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Abstract

The giant molecular cloud Sagittarius B2 (SgrB2) is the most massive (~ 107 M)
region with ongoing high-mass star formation in the Galaxy. SgrB2 has a higher density
(> 10°cm™3) and dust temperature (~50-70K) compared to other star forming regions in
the Galactic plane. Additionally, SgrB2 is located at a projected distance of only ~100 pc
to the Galactic center. These features make SgrB2 an excellent case to study high-mass star
formation in an extreme, high-pressure environment. Such an environment resembles nearby
starburst galaxies. Understanding the structure of the SgrB2 molecular cloud complex is
necessary to comprehend the most massive star forming region in our Galaxy, which at the
same time provides an unique opportunity to study in detail the nearest counterpart of the
extreme environments that dominate star formation in the Universe.

At small scales (0.01-0.1 pc), dense cores appear spread throughout the whole region of
SgrB2, embedded within a large scale (~20 pc) envelope with two main sites of high-mass
star formation activity at the center of the cloud: SgrB2(M) and SgrB2(N). In order to
characterize the properties of SgrB2 from small to large scales, I started an observational
project covering spatial scales from 0.004 pc (1000 au) up to 20 pc (the size of the envelope
of SgrB2). At small scales, I studied the physical properties of 308 dense cores distributed
throughout the entire SgrB2 cloud. I combined mm wavelength data and cm wavelength
data to characterize the properties of dense cores and their associated HII regions. Among
the 308 compact dust cores that are identified, 58 are found associated with Hir regions, and
49 are associated with outflows. The cores have a mean my, of 150-2500 My, by assuming
various dust properties and gas temperatures. Most of the 58 HII regions are ionized by B0
stars. At intermediate scales, I studied the SgrB2(DS) HiI region, which is located in the
southern part of the envelope. Using VLA data from 4 to 12 GHz, I derived a spectral index
between —1.2 and —0.4, suggesting that SgrB2(DS) is a mixture of thermal and non-thermal
emission at radio wavelengths. The thermal free-free emission is likely tracing an Hir region
ionized by an O7 star, while the non-thermal emission can be generated by relativistic
electrons created through first-order Fermi acceleration. A model of the Sgr B2(DS) region
was developed, which reveals that first-order Fermi acceleration can reproduce the observed
flux density and spectral index. At the largest scales, I characterized the physical properties
of all the HiI regions in the envelope as well as the kinematic structure of the envelope, using
newly acquired VLA c¢m wavelength data and ALMA HC;N line data. The volume filling
factor of ionized gas in the envelope of SgrB2 is ~ 0.03—0.01. The HiI regions in the envelope
are more extended than those in SgrB2(M) and SgrB2(N), suggesting that the HII regions
in the envelope may be older than those in the central regions SgrB2(M) and SgrB2(N),
and therefore, indicating that high-mass star formation might have started throughout the
envelope before than in the central regions. The envelope is also filled with arcs and bubbles,
which are traced by HC;N.

In summary, this study reveals the properties of SgrB2 from the scale of dense dust
cores to the large envelope. The dense cores show various evolutionary stages in terms
of high-mass star formation activity. The envelope resembles a “swiss cheese” and hosts
star forming activities that may have started before those in the central parts of SgrB2.



Additionally, for the first time, a model reveals that synchrotron emission from HiI regions
can be due to locally produced relativistic electrons accelerated by shocks with moderate

velocities.



Zusammenfassung

Die riesige Molekiilwolke Sagittarius B2 (SgrB2) ist die massivste (~ 107 M) Region
mit anhaltender Entstehung massereicher Sterne in unserer Galaxie. SgrB2 hat eine hohere
Dichte (> 10%cm™2) und Staubtemperatur (~50-70K) im Vergleich zu anderen Sternent-
stehungsgebieten in der galaktischen Ebene. Zudem befindet sich SgrB2 in einer projizierten
Entfernung von nur ~100 pc zum galaktischen Zentrum. Diese Eigenschaften machen SgrB2
zu einem ausgezeichneten Kandidaten fiir die Untersuchung der Entstehung massereicher
Sterne in einer extremen Hochdruckumgebung. Eine solche Umgebung dhnelt der von na-
hen Starburst-Galaxien. Um die massereichste Sternentstehungsregion in unserer Galaxie
zu verstehen, ist es notwendig Strukturen innerhalb des Molekiilwolkenkomplexes zu un-
tersuchen. Dies bietet zudem eine einzigartige Gelegenheit, ein Starburst-Galaxien dhnliche
Umgebung, welche die Sternentstehung im Universum dominieren, im Detail zu erforschen.

In kleinen MaBstédben (0.01-0.1 pc) sind dichte Kerne iiber die gesamte Region von SgrB2
verteilt; eingebettet in eine grofirdumige (~20pc) Hiille, die zwei Hauptorte massereicher
Sternentstehungsaktivitét im Zentrum der Wolke beinhaltet: SgrB2(M) und SgrB2(N). Um
die Eigenschaften von SgrB2 von kleinen bis groflen Skalen zu charakterisieren, habe ich ein
Beobachtungsprojekt begonnen, das rdumliche Skalen von 0.004 pc (1000 au) bis 20 pc (die
Grofle der Hiille von SgrB2) abdeckt. Auf kleinen Skalen untersuchte ich die physikalischen
FEigenschaften von 308 dichten Kernen, die iiber die gesamte SgrB2-Wolke verteilt sind. Ich
kombinierte Daten im mm-Wellenldngen- und cm-Wellenldngenbereich, um die Eigenschaf-
ten der dichten Kerne und der zugehorigen Hil-Regionen zu charakterisieren. Unter den 308
identifizierten kompakten Staubkernen finden sich 58, die mit Hil-Regionen assoziiert sind,
und 49, die mit ‘outflows’ assoziiert sind. Die Kerne haben eine mittlere Masse my, von
150-2500 M, unter der Annahme verschiedener Staubeigenschaften und Gastemperaturen.
Die meisten der 58 Hiil-Regionen sind durch B0-Sterne ionisiert. Auf mittleren Skalen unter-
suchte ich die SgrB2(DS) Hir-Region, die sich im siidlichen Teil der Hiille befindet. Mit VLA-
Daten von 4 bis 12 GHz leitete ich einen Spektralindex zwischen —1.2 und —0.4 ab, was dar-
auf hindeutet, dass SgrB2(DS) eine Mischung aus thermischer und nicht-thermischer Emis-
sion im Radiowellenléngenbereich ist. Die thermisch freie Emission stammt wahrscheinlich
von einer Hil-Region, die von einem O7-Stern ionisiert wurde. Die nicht-thermische Emis-
sion kann durch relativistische Elektronen erzeugt werden, die durch Fermi-Beschleunigung
erster Ordnung entstehen. Es wurde ein Modell der SgrB2(DS)-Region entwickelt, wel-
ches zeigt, dass Fermibeschleunigung erster Ordnung die beobachtete Flussdichte und den
Spektralindex reproduzieren kann. Auf den gréfiten Skalen charakterisierte ich die physika-
lischen Eigenschaften aller Hil-Regionen in der Hiille sowie die kinematische Struktur der
Hiille unter Verwendung neuer VLA-cm-Wellenlédngendaten und ALMA HC;N-Liniendaten.
Der Volumenfiillfaktor von ionisiertem Gas in der Hiille von SgrB2 betriagt ~ 0.03 — 0.01.
Die Hii-Regionen in der Hiille sind ausgedehnter als die in SgrB2(M) und SgrB2(N), was
darauf zuriickzufiithren sein kann, dass die Hil-Regionen in der Hiille dlter sind als die in den
zentralen Regionen SgrB2(M) und SgrB2(N). Dies deutet darauf hin, dass die massereiche
Sternentstehung in der gesamten Hiille frither begonnen haben kénnte als in den zentralen



Regionen. Die Hiille ist auch mit Bogen und Blasen gefiillt, welche in Emission von HC3N
sichtbar sind.

Zusammengefasst: Die Studie beschreibt die Eigenschaften von SgrB2 in den Mafistében
von kleinsten dichten Staubkerne bis hin zur groflen Hiille. Die dichten Kerne zeigen ver-
schiedene Entwicklungsstadien hinsichtlich der Aktivitdt massereicher Sternentstehung. Die
Hiille dhnelt einem ‘Schweizer Kése’ und zeigt Sternentstehungsaktivitiaten, die moglicherweise
hier frither begonnen haben als im Zentrum von SgrB2. Zudem zeigt ein Modell zum
ersten Mal, dass die Synchrotronemission aus Hil-Regionen auf lokal erzeugte relativisti-
sche Elektronen, die durch St68e mit moderaten Geschwindigkeiten beschleunigt werden,
zuriickzufiihren sein kann.
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Chapter 1

High-mass Star Formation

High-mass stars (M > 8 M) play a major role in the evolution of galaxies. They synthesize
heavy elements, ionize gas, drive shock waves, and change chemical states of the interstellar
medium (ISM). Due to their relevance, the formation of high-mass stars is one of the most
highlighted subject in modern astrophysics. In this chapter, I introduce general properties
of the ISM, the regions where stars form, and the formation process of both low-mass and
high-mass stars.

