as ALMA but
are the first such observations with CARMA. And this confirms the scientific importance of observations
of this nature (Vlemmings et al., 2012). At greater sensitivity, future in-depth morphological mapping of
the circumstellar magnetic field around late-type stars is possible using a range of molecular species and the
associated transitions. In addition, these G-K observations are complemented by associated Zeeman and
continuum observations. This is a significant future area for ALMA.

Observing at Q band (A7mm) with VLA, we have used v = 0,J =1 -0 SiO and v =0,J =1-0
CS transitions as potential tracers of the magnetic field through the G-K effect and v = 1,2;J =1 -0
SiO maser lines as tracers of the Zeeman effect (Huang and Kemball, in prep). We have detected SiO
v=20,1,2;J =1 — 0 transitions and their associated polarization properties toward R Crt and R Leo. The
detected high linear polarization fractions, accompanied by an analysis of brightness temperature and kinetic
temperature in SiO v = 0,J = 1 — 0 transition for both R Crt and R Leo, suggests that this transition
in both targets may involve maser features, limiting the usefulness as a G-K tracer. We also analyzed the
spatial distribution of each spectral components for both targets for all three v = 0,1, 2 transitions with the

intent of understanding the spatial and spectral morphology. Our analysis shows that the v = 0 components
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tend to be more extended spatially compared to other v > 1 counterparts.

6.1.2 Magnetic Field in Star-Forming Region

We have successfully detected dust continuum polarization and CO J = 1 — 0 linear polarization with
ALMA in Band 3 toward a massive star-forming region G10.6-0.4. As noted earlier, we do not describe
the associated CN data in the current work. The initial analysis has yielded rich scientific properties. The
detected dust continuum polarization is of order my, ~ 1.52%, with a predominantly concentrated spatial
structure, and an error-weighted PA ~ 7.1°. The peak fractional linear polarization measured in the J = 1—0
CO line (my, ~ 2.28%) is consistent with the predicted signal strength from detailed G-K modeling. A
highly structured total intensity CO line profile has also been revealed, where detailed properties will be the

subject of future work.

6.2 Outlook for Future Work

6.2.1 ALMA G10.6-0.4 Polarization Observation
Dynamic and Kinetic Structure of G10.6-0.4

The dynamic and kinetic structure of G10.6-0.4 is of immediate future interest. The total intensity CO
and CN line profiles revealed in our initial analysis will be compared with the apparent optical depth 74,

following Keto et al. (1987):
Tine
Tapp = —In <1 + l) (6.1)

Tcontinuum
as well as in work on associated radiative transfer analysis.
A specific focus is a comparison with the hierarchically organized structure in G10.6-0.4 from 0.1 to 10

pc scale revealed by Liu et al. (2012).

G-K Modeling Analysis and the Velocity Gradient Technique

We have earlier presented the G-K modeling analysis of expected linear polarization in the J =1—-0 CO
line. The next goal is to model the J =1 —0 CN hyperfine lines in the G-K effect. The comparison between
the magnetic field morphology revealed by the CN hyperfine lines versus the J = 1 — 0 CO transition will
be scientifically important.

Current G-K modeling of the CO J = 1—0 transition is based on an initial exploration over a range of gas
temperature and density derived by Keto (1990). We have multiple approaches that can potentially improve
the current investigation. It is possible to conduct a radiative transfer analysis to obtain a more detailed view
of the temperature and density profile over the regions where we have a G-K detection, especially comparing

the regions of emission versus absorption. In addition, the G-K predicted linear polarization includes a
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sign which indicates the relative alignment between the EVPA and the local magnetic field orientation
(positive meaning perpendicular, negative meaning parallel). For example, as shown in Figure 5.15, the
predicted EVPA alignment with respect to the local magnetic field for the 2-D and mix (1-D plus 2-D) LVG
geometry are different. Thus we have the potential to constrain the local LVG geometry based on a more
refined temperature and density profile. Moreover, we may follow Cortes et al. (2005) in adding the external
continuum radiation source to represent emission from dust in a compact source. Our current G-K code
(Huang et al., 2020) is based on the work by Yang and Lai (2010) and has been implemented with this
feature in the current work, and we can explore this property in a systematic manner.

We have also planned through collaboration to compare the mapped magnetic field orientation of G10.6-
0.4 by G-K effect with the predicted magnetic field orientation via the velocity gradient technique (VGT)
(Gonzalez-Casanova and Lazarian, 2017). It is proposed that strong Alfvénic turbulence develops eddy-like
motions that are perpendicular to the orientation of local magnetic fields (Gonzélez-Casanova and Lazarian,
2017). The velocity gradient developed from such local alignment will be perpendicular to the local magnetic

field orientation (Gonzélez-Casanova and Lazarian, 2017). Initial exploration of the method is underway.

CN Zeeman Effect

The CN Zeeman effect has been previously observed towards G10.6-0.4 by Crutcher et al. (1996) and

remains a target of our future analysis of these data.

6.2.2 3-D Magnetic Field Morphology Mapping of AGB stars

The CSE of late-type stars contain a wealth of molecular species that can be used as tracers for multiple
physical properties including the local magnetic field. As mentioned earlier, at greater sensitivity, future
in-depth morphological mapping of the circumstellar magnetic field around late-type stars is possible using a
range of molecular species and the associated transitions as tracers of the G-K effect. These molecular tracers
can be sensitive to different physical scales in the CSE, depending on the synthesis and the dissociation of
these molecules that occurs at different envelope scales. Given the relatively ordered LVG geometry in the
CSE of AGB stars, a 3-D, layered G-K mapping of the magnetic is possible with facilities of exceptional
sensitivity such as ALMA by observing even the weak molecular transitions in polarization studies.

In addition, these G-K observations are complemented by associated Zeeman and continuum observations

as we have demonstrated in the current work.

6.2.3 The Molecular Environment of Nearby Galaxies

Molecules provide a unique and powerful probe of the complexity of the gas content, gas dynamics and
kinematics in the cold part of our Universe across various physical scales. For nearby galaxies, molecular

tracers have great potential in probing the dynamical and kinematic features, which will shed light on
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the mechanism(s) at play that form substructures in the galaxies, and how the galaxies evolve through
interactions with each other.

Through 3-D radiative transfer analysis (e.g. Lankhaar and Vlemmings (2020); Brinch and Hogerheijde
(2010)), such observations have the potential to probe the dynamical and kinematic profile, and magnetic

field morphology of the molecular environment in nearby galaxies in 3-D.
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