1.1 Interstellar medium

Everything between the stars in galaxies is called ISM. The components of the ISM are gas,
dust, radiation and magnetic field. The gaseous component of the ISM consists of various
phases, from ionized to neutral, from cold (~ 10K) to hot (> 10° K), and from diffuse
(1072cm™3) to dense (10°cm™3). The phases of the gas in the ISM can be categorized as
follows (based on Draine, 2011):

HIM: Hot ionized medium, or coronal gas. The HIM has temperature T' > 10°° K, and
density! ng ~ 4 x 1073 cm ™3 (e.g. Madsen et al., 2006). It is heated by shock waves
and cooled through adiabatic expansion and X-ray emission.

WNM: Warm neutral medium, which is mainly Hi with 7'~ 5000 K and nyg ~ 0.6 cm™>
(e.g. Kanekar et al., 2003).

CNM: Cold neutral medium, atomic gas (mainly Hr ) that has T ~ 100K and np =~
30cm ™3 (e.g. Wolfire et al., 2003).

Diffuse molecular gas: Mainly H, that has 7"~ 50K and ny ~ 100cm~3 (e.g. Ando
et al., 2019). Compare to CNM, the lower temperature and higher density enhances
the abundance of H,.

Dense molecular gas: Mainly H,. Usually, the temperature of dense molecular gas ranges
from 10 to > 50 K and the density (ny) ranges from 103 to > 10% ecm 3. Dense molec-
ular gas is usually coupled with dust, which makes it visually dark (visual extinction
Ay 2 3mag). Molecular clouds contain most of the dense molecular gas and constitute
the sites where star formation takes place.

'The density is defined as H nucleon density, i.e. the number of H nucleons in unit volume.
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Hir: Ionized gas, mainly protons and electrons. The temperature of HII regions ranges from
~ 5x10% to ~ 10* K. The density (ny) of HIiI gas can range from ~ 1 to 10* cm=3. Hir
regions are usually ionized by nearby O-type stars, which can emit Lyman continuum
photons (with energy above 13.6eV).

The pressure, which is p = ngT, of HIM, WNM, CNM and diffuse H, are all ~
3000 K cm™3. Dense molecular gas and Hil gas can have pressure even higher than ~
108 Kcem™2. Based on the information mentioned above, phases of ISM on the T-n dia-
gram is shown in Fig. 1.1. SgrB2, which is one of the most massive star forming regions in
our Galaxy and the main target of study of this thesis, is also plotted in Fig. 1.1. The tem-
perature and density of the molecular and ionized contents of SgrB2 are based on previous
observational studies (e.g. Schmiedeke et al., 2016; Sdnchez-Monge et al., 2017; Schworer
et al., 2019) and this work (see Part III).

10° —
107 - .
o SQF&Z
10° - .
: Defise H |
e : P SgrBZ
E 1031 Kcm .
= I
S T
Diffuse H, R
H IE
CNM
10 Kecm —
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0.1+ 000 Kcm =
HIM
10-3 | | | | | |
1 10 102 103 104 10° 106 107
T [K]

Figure 1.1 Temperature, density and pressure of different phases of ISM. The phases
with names in blue are neutral, while the phases with names in red are ionized. Gray
dashed lines indicate iso-pressure lines. ‘SgrB2’ in blue represents the molecular
component of SgrB2, while ‘SgrB2’ in red represents the ionized gas in SgrB2. The
physical parameters of SgrB2 is based on previous observational studies on SgrB2
(Schmiedeke et al., 2016; Sanchez-Monge et al., 2017; Schworer et al., 2019) and this
work.

The mass of the Milky Way within a radius of 60 kpc is 4.6 x 10! M), to which baryonic
matter contributes 9.5 x 100 M, with a gas fraction of 13%, i.e., 1.2 x 1019 M, (Kalberla
et al., 2007). This total gas mass is divided in HI mass, accounting for about 8 x 109 M,

WIM mass, accounting for 2 x 109 M, and molecular mass corresponding to about 2.5 x
10° M, (Kalberla & Kerp, 2009).
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Table 1.1 Properties of clouds, clumps, and cores

Mass Size Mean density T,
Mg pc cm ™3 K
Clouds  103-10* 2-15 50-500 ~ 10
Clumps  50-500 0.3-3 103-10% 10-20

Cores 0.5-5  0.03-0.2 10%-10° 8-12
Note: Values are from (Bergin & Tafalla, 2007).

In the ISM, I pay special attention to the two high pressure phases, dense molecular
gas and Hir gas. In Section 1.4 I introduce Hir regions. Here I briefly summarize the
properties of the dense molecular gas. Due to the dust component that couples with gas,
dense molecular gas is dark in the visible light wavelengths. Therefore, these regions are
also called ‘dark clouds’. Due to the efficient cooling through rotational emission of CO,
dense molecular regions are also cold, see Fig. 1.1. Such cold dark clouds are the birthplaces
of stars. Dense molecular gas displays a hierarchical spatial structure. Conventionally, the
largest entities of dense molecular gas are called ‘clouds’, medium sized structures are called
‘clumps’ and the smallest structures are usually referred to as ‘cores’. The basic properties
of these three kind of structures are summarized in Table 1.1.

1.2 Low-mass star formation

Compared to high-mass stars, the formation process of low-mass stars (M < 8Mg) is
relatively well understood. The formation process of a low-mass star can be described as
five stages (based on Shu et al., 1987; Kauffmann, 2007):

1. Clouds fragment into clumps, within which cores from. When the magnetic field and
turbulence are not strong enough to support the cloud against self-gravity, material in
the clouds collapse and form cores. The typical lifetime of the dense cores is ~ 10° yr.
These cores are usually cold, with temperatures of 10-20 K, which makes most their
radiation occur in the sub-mm and FIR regimes (i.e., their spectral energy distribution,
or SED, peaks at these wavelengths).

2. The core collapses inside-out and forms a protostar embedded in an envelope of dust
and gas. The SED is still black body, with an effective temperature (Teg) less than
70 K. This stage lasts for < 3 x 10 yr.

3. Surrounding the protostar there is a circumstellar disk. The mass initially contained
in the cloud collapses or is transported from the envelope around the protostar down
onto the disk, and finally it is accreted to the protostar through the disk. The ef-
fective temperature is approximately 70 — 650 K. This stage lasts for ~ 2 x 10° yr.
Bipolar outflows perpendicular to the disk plane carry angular momentum away from
the system. The SED of this stage shows an excess at infrared (mid and near-IR)
wavelengths.

4. The accretion stops. The star enters the pre-main-sequence phase and becomes a
classical T Tauri star, which undergoes gravitational contraction. There is still a disk
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surrounding the star. The system has Teg ~ 650 — 2880 K. This stage lasts for
~ 1 x10° yr.

5. The star still has gravitational contraction, but the disk is either very weak or absent.
The system has T.g > 3000 K. This stage lasts for ~ 1 x 105 yr.

1.3 High-mass star formation

According to the initial stellar mass function (IMF, Kroupa, 2001), low-mass stars constitute
most of the stellar mass in galaxies. However, high-mass stars (M > 8M) dominate the
luminosity of these galaxies. This is due to the fact that the luminosity of stars strongly
depends on the stellar mass, L oc M>2® (Eker et al., 2018). For instance, a 10 M, star
has L ~ 10* L. Apart from the thermal emission of the stars themselves, high mass stars
are the major energy input into the ISM via various feedback mechanisms, such as stellar
winds, outflows, and ionization. The death of high-mass stars, which is in form of supernova
explosions, also shapes the physical and chemical structure of the galaxies (see e.g. Bolatto
et al., 2013).

The formation process of high-mass stars can be summarized as four phases (based on
Zinnecker & Yorke, 2007; Tan et al., 2014):

Compression: The forming sites of high-mass stars are infrared dark clouds (IRDCs).
IRDCs, as suggested by their name, are optically thick at the wavelengths of ~ 1 —
10 pm. The gravo-turbulent fragmentation of IRDCs leads to the formation of starless
cores (~ 100 Mg) or starless clumps (~ 1000 Mg). Such gravitationally compressed
cores and clumps are the initial sites of high-mass star formation.

Collapse: If the gravity forces in the cores are stronger than the supporting forces from
thermal pressure, turbulence, magnetic field, and rotation, the cores will collapse. The
collapse results in the formation of optically thick, pressure supported protostellar
objects.

Accretion: Due to the adiabatic heating, the core gains enough pressure to overcome grav-
ity. The collapse phase stops. The core gains mass through accretion. Simultaneously,
the hydrogen burning starts in the newly formed star.

Disruption: The newly born high-mass stars disrupt the cloud where they formed from via
feedback processes such as winds, outflows, expansion of HII regions, and eventually
supernova, explosions.

High-mass star formation is not a scaled-up version of low-mass star formation. The dif-
ferences between low-mass star formation and high-mass star formation can be summarized
as follows:

The stars that are more massive than B3 stars are hot enough to emit UV photons. UV
photons with energy > 11.2eV can dissociate molecular hydrogen in the cloud and photons
with energy > 13.6eV can ionize hydrogen atoms to create HiI regions. However, low-mass
stars cannot generate HII regions. Details of the HII region ionized by high-mass stars are
presented in Section 1.4.
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Figure 1.2 Kelvin-Helmholtz timescale (blue) against free-fall timescale for vari-
ous stellar masses. The free-fall time of two mass accretion rates, 1072 Mg, /yr and
10~* Mg /yr are plotted in green and red, respectively. This plot is adopted from
(Schilke, 2015).

The Kelvin-Helmholtz timescale (tky) describes the time of the prestellar contraction.
Since contraction of the protostar is a process of transforming the gravitational energy to
radiation, txy can be written as the ratio between gravitational energy and luminosity:

GM?
= — 1.1
tkH RL (1.1)

where G is the gravitational constant. M, R, and L are the mass, radius, and luminosity of
the protostar. Another relevant time scale is the free-fall timescale (tg), which represents
the typical time that the accretion takes:

3T 1/2
tg = 1.2
; (32Gp> , (1.2)

where p is the density of the envelope that the protostar accrete material from, which affects

the mass accretion rate. In Fig. 1.2, the relationship of txy and tg is plotted, for two mass
accretion rates 1073 Mg, /yr and 10~* My, /yr, respectively. For low-mass star formation, the
tku > tg. Therefore, after the accretion finishes, the central star can quietly contract under
gravity. Such a star is a pre-main-sequence (PMS) star. However, high-mass stars have
tku < tg. Therefore, the high-mass stars skip the PMS star phase, and are directly born on
the main sequence. High-mass stars have their nuclear fusion started while still accreting
matter.

Because of the active feedbacks that high-mass star formation accompanied with, high-
mass star formation can trigger new star forming activities. Such chain-triggering process
can result in starbursts. While the low-mass stars are less influential on their environment.

The accretion phase of high-mass star formation faces one critical problem: if the ac-
cretion is homogeneous and only thermally supported, the accretion will be stopped by
radiation from the central star when the stellar mass reaches ~ 5 M. The radiation from
the central star has a direct impact on the dust, which in turn also affects the gas due to the
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Figure 1.3 Luminosity to mass ratio (left), and critical effective opacity (right) of
main sequence stars. Two mass upper limits, ~5 Mg (dust coupled with gas in ISM)
and 130 Mg (pure electron scattering) are marked. Credit: (Yorke, 2004).

well coupling between dust and gas. The critical effective opacity ke, which is the maxi-
mum effective opacity of the accretable material, is plotted against stellar mass in Fig. 1.3.
Since in the accretion phase, the central high-mass star is embedded in optically thick dust,
Keff has a lower limit, which translate into an upper limit of the stellar mass, ~5 Mg.
Such an upper limit of ~5 M, for the mass of a star contradicts the observations. Several
attempts have been made to adjust the accretion model and explain the existence of high-
mass stars. One model is called ‘monolithic collapse’ (McKee & Tan, 2003), which means
that the cores are supported not only by thermal pressure, but also by turbulence. Thus,
more material can be accumulated, because the cores can have a mass above the Jeans
mass via extra support against gravity, and therefore can cause higher accretion rates.
Noteworthy, the extra mass does not come with too-much extra luminosity (compared to the
standard luminosity-mass relationship of stars), therefore the accretion can breakthrough
the ~5 Mg upper limit. Another model is called ‘competitive accretion’ (Bonnell et al.,
2001). In this model, the stars form in a cluster and accrete through Bondi-Hoyle accretion.
The accretion rate is determined by the gravity potential of the cluster. Thus, the stars closer
to the center of the cluster can accrete faster and consequently become more massive. Two
key differences between these two models are: 1) The monolithic collapse requires the initial

density distribution to be peaked (density profile n oc r=19)

, while the competitive accretion
model starts from a more homogeneous density distribution. 2) Since the monolithic collapse
model assumes that the cores are individually accreting material, and the accretion rate is
directly related to the core mass, the mass of the stars is closely related to the mass of the
cores. On the other hans, the stars formed in the competitive accretion model will have

masses that depend on their trajectories in the cloud.

Although various models of high-mass star formation have been proposed proposed,
the presence of an envelope hinders the direct observational study of the high-mass star
formation process itself. Thus, observing the by-products of high mass star formation is
usually the strategy that observational astrophysics take.

Different signposts of high-mass star formation exist and have been used to determine,
among other things, the lifetimes of the process of formation of these stars. Among these
signposts, methanol (CH;OH) and hydroxil (OH) masers allow us to identify the exact
location of the high-mass protostars. This is because these masers need intense far-IR
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Figure 1.4 Evolutionary of masers and UCHII regions that are associated with high-
mass star formation. The double arrow of UCHII suggests that its presence will last
beyond the end of this plot. Credit: (Breen et al., 2010)

Table 1.2 Physical properties of Hil regions.

Size Density  Emission Measure Ionized Mass

pc cm 3 pccm 6 Mg
Hypercompact < 0.03 > 106 > 1019 ~ 1073
Ultracompact < 0.1 > 10* > 107 ~ 1072
Compact <05 =5x103 > 107 ~1
Classical ~ 10 ~100 ~ 102 ~10°
Giant ~ 100 ~ 30 ~5 x 10° 103 — 109
Supergiant > 100 ~ 10 ~ 105 106 — 108

Note: Adapted from (Kurtz, 2005).

sources in their vicinity to be radiatively pumped. Similar to low-mass star formation,
outflows are also used to identify and study high-mass star formation. One difference
between the outflows of low-mass and high-mass star formation is that the former one is
usually more collimated. Another signpost of high-mass star formation are the so-called
hot molecular cores, which are heated by the high-mass stars inside them, are warm and
chemically rich. Finally, Hil regions, which is probably the most characteristic tracer of
high-mass star formation, are also frequently observed. Since HII regions are one of the
main type of sources studied in this thesis, I discuss in more detail the properties of Hit
regions in Sect. 1.4. It is worth to note that masers, outflows, and HII regions trace different
evolutionary stages of the formation of high-mass stars. In Fig. 1.4, the evolutionary scheme
of various masers associated with high-mass star formation is plotted (adapted from Breen
et al., 2010). The life time of outflows is of the same order of magnitude as tg (Beuther
et al., 2002).

1.4 HiI regions

When high-mass stars are formed, the Lyman continuum photons from the newly born star
ionize the dense gas and dust surrounding them, generating a hypercompact HIil region
(HCH11 ) or ultracompact Hir region (UCHII ). As the names suggests, HII regions are
conventionally categorized by their sizes and densities. The physical properties of six types
of HiI regions are listed in Table 1.2.
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The size of the HiI region is called the Strgmgren radius (Rg), which is determined by
the balance of ionization and recombination in the HiI region. Rg can be expressed as:

3N e
Ry = (Ly ) : (1.3)

2
dTapng

where NLy is the flux of Lyman continuum photons from the central stars, ay is the re-
combination coefficient for atomic hydrogen, and n. is the volume density of electron (also
regarded as the density of protons, approximately). Assuming that the electron temperature
T, = 10* K, then ap ~ 2 x 1073 ecm =3 s~ 1. Thus,

. 1/3
Ny Ne —2/3
R~ 1.7pc (1050 s1> (fes) (1.4)

The corresponding mass of the HII region is:

MzGOOM@< Ny )( e 3)71. (1.5)

1050 g1 103 cm—

The Hi1 region expands because of its pressure, and the expansion speed is approximately
the sound speed in it, which is ~ 12 km s™! , for T, = 10* K. Thus, the typical time scale
of the expansion is:

) 1/3
N, n —2/3
~ 5 Ly e
texpand ~ 1.7 x 10° yrs <1050 s_1> (103 cm_3) . (1.6)

The emission from HII regions is mainly free-free continuum and RRLs, which are both
introduced in Section A.2.

1.5 The Central Molecular Zone

The Central Molecular Zone (CMZ) is the inner ~ 500 pc region of the Milky Way (see e.g.
Morris & Serabyn, 1996; Bally et al., 2010; Kruijssen et al., 2014, 2015; Henshaw et al., 2016;
Ginsburg et al., 2018). The CMZ, which contains 2 — 6 x 10" M molecular gas, has a gas
density higher by ~ 2 orders of magnitude than the typical density in the disk of the Galaxy
(see e.g. Longmore et al., 2013). The gas temperature in the CMZ can be > 100 K, higher
than the usual temperatures (10-30K) in the molecular gas of the galactic disk. These
high temperature and high density makes the CMZ an environment that resembles high-z
galaxies (Kruijssen & Longmore, 2013). The CMZ has a star-to-gas ratio ~ 10 times higher
than our solar neighborhood or clouds and cores in the Perseus star-forming region, but
within the same order of magnitude as high-z galaxies (Longmore et al., 2013, see Fig. 1.5).

Despite the extreme-like properties of the CMZ listed above, it is deficient in star for-
mation activity when compared to the disk of the Galaxy (Kauffmann et al., 2017a,b). As
shown in Fig. 1.6, the star formation rate of the CMZ is lower by approximately one order
of magnitude compared to the interpolated value between the Milky Way clouds and other
galaxies.
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Figure 1.5 Variation of the stellar surface density Ygtar and Xgas. Blue spots are
CMZ, red spots are high-z galaxies, and the green spots are the clouds in the solar
neighborhood and the Perseus Cloud. Credit: (Longmore et al., 2013).

Apart from the distinct physical properties, one of the most interesting features of the
CMZ is its gas streams. Four coherent gas streams have been recently identified (e.g.
Kruijssen et al., 2015; Henshaw et al., 2016), as shown in Figure 1.7. These gas streams
surround the Galactic Center, with a distance of ~150pc to the Galactic Center. The
velocity span is ~ 200 km s~' . Most of the relevant molecular clouds (such as SgrB2)
and young stellar clusters (such as Arches and Quintuplet, see Kruijssen et al., 2015) in the
CMZ are located along this streams, suggesting that they have an important role on the

evolution of molecular clouds in the CMZ and the star formation process itself.

1.6 The Sagittarius B2 star forming region

Sagittarius B2 (hereafter SgrB2) is the most massive (~ 107 Mg, see e.g., Goldsmith et al.
1990) region with ongoing high-mass star formation in the Galaxy, and has a higher density
(> 10° ecm™3) and dust temperature (~50-70 K) compared to other star forming regions in
the Galactic plane (see e.g., Ginsburg et al., 2016; Schmiedeke et al., 2016; Sanchez-Monge
et al., 2017). Sgr B2 is located at a distance of 8.34 + 0.16 kpc, at only 100 pc in projection
from the Galactic center (Reid et al., 2014)2.

In the central ~ 2 pc, there are the two well-known hot cores Sgr B2(N) and Sgr B2(M)
(see e.g., Schmiedeke et al., 2016; Sdnchez-Monge et al., 2017), which contain at least 70
high-mass stars with spectral types from O5 to BO (see e.g., Gaume et al., 1995; De Pree
et al., 1998, 2014). A recent study (Schworer et al., 2019) shows that the structure of the
gaseous and dust content of Sgr B2(N) is a central hub with converging filaments. Sgr B2(M)
is found to have its mass distributed in several fragments. The H, volume density of dense
cores of SgrB2(N) and (M) is 10° — 107 M pc™3, i.e., one or two orders of magnitude higher
than the stellar densities of super star clusters (Sdnchez-Monge et al., 2017). Surrounding
the two hot cores, there is a larger envelope with a radius of 20 pc that contains more than

2 A new distance to the Calactic center has been measured to be 8.12740.031 kpc (Gravity Collaboration
et al., 2018). For consistency with the paper published within the same series of studies of Sgr B2, we use
the distance reported by Reid et al. (2014).
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Figure 1.6 Observed star formation rates vs. the mass of dense gas residing at visual
extinctions Ay > 7mag. Credit: (Kauffmann et al., 2017a).

99% of the total mass of Sgr B2 (Schmiedeke et al., 2016). The envelope has lower density
nyg = 103 ecm ™ and lower gas temperature 7' ~ 50 K compared to the two central hot cores
of SgrB2. A sketch of the envelope and the central hot cores is shown in Figure 1.8.
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Chapter 2

About this work

SgrB2 has been the target of many observational campaigns, most of these observations
have focused on the two hot cores Sgr B2(N) and (M) (e.g. de Pree et al., 1993, 1995, 1996;
De Pree et al., 1998, 2014; Qin et al., 2008, 2011; Belloche et al., 2013), and recently some
attention has been paid to the large scale envelope. Single-dish telescopes have been used
to map a large area around SgrB2 (e.g. de Vicente et al., 1997, 2000; Molinari et al., 2011;
Jones et al., 2011), achieving only coarse (20-40") angular resolution. Martin-Pintado et al.
(1999) used the VLA to map an area of 3'x3’ in the ammonia inversion lines (3,3) and (4,4),
with good angular resolution (~3"). Although covering only a small portion of the inner
envelope, they find an interesting dense gas structure dominated by rings, arcs and filaments.
The rings have sizes of 1-3 pc, thicknesses of 0.2-0.4 pc, contain warm gas (~40-70 K),

and some of them have expansion velocities of ~6-10 km s~!.

The authors suggest that
expanding bubbles, which produce these ammonia hot shells, are triggering new high-mass
star formation in the envelope. Recent observations, with ALMA at 3 mm revealed more
than 271 high-mass protostellar cores distributed throughout the envelope (Ginsburg et al.,
2018). These observations suggest that SgrB2 would resemble a “swiss cheese” with large
holes dominating the large-scale structure and dense cores spread all over the envelope.

Several questions still need to be answered:

e What are the physical properties of the 271 cores identified by Ginsburg et al. (2018)?
Are they starless or do already show signposts of star formation activity such as UCHII
regions or outflows?

e Jones et al. (2008) found that the southern part of the envelope of SgrB2 has possible
non-thermal emission. Is this non-thermal emission real? What is its physical origin?
Can it be related to the high-mass star formation activity in the envelope?

e Is the large scale (~ 20 pc) envelope of SgrB2 filled with ionized gas? If so, what is
the filling factor of ionized gas at large scales? Are the expanding bubbles and arcs
revealed by Martin-Pintado et al. (1999) also present all over the envelope?

In order to answer these questions, I started a multi-frequency observational study on
SgrB2, covering spatial scales from 0.1”(0.004 pc or 1000 au) up to 20 pc (the size of the
envelope). A summary of the observational data used in this thesis is plotted in Fig. 2.1.
Among all the data, I led the observation of VLA in C and X bands (4-12 GHz), with con-
figurations A, BnC and D. These datasets cover spatial scales from 0.2”to ~ 15’and contains

15
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Figure 2.1 Frequency and spatial scales covered by the data used in this thesis.
The data used for studying small scales (Chapter 5) are in blue. The data used for
studying medium scales (Chapter 6) are marked as green shade. The data used for
studying large scales (Chapter 7) are in red. The lower edge of each box marks the
resolution. The upper edges stands for largest scale that the data are sensitive to for
blue boxes. For red boxes, the upper edges stands for the mapped scale. The upper
edge of the green shade corresponds to the tough size of SgrB2(DS). The observations
that I led are marked with solid boxes.

continuum and spectral line (RRLs). The high angular resolution observations of VLA in
K, Ka, and Q bands (PI. Adam Ginsburg) with configuration A, which I participated, gives
me the continuum data that has resolution of ~ 0.1”and covers 20 — 50 GHz. Additionally,
the high angular resolution (resolution< 0.5”) data from ALMA (see Sdnchez-Monge et al.,
2017) and SMA (see Qin et al., 2011) at mm wavelengths are also used, with frequencies
ranging from 100 to 300 GHz. Molecular line (HC3N (10-9)) data, observed with ALMA
(PI. Adam Ginsburg) is also used.

The thesis consists four parts. Along with this introduction part, the remaining parts
are:

Part II I describe the data reduction processes, including a brief introduction to interfer-
ometers (Chapter 3), and the techniques to process the interferometric data (Chap-
ter 4).

Part III I present my multi-scale study on SgrB2, divided in three scale ranges::

Small Scale: With high angular resolution data (resolution as good as 4 x 1072 pc,
marked in blue in Figure 2.1), I study the physical properties of 308 dense cores
distributed throughout the entire SgrB2 (Chapter 5)
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Medium Scale: I focus on an ~ 2'region called SgrB2(DS). With the VLA data
(marked as green shade in Figure 2.1), I study the non-thermal emission from
SgrB2(DS) (Chapter 6).

Large Scale: With the VLA data, both of continuum and RRL, together with the
ALMA data of HC3N line (marked in red in Figure 2.1), I study the large scale
(up to the whole cloud, 20") properties of SgrB2 (Chapter 7).

Part IV I summarize the main findings of this thesis and discuss possible future paths to
continue exploring and understanding the high-mass star-forming complex SgrB2.
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Part 11

Data Reduction
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Chapter 3

Interferometers

In this part, I discuss the main observing technique that was used in this research: radio
interferometry. In the current chapter, I briefly review the theory of interferometry, based
on references by Condon & Ransom (2016); Wilson et al. (2009), and then I introduce the
Very Large Array (VLA) as an example of interferometer.

3.1 A brief introduction to interferometry

3.1.1 Comparison between interferometers and single-dish telescopes

Before introducing the interferometers, I consider the field pattern (distribution of the
response to a signal) of a single dish antenna. If an electric field g(u,v) illuminates a two-
dimensional aperture, the response, or the electric field pattern of the aperture, f(I,m), is
the Fourier transform of g(u,v):

f(l,m) x / / g(u, v)e 2 AT gy gy, (3.1)

Where u = /X and v = y/A, and A is the wavelength of the signal. Coordinates on the
aperture are (z,y), while the angular coordinates of the field pattern are (I, m).

Compared to interferometers, some of the limitations of single dish antennas are as
follows:

e The resolution, i.e. the beam size, is limited by the diffraction limit of the interaction
between electromagnetic wave and an aperture. For a single dish, the two-dimensional
integration in Eq. 3.1 is zero outside of the effective area of the dish. Thus, f(I,m)
is the Fourier transform of a g(u,v) which is only finite within an area of wD?/4,
assuming a round dish with a diameter of D. Then the resolution is ~ A/D, where
A is the wavelength. For a single dish, D is constrained by engineering obstacles.
For example, due to gravity, the geometry of the dish will deviates dramatically from
parabolic at some position angle when D is too large. In contrast, the interferometers
can have a g(u,v) distributed in a much larger area than wD?/4, where D is the
diameter of the individual antenna of the interferometric array. In other words, the
size of a single antenna is decoupled from the (u,v) coordinates, which means that
the resolution can be improved without the necessity of building gigantic antennas.

21
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e For a single dish, the sensitivity is ¢ o« A

Chapter 3. Interferometers

-1

-, where A, is the effective collecting

area. On the other hand, for an interferometer with N antennas, the sensitivity is
o o [N(N —1)]7Y2A;", where A, is the effective collecting area of each individual

antenna in the array. Apparently, for an interferometer with N > 2, the sensitivity
is better than the single dish telescope with a similar dish size by a factor of ~ .

The pointing accuracy of a single dish is limited by mechanical and environmental
factors. For example, deformation of the dish under gravity or due to heat, wind,
and intrinsic mechanical flaws can all affect the pointing accuracy of the single dish
telescope. However, pointing accuracy is usually required to be as good as approxi-
mately 10% of the beam size. In contrast, the pointing accuracy of interferometers
does not depend strongly on the pointing accuracy of the single dish, but mainly on
atmospheric factors. Although the correction of the atmospheric factors needs cali-
bration, but most of the efforts and time is after the observation, which saves time of
the telescope and also has a higher “ceiling” of the achievable pointing accuracy.

Besides single point observations, mapping is usually used, like in this research. For
a single dish telescope, even if it is equipped with multi-beam receiver, continuous
mechanical movement of the dish is still needed to scan over an area in the sky for
most of the cases. However, the dishes of an interferometer do not need such a
mechanical movements. Considering that the Earth is rotating and the observing is
not instantaneous, the dishes in interferometer still need to move to track the source,
but such movements is usually much slower than the scanning movements of the
single dishes and therefore is usually not the bottleneck of the observing efficiency. Of
course, if the desired mapping area is larger than the beam size of a single antenna in
an interferometer, moving of the telescopes are also needed.

The fluctuations of the receiver gain, which appear as direct current components,
and the large scale emission on the sky, can be filtered out automatically by the
interferometer. The later aspect is not necessarily an advantage of the interferometer
compared to single dish telescopes, but it is helpful for the observations that focus on
a small-scale structures, like parts of this research.

The comparison between interferometer and single dish is of course not a one-sided

game. Single dishes are more efficient in observations of time variable sources (e.g. pulsars)

and large scale structures. In this thesis, I focus on the time-independent properties of the

star forming complex SgrB2 and I am at studying detailed structures in the region. Thus,

interferometers, which can provide a much better resolution in the details, are adopted.

3.1.2 Interferometry

Consider a simple interferometer of two antennas, 1 and 2, separated by a vector 5, as illus-

trated in Fig. 3.1. Here b and sometimes \I;\ is called as “baseline”. The signal received by

the two antennas comes from a distant point source in the direction § with an electromag-

netic wave defined by an amplitude V' and a frequency w. The light-travel delay between

the two telescopes is |l;| cos 0, which causes a time delay 7, between telescopes 1 and 2, that

can be written as 7, = |b| cos 6/ c.
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Figure 3.1 Diagram of two-element interferometry (credit: Condon & Ransom, 2016).
Signal from a distant point source is on direction § with electric amplitude of V' and
frequency of w. Baseline is b. Light-travel delay between the two telescopes is \E| cos 6,
which causes a phase difference between telescope 1 and 2, 7, = |b| cos8/c. After the
multiplying of the two-way signals (®) and time averaging ({ )), the response of the
system is a fringe R = (V?/2) cos(wT,).

The two signals received by the antennas 1 and 2 can be described by Vi = V cos|w(t—1y)]
and Vo = V cos(wt), respectively. These two signals go through a correlator, which go a
multiplies (combines) and applies a time average of these two signals. The multiplication
Vi Vs results in two sinusoidal components: cos(2wt — w7y) and cos(wty). Time averaging
eliminates the first cosine, which is time-dependent. Thus, the response of this two-element
interferometer is:

R= (V;> cos(wry). (3.2)

The amplitude is proportional to V2, which is proportional to the flux density of the point
source, S. The point source can move relative to the interferometer, e.g. due to the rotation
of the Earth, i.e. 6 (see Figure 3.2) is not a constant but a variable. In this situation, R
can be considered a function of 8. The “fringes” of R(#) are shown in Fig. 3.2, for two-,
three- and four-element interferometers, respectively. One can notice that the fringes are not
simply sinusoidal functions but multiplied by a power pattern, which is the power patter of
the individual antenna, named as primary beam. The primary beam depends on the single
antenna. If all the antennas are identical, then the primary beam is independent from the
number and locations of the antennas in an interferometer.

For a N-element interferometer, there are N(N — 1) “antenna pairs”. The response of
each antenna pair forms a fringe. The frequencies of these fringes depend on the projected
baseline ([b| cos(f)) of each antenna pair. For a point source, the overlapping of these
N(N — 1) responses add up to form a function as depicted in the lowest panel in Fig. 3.2.
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Figure 3.2 Fringes from interferometers with 2, 3, and 4 dishes when observing a
point source (credit: Condon & Ransom, 2016). The fringes stands for the function
of telescope response R as a function of the position, #, of the source.

The image of the point source consists of a main peak, with a width of ~ \/ \I;\, and several
small waves spread all over the primary beam. The main peak is called synthesized beam,
depends only on the projected baseline and the wavelength, and is independent from the
properties of the individual antennas. Due to the existence of the small waves, such an
images is called dirty image. It is possible to minimize the dirtiness (small waves) in the
image by increasing the number of antennas N, as shown in Fig. 3.2. Another method uses
the motion of the observing site relative to the source, which is usually due to the rotation
of the Earth.

Besides the response expressed in Eq. 3.2 that is in the form of cosine function, R can
be in sine form when a delay is added to one of the telescopes in the “antenna pairs”. Then
Eq. 3.2 can be extended to the complex domain with the combination of the cosine and sine
parts. If the source is not a point source but has a finite spatial extension defined by the
function I,,(I, m), the response of the telescope is a complex wisibility:

7127r(ul+vm)
V(u,v) // m dl dm, (3.3)
where (I,m) are the coordinates on the sky and (u,v) are the components of the baseline
vector. The geometric relationship of the coordinates (I,m) and (u,v) is illustrated in

Fig. 3.3. Here we ignore the coordinate w by assuming w = 0.
The visibility V (u,v) is the raw data recorded by an interferometer. This is a complex
and discrete measurement. The discreteness of the visibility is due to the fact that the
antennas cannot cover the entire uv plane continuously. In another word, the interferome-
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Figure 3.3 Geometric relationship of (I,m) and (u,v,w). (I,m) are the coordinates
on the sky and (u,v) are the components of the baseline vector Dy. (credit: Thompson
et al., 2017, editted.).

ter observation is a sampling of the Fourier transformation of I,,(l, m) with discrete (u,v)
points. According to Fourier transform, it is obvious that the smallest scale that an inter-
ferometer is sensitive to is determined by its longest baseline, while the largest scale that
an interferometer is sensitive to is determined by its shortest baseline.

Finally, I(l,m) can be chromatic, which means that the receivers of interferometers can
observe a broad frequency range, and in practical terms, spectral lines. The primary beam,
which is also called pointing, is limited in size. So for large objects extending more than
the size of a pointing, the mosaic mode can be used.

3.2 VLA: an example of interferometer

The Very Large Array (VLA) is an interferometer working in the meter-centimeter wave-
length regime, or in frequencies, from 0.058 GHz (4m) to 50 GHz (7mm). The VLA consists
of 27 antennas, each has a diameter of 25 m, and it has four configurations, i.e. the position
pattern of the 27 dishes can change from the most extended configuration (called A array),
to the most compact (called D array). The VLA is the main telescope used in this thesis,
and it is the most powerful interferometer in this frequency regime (till 2020). Thus, we
use VLA as a representative example of interferometers in this section.

The spatial distribution (configuration) of antennas of the VLA is in a “Y” shape. An
example of the configuration “BnC” (a mixture of the configurations B and C) is illustrated
in Fig. 3.4. In Fig. 3.5, I plot the uv coverage of this configuration at certain frequency
ranges of the C and X bands. As a comparison, the uv coverage of D- and A- configurations
are also plotted as colored blocks.

In order to cover a large portion of the sky, one needs multiple pointings in a mode that
is called “mosaic”. T'wo examples of mosaics are shown in Figure 3.6. In this thesis, mosaic
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Figure 3.4 Distribution of antennas of VLA in BnC configuration, which is recorded
in the measurement set of project 16a-195. A zoomed-in of the central part is plotted.

mode is used to cover the entire 20’ x20'region of SgrB2. Due to that the primary beam
size is affected by frequency, the pointing size is different between C and X band, which
are 7.5'and 4.5, respectively. Therefore I used two different mosaic setups for them. For
details, see Fig. 3.6.

Table 3.1 Spectral windows of VLA projects

Band SpwID® Line®  #Chans® Ch0? ChanWid® TotBWf CtrFreq®

MHz kHz MHz MHz
C 0 - 64  4832.000  2000.000 128.0  4895.0000
C 1 64  4960.000  2000.000 128.0  5023.0000
C 2 Cont. 128  4006.000  1000.000 128.0  4069.5000
C 3 Cont. 128  4134.000  1000.000 128.0  4197.5000
C 4 Cont. 128  4262.000  1000.000 128.0  4325.5000
C 5  Cont. 128 4390.000  1000.000 128.0  4453.5000
C 6  Cont. 128  4518.000  1000.000 128.0  4581.5000
C 7  Cont. 128  4646.000  1000.000 128.0  4709.5000
C 8  Cont. 128  4774.000  1000.000 128.0  4837.5000
C 9  Cont. 128 4902.000  1000.000 128.0  4965.5000
C 10  Cont. 128 5030.000  1000.000 128.0  5093.5000
C 11 Cont. 128  5158.000  1000.000 128.0  5221.5000
C 12 Cont. 128  5286.000  1000.000 128.0  5349.5000
C 13 Cont. 128  5414.000  1000.000 128.0  5477.5000
C 14  Cont. 128  5542.000  1000.000 128.0  5605.5000
C 15  Cont. 128  5670.000  1000.000 128.0  5733.5000
C 16 Cont. 128  5798.000  1000.000 128.0  5861.5000
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Table 3.1 Spectral windows of VLA projects (continued)

Band SpwID?® Line®  #Chans® Ch0? ChanWid® TotBWf CtrFreq®

MHz kHz MHz MHz
C 17 Cont. 128  5926.000  1000.000 128.0  5989.5000
C 18  Cont. 128  5946.000  1000.000 128.0  6009.5000
C 19  Cont. 128 6074.000  1000.000 128.0  6137.5000
C 20  Cont. 128  6202.000  1000.000 128.0  6265.5000
C 21 Cont. 128  6330.000  1000.000 128.0  6393.5000
C 22 Cont. 128  6458.000  1000.000 128.0  6521.5000
C 23 Cont. 128 6586.000  1000.000 128.0  6649.5000
C 24 Cont. 128  6714.000  1000.000 128.0  6777.5000
C 25  Cont. 128  6842.000  1000.000 128.0  6905.5000
C 26 Cont. 128  6970.000  1000.000 128.0  7033.5000
C 27 Cont. 128  7098.000  1000.000 128.0  7161.5000
C 28  Cont. 128  7226.000  1000.000 128.0  7289.5000
C 29  Cont. 128  7354.000  1000.000 128.0  7417.5000
C 30  Cont. 128 7482.000  1000.000 128.0  7545.5000
C 31  Cont. 128  7610.000  1000.000 128.0  7673.5000
C 32 Cont. 128  7738.000  1000.000 128.0  7801.5000
C 33 Cont. 128 7866.000  1000.000 128.0  7929.5000
C 34 Hllba 256  4264.735 31.250 8.0  4268.7192
C 35 Hllda 256 4376.000 31.250 8.0  4379.9844
C 36 HI113« 256 4494.405 31.250 8.0  4498.3889
C 37 Hll2« 256 4615.431 31.250 8.0  4619.4156
C 38 OH 512 4748.137 7.812 4.0  4750.1329
C 39 H,CO 512 4825.128 15.625 8.0  4829.1203
C 40 H,CO 512 4950.214 15.625 8.0  4954.2065
C 41 CH3;0H 512 5002.770 7.812 4.0  5004.7656
C 42 OH 1024 6030.429 7.812 8.0  6034.4248
C 43  H100« 256  6475.661 31.250 8.0  6479.6457
C 44 CH40H 1024  6664.000 7.812 8.0  6667.9961
C 45  H99« 256 6673.005 31.250 8.0  6676.9889
C 46  H98« 256  6878.447 31.250 8.0  6882.4313
C 47  H97« 256 7090.000 31.250 8.0  7093.9844
X 0 - 64  8332.000  2000.000 128.0  8395.0000
X 1 - 64  8460.000  2000.000 128.0  8523.0000
X 2 Cont. 128 8006.000  1000.000 128.0  8069.5000
X 3 Cont. 128  8134.000  1000.000 128.0  8197.5000
X 4  Cont. 128  8262.000  1000.000 128.0  8325.5000
X 5  Cont. 128 8390.000  1000.000 128.0  8453.5000
X 6  Cont. 128  8518.000  1000.000 128.0  8581.5000
X 7  Cont. 128  8646.000  1000.000 128.0  8709.5000
X 8  Cont. 128  8774.000  1000.000 128.0  8837.5000
X 9  Cont. 128 8902.000  1000.000 128.0  8965.5000
X 10 Cont. 128 9030.000  1000.000 128.0  9093.5000
X 11 Cont. 128  9158.000  1000.000 128.0  9221.5000
X 12 Cont. 128  9286.000  1000.000 128.0  9349.5000
X 13 Cont. 128  9414.000  1000.000 128.0  9477.5000
X 14  Cont. 128 9542.000  1000.000 128.0  9605.5000

27
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Table 3.1 Spectral windows of VLA projects (continued)

Band SpwID?® Line®  #Chans® Ch0? ChanWid® TotBWf CtrFreq®
MHz kHz MHz MHz

X 15  Cont. 128  9670.000  1000.000 128.0  9733.5000
X 16  Cont. 128 9798.000  1000.000 128.0  9861.5000
X 17 Cont. 128  9926.000  1000.000 128.0  9989.5000
X 18  Cont. 128  9946.000  1000.000 128.0  10009.5000
X 19  Cont. 128 10074.000  1000.000 128.0  10137.5000
X 20  Cont. 128 10202.000  1000.000 128.0  10265.5000
X 21 Cont. 128 10330.000  1000.000 128.0  10393.5000
X 22 Cont. 128 10458.000  1000.000 128.0  10521.5000
X 23 Cont. 128 10586.000  1000.000 128.0  10649.5000
X 24 Cont. 128 10714.000  1000.000 128.0  10777.5000
X 25  Cont. 128 10842.000  1000.000 128.0  10905.5000
X 26 Cont. 128 10970.000  1000.000 128.0  11033.5000
X 27  Cont. 128 11098.000  1000.000 128.0 11161.5000
X 28  Cont. 128 11226.000  1000.000 128.0  11289.5000
X 29  Cont. 128 11354.000  1000.000 128.0  11417.5000
X 30  Cont. 128 11482.000  1000.000 128.0  11545.5000
X 31  Cont. 128 11610.000  1000.000 128.0  11673.5000
X 32  Cont. 128 11738.000  1000.000 128.0  11801.5000
X 33  Cont. 128 11866.000  1000.000 128.0  11929.5000
X 34  H92«a 512 8302.539 31.250 16.0  8310.5235
X 35 H9la 512 8578.014 31.250 16.0  8585.9981
X 36  H90« 512  8865.807 31.250 16.0  8873.7914
X 37  HC3N 1536  9089.113 10.417 16.0  9097.1074
X 38  H89« 512 9166.599 31.250 16.0  9174.5833
X 39  H88« 256 9480.709 62.500 16.0  9488.6780
X 40  H87«a 256  9810.228 62.500 16.0  9818.1967
X 41  H86« 256 10154.715 62.500 16.0 10162.6838
X 42  HDO 1024 10269.113 15.625 16.0 10277.1051
X 43  H85« 256 10515.505 62.500 16.0 10523.4740
X 44  H84a 256  10893.579 62.500 16.0 10901.5473
X 45  H83« 256 11289.980 62.500 16.0 11297.9486

2 ID of spectral windows, can be used in CASA to select spw.

b The spectral line that this spectral window is assigned to include. Continuum is
abbreviated as ‘Cont.’, which stands for the spectral window assigned for continuum
observations.

¢ Number of channels in this spectral window.

4 Frequency of the starting channel of this spectral window.

¢ Width of the channels in this spectral window.

f Total bandwidth (in frequency) of this spectral window.

& Frequency of the central channel of this spectral window.

Regarding the frequency coverage and the spectral setup, the VLA can do both contin-
uum and spectral line observations, with or without polarization. Here I take the observa-
tional projects of this thesis as an example. The observation in X band, from 8 to 12 GHz,
consists of 32 continuum spectral windows. In Table 3.1, the setup of the spectral windows
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Figure 3.5 Histogram of uv coverage of VLA. The scatters are the amplitude-uv
distribution of BnC configuration, while the histogram is the sampling frequency at
different wv distance. The colored blocks are the uv coverage of GBT, VLA D- and
A- configuration.

used in our VLA projects is listed. The three projects share the same setup. The spectral
setup includes spectral windows for both continuum and spectral line observations. The po-
larization setup includes RR and LL mode only, without RL or LR mode. Conventionally,
spectral line observations require narrower channel widths, which is equivalent to higher
spectral resolution. In our setup, spectral windows like spw44 in C band have channel
width as narrow as 7.812 KHz. Considering that the central frequency of spw44 in C band
is 6.7 GHz, such a channel width results in a velocity resolution of ~ 0.1 km s~!, which
is sufficient to resolve the targeted spectral line of the 6.7 GHz CH3;OH maser transition.
Regarding the observations of the data used in this thesis, see Section 5.1, 6.1, and for more
details.
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Chapter 4

Calibration, Imaging and
Self-calibration

In this chapter, I explain the processing of the data used in this thesis. The data in this
chapter were obtained in the VLA projects 16A-095, 16B-031, and 17B-063. This chapter
is partially based on the CASA guides'. The software used for data processing is CASA
(McMullin et al., 2007), version 4.5, 4.7, and 5.1.

The focus of this chapter is that how to recover I,(l,m) from V(u,v), where I,,(I,m)
and V(u,v) are the Fourier transform of each other, see Eq. 3.3. The three major stages
are calibration (Sect. 4.1), imaging (Sect. 4.2), and self-calibration (Sect. 4.3). Alongside
with the continuum data processing, stacking of RRLs are also introduced in this chapter
(Sect. 4.4).

4.1 Calibration

In reality, interferometers cannot measure V (u, v, f) in Eq. 3.3 perfectly?, but is only capable
to measure a V' (u, v, f) instead. Following the CASA guides, I call V' the observed visibility
while V' the true visibility. Since during the observations, not only our target (SgrB2 in
this study), but also calibrators (3C286 and J1820.2528 in this study) are observed. For
the calibrators, we know the true visibility and the observed visibility simultaneously. Thus
one can derive the relationship between V’ and V from the calibrator and then use such a
relationship to correct V' of the target to get V of the target.

The measure contributions to the difference between V’ and V' are from the atmosphere
and the instruments, which can be written as (based on the CASA guides):

Vi i(u,v, f) = bi[Bi(f, ) B (f, )]gi(t)g; () Vi (u, v, f)el? =05 0], (4.1)

The subscriptions 4, j represent two different antennas in an array. A pair of antennas
determines one data point, V or V’. The only factor that depends on both of the antennas is
the baseline term b; ;, which is caused by the position shift of the antenna relative to where
it should be. Here ‘where it should be’ can be regarded as the positions of antennas that can

"https://casaguides.nrao.edu
2Eq. 3.3 is for the monochromatic emission. Here one more parameter, frequency (f), is added in V since
I consider a multi-frequency observation here.

31
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form the baseline with which the calibrators were observed as ‘models’ (not the observations
of the calibrators in this study, but usually done by the observatories). In principle, since
V and V' depend on three parameters, (u, v, f). Thus, usually, the factors should also have
these three parameters. However, the frequency dependent part of the factors is separated
to form the compleX bandpass, B;(f,t). The compleX bandpass depends on individual
antennas. To correct it, the bandpass calibrator (3C286 in this study) should have a known
SED. Also, one can notice that B;(f,t) is time-dependent, since the atmosphere and the
instruments are time variable. When B;(f,t) is separated, the left over part of the factors
are frequency independent, which is the complex gain. The complex gain has two parts,
amplitude g¢;(¢) and phase 60;(t). Similar to B;(f,t), ¢i(t) and 6;(t) depend on individual
antennas and are time-dependent. The necessity of separating the amplitude and phase is
partially due to that they need different calibrators. The amplitude calibrator (3C286 in
this study, the same one as the bandpass calibrator) should be bright and has well defined
flux at the observational frequency. The phase calibrator (J1820_.2528 in this study) should
be close enough to the target (SgrB2), due to that the atmosphere’s contribution to the
complex gain is not isotropic and rapidly variable. Thus shorter angular distance from the
calibrator to the target, as well as a shorter time interval between the observation of the
calibrator and the target, mean that the atmosphere conditions of obtaining the V' of the
calibrator and the target is more similar, which will result in a better calibration.

The process of calibration is to compare the ‘/ifj(u,v,f) of the calibrators with the
corresponding models to derive the so-called calibration table of the factors described in the
last paragraph. A calibration table can be regarded as a set of solutions of each factor.
Since the factors are mutually connected to each other, iterations are needed in the actual
calibration processes. The calibration tables in last iteration is taken into account in the
next iteration to improve the accuracy of the calibration tables of other factors. A flow
chart showing the calibration processes is shown in Fig. 4.1.

4.2 Imaging

As discussed in Sect. 3.1, the nearest distance between two telescopes in an array are usually
larger than the diameter of the telescope, which means that the wv sampling cannot cover
the vicinity around the zero point. Zero wv-distance corresponds to the large scale signal
which determines the absolute total flux of the image. In principle, the sum of the visibility
taken from most of the interferometers is 0. By imaging, one can try to fit the visibility
to recover the actual flux. Similar to the vicinity around the zero uw-distance, the space
between the discrete uv sampling points can be filled by imaging as well.

Two widely-adopted algorithms for imaging are Maximum Entropy Method (MEM)
and CLEAN (Ho6gbom, 1974). In this study CLEAN is used. Therefore in this section
I explain the imaging processes with CLEAN as an example. The software used here is
CASA (version 4.5, 4.7.2 and 5.4). Two major functions of CLEAN in CASA are clean and
tclean. In this section, I will focus on the effects of parameters in these functions instead
of giving an detailed instruction on the technical details of clean and tclean. Due to that
CLEAN is widely used for imaging, the imaging process is be also called ‘clean’ or ‘cleaning’
in this thesis. In this chapter, the capitalized term, e.g. CLEAN mean the algorithm, while
the terms in mono-space fonts, e.g. tclean, means a implementation of an algorithm, or a



4.2. Imaging 33

Input Data, Tables & Information Process QOutput Data, Tables & Information

Input dataset

Y

Flux Calibrator Model(s) Prior Calibration
Antenna Gain Curves

Atmospheric Models (€9 set]y)

Prior Calibration
Information

Bandpass Calibrator
Madel(s) . bandpass
Gain Calibrator mincal
Model(s) g
[ fluxscale

-
-4

Y
polcal
(coming soon)

Y

[ applycal J—r Calibrated Data

Figure 4.1 The calibration flow chart. Credit: https://casa.nrac.edu/casadocs/

Bandpass
Calibration Table

Gain Calibration Table

Scaled Gain Table

TIT|L| T

function in a certain software package. Also any part of a piece of code in CASA are in

mono-space fonts, e.g. niter.

Re-sampling: Uses all data Only images

[ ] | Images
ﬁ,oata Gridding + FFT Tk g |

Deconvolution

Subtract (CS-, MS-, MS-MFS)
~ Model Data L _IFFT+ I
[ModelData__J¢ Do-saididing ! Model Image |
Projection algorithms \mages corrected for instumental p— Image plane algorithms
Figure 4.2 The chart of the CLEAN algorithm. Credit:

https://casaguides.nrao.edu/

The algorithm CLEAN treat the sky as an ensemble of point sources, or § functions.
The Fourier transform of a ¢ function is a uniform function V(u,v) = Vj. If such a uniform
V' is sampled by the interferometer, the resulting function will be the spatial distribution of
the telescopes. For VLA, V (u;, v;) will be 28 points distributed in a ‘Y’ shape at a certain
time. Considering the rotation of the Earth, during a finite period of time, the V' (u;, v;) will
be like the trajectory of the rotation of such 28 points. During the deconvolution, V' (u;, v;)
will be reversely Fourier transformed and become the point spread function, or PSF. Thus
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the gaps between the sampling points, or the gaps between the antennas on the ground,
result in that each of the point on the image, which is generated by Fourier transform
of the visibility, is convolved with such a PSF. The CLEAN algorithm, apart from doing
a reverse Fourier transformation to get an image from the visibility, tries to remove the
PSF components that is convolved with the real signal. As shown in Fig. 4.2, a CLEAN
algorithm consists five steps:

1. Griding the visibility data into 2-D or 3-D array. Weights are given to different uv
distances. Then perform an FFT (Fast Fourier Transform), to get a dirty image. The
dirty image can be regarded as a convolution of the real image that we aim to get
with the PSF. The pixel size and number of pixels of the dirty image are determined
by the griding process of the visibility, since FFT performs between two arrays with
the same shape.

2. Perform correlation of the PSF and the dirty image from step 1 to find the brightest
point and then subtract the convolution of the point with PSF from the image?. Also,
add the point to an image called ‘model image’. This step can be repeatedly executed.
Each loop of this step is called a minor circle.

3. Perform an FF'T on the model image, and de-grid the FF'T result to match the original
visibility. The model is regarded as the ‘real’ signal here. This step is to tell how much
portion of each V'(u;,v;) is real, marked as M (u;, v;).

4. Subtracting the model visibility from the original visibility, to get a new visibility,
which is called the residual image. Then repeat the steps above. The loop of steps
1-4 is called major circle.

5. Finally, due to some stop criteria, usually the number of iterations or the noise level,
the major circle stops. The model image is convolved with a beam, which can be set
or fitted from the PSF, and then added to the residual image, to get the final cleaned

image.

The steps above is called the Cotton-Schwab cleaning algorithm and can be selected in
CASA function clean by setting imagermode=’csclean’. The five steps above only depicts
a simplified picture of how CLEAN algorithm works in general. However, in actual imaging
processes, complications are involved. In the following subsections, I will talk about the
functions of several selected parameters of clean with examples from the data processing
of the VLA data used in this research. By dosing this, apart from explaining the details of
CLEAN algorithm and the clean function of CASA, I also show the technical background
of the data that I use in Part III.

4.2.1 Number of iterations and loop gain

In the CLEAN algorithm, number of iterations is one of the major factors that determines
the ‘depth’ of the imaging. Here ‘depth’ is a qualitative description of much of the PSF
contribution, which is also called ‘artifacts’, in the image is removed. The less artifacts

3 Actually, in CASA, not the entire flux but only a portion of the flux of the point was convolved to the
PSF and taken to the model image. The portion is determined by the parameter gain in CASA
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are in the image, the deeper the clean is. The number of iterations can be controlled by
setting an upper limit in CASA or setting stopping criteria, e.g. noise level the residual
image reaches. In Fig. 4.4, panel (a) and (b), two case with different number of iterations
(as niter in CASA) are shown. These two plots correspond to the same visibility. In the
imaging process, except for niter, all the other parameters are the same. It is obvious that
the image after 5 x 10* iterations of CLEAN has overall less artifacts and higher dynamic
range than the one after 10* iterations.

Although that usually more iterations result in higher image quality. If CLEAN runs
too deep, e.g. too many number of iterations are conducted, artifacts will be taken into
the model image in minor circles, which is called over-clean. This usually happens when
imaging data with high dynamic range. For the bright spots, the resulting PSF has positive
and negative parts. The absolute value of those negative parts can be significantly higher
than the rest part of the image. Then the subtraction of the PSF of the bright spot from the
residual image can introduce artificial positive spots into it which are the brightest parts in
the next major circle. These brightest parts will taken into model image and call additional
artifacts. In Fig. 4.4, panel (c) and (d), two case are shown. When cleaned with 5 x 104
iterations, the over-clean effect does not appear or is not obvious. However, if the clean go
deeper to 10° iterations, while other parameters are kept unchanged, over-clean occurs and
more artifacts are included in the image.

Loop gain is also a factor that affects the quality of imaging. The factor gain in CASA
controls the portion of the brightest point that taken from the residual image to the model
image. Similar to the effects of number of iterations, larger loop gain makes clean go deeper
and therefore improve the image quality, until the over-clean occurs. As shown in Fig. 4.5,
panel (a) and (b), when the number of iteration is not too large, increasing the loop gain
from 0.1 to 0.5 makes the imaging go deeper and results in image that has higher dynamic
range. While for a deeper clean, see Fig. 4.5, panel (c) and (d), increasing loop gain from
0.05 to 0.1 makes the over-clean more severe. One can notice that the four images shown
in Fig. 4.5 resemble the images in Fig. 4.4. This is due to the similarity of the effects that
niter and gain have in most of the cases.

4.2.2 Weighting

During CLEAN, one needs to balance between sensitivity and resolution by assigning weight-
ing to different uv distance. When griding the visibility into cells, weighting, denoted as w,
is multiplied to the data, then the visibility data are ‘put’ into the uwv-grids. The visibility
before this griding process has already a weighting for each data point, which I call it ‘the
original weighting’, denoted as wy.

The parameter weighting of tclean controls the weighting scheme in CASA. There are
three weighting schemes to select from, natural, uniform, and briggs. The natural weighting
keeps the original weighting in the visibility, simply w = wg. Since the inner part of VLA
array has a higher density of antennas, more data are accumulated in the uv cells in the
short uv distance part. Thus the natural weighting naturally results in a lower resolution.
Sensitivity resulted from the natural weighting is the highest among the three weighting
schemes. On the contrast, uniform weighting takes the accumulation of visibility data in
each wv cell into account. The original weighting of all the visibility data that accumulate
in one uwv cell are added up, denoted as wee. Then the uniform weighting assigned for each
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visibility data point is wg/ween. Thus, the effect that VLA array has more antenna in the
short uv distance part is compensated. Uniform weighting gives higher resolution but lower
sensitivity. Briggs weighting is between natural and uniform weighting. One parameter for
briggs weighting is robust. With robust=-2, briggs is close to uniform weighting while with
robust=2, briggs is close to natural weighting. In this study, robust between 0 and 0.5 is
widely used, which is a trade-off between sensitivity and resolution. In Fig. 4.6, examples
of these three weightings are shown. It is worth to notice here that the CLEAN goes to
different depth in the three plots in Fig. 4.6 which means that the sensitivities of these
three plot should not be compared with each other. These plots are just for showing 1)
the difference of resolution among these three weighting schemes, which is also revealed by
there beam sizes, and 2) the difference of how the large scale structures are recovered. The
image with uniform weighting has highest resolution while loses large scale emission.

4.2.3 wuv coverage

For certain scientific goals, e.g. investigating SED in this study, one need to select a uv
range within the entire uv coverage of the visibility. The parameter uvrange in tclean can
select a certain uv range from the visibility to be used for CLEAN. Fig. 4.7 shows the images
cleaned with different uvrange. Fig. 4.8 shows the uv coverage of the VLA data on SgrB2
used in this study, from configurations D and CnB combined, from 4 to 8 GHz (C band).
The whole uvrange, in panel (a), use the entire uv coverage. While the images in panel
(b), (c), and, (d), are cleaned with uvrange of 1 kA-100 kA, 5 kA—60 kA, and 20 kA-40 kJ,
respectively. It is obvious that wider uv coverage results in less artifacts. Additionally, the
narrow wv coverage prevents the image from recovering the flux on certain spatial scales.
For example, the flux from SgrB2(DS) is nearly filtered out in panel (d) of Fig. 4.7 while in
panel (a) and (b) are better recovered.

4.2.4 Deconvolver

The parameter deconvolver determines the minor cycle algorithm in tclean. In this section,
I introduce hogbom, clark, multiscale, and mtmfs. There are more deconvolvers to select,
which are beyond the coverage of this thesis.

The modes of PSF are defined by selection between hogbom (H6gbom, 1974) and clark
(Clark, 1980). The entire PSF is used in the minor cycle when hogbom is selected, while a
patch of the PSF is adopted when clark is used. As shown in Fig. 4.9, the image cleaned
with the hogbom mode has lower level of artifacts and therefore has higher dynamic range,
while the image cleaned with clark PSF mode are more severely affected by artifacts. On the
other hand, since the clark mode involves less pixels in the correlation algorithm between
PSF and the residual image in minor cycles, it accelerates the CLEAN processes, which is
crucial when imaging huge datasets.

In the ordinary CLEAN algorithm, the sky is assumed to be an ensemble of point sources,
which may not fit well for imaging extend sources. By setting multiscale as the deconvolver,
tclean regards the emission from the targets as an overlap of emission on different scales.
For more details about such a multi-scale mode, see Cornwell (2008). When multiscale is
set as the deconvolver, parameters scales and smallscalebias can be set. The integers in
the scales are multiplied by the beam size to be used as the scales in the imaging process.
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The parameter smallscalebias determines how much weight is given to small scales. If
smallscalebias=1 then large scale is weighted to zero while smallscalebias< 0.2 weights
all the scales nearly equally (see CASA guides). From my tests on different scales and
smallscalebias, and compared with non-multi-scale mode, the differences of the produced
images are nearly negligible, see Fig 4.10.

When imaging visibility of continuum signal which covers a wide frequency range, the
SED of the continuum emission needs to be taken into account. Thus I use multi-term
multi frequency synthesis (MTMFS) as deconvolver, in which mode, tclean average the
visibility data with polynomial weightings when they are accumulated into the uv grids.
The MTMFS mode is implemented by selecting devonvoler as mtmfs, and nterms can be
selected. The parameter nterms defines the order of polynomial (nterms= order + 1), which
can be treated as a Taylor expansion of the real SED at a certain frequency. In this study,
we used nterms=2, which corresponds to a power-law SED. The zero-order image, which
is the flux at the central frequency of the band, is named as tt0, while the spectral index
is tt1. Examples of the tt0 and ttl images are shown in Fig. 4.11. It is worth to notice
that the tt1 image in Fig. 4.11 deviated significantly from the spectral index map shown
in Fig. 6.4. In C band, the uv coverage, in the unit of wavelength, changes by an order of
two from 4 to 8 GHz. Thus the visibilities at different frequencies withing this 4 GHz wide
band are actually sensitive to different spatial scales. Therefore here the tt1 map might not
be able to represent the spectral index map.

4.3 Self-calibration

Self-calibration is a method to improve the image quality by using the model of the source
to calibrate the complex gains of the interferometer. The calibrators that used during the
observations cannot be observed simultaneously with the target (SgrB2 in this study). Thus
the during the time interval between the observations on the calibrators and the science
targets, the conditions of the atmosphere and the instrument may vary. However, if the
target itself is used as calibrator, the calibration is real-time.

Here I show one procedure of self-calibration as an example. Imaging the visibility.
CLEAN run shallowly here, with threshold=20mJy, i.e. ten times larger than the final
RMS I want to archive. The shallowness here ensure that only real signals from the brightest
parts of the image, in my case SgrB2(M) and SgrB2(N) are taken into the model image,
and avoid the interference of the artifacts. Then the model images are Fourier transformed
into a column called model column in the measurement set. Generate a phase-calibration
table. The table is generated by setting solint=’int’ and calmod="p’, which stands for that
the solution interval is the integration period, which is 2 s in our observation setup, and
only phase are solved. Then apply the phase-calibration table to the image. Such a phase-
only self calibration were performed repetitively, each time with a deeper clean. Images
before and after self-calibration are plotted in Fig. 4.12. The clean parameters for these two
images are the same. We can see that the image after the self calibration apparently has
less artifacts.

Although I only introduce the self calibration on phase, similar procedures with ampli-
tude and bandpass can be also applied. Additionally, solint does not necessarily set to int
but a longer time interval.
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Figure 4.3 Example of the functions and images used in the CLEAN algorithm.
Panel (a): the PSF. The visibility is the ‘X11’ pointing of the 16a195 VLA project
(X band, CnB configuration). Image size is 128 x 128 pixels and each cell has a size
of 2.5 x2.5". Panel (b): The dirty image, which is obtained as a image of a niter=0
clean process. The griding and cell size are the same as the PSF. Panel (¢): The
model image of the X11, from the same data as in panel (a) and (b). Cleaned with
5718 iterations, with a loop gain of 0.1. Panel (d): The resulting cleaned image,
produced in the same CLEAN process as panel (¢). Each image has two profile cuts.
The absolution values in each image should not be directly compared with each other,
due to the different physical meaning they have or different beam sizes they have.
Panel (b) and (d) have meaningful beam sizes, which are marked on the lower left
corner of their images, in the format of. The CASA version used for panel (a) and
(b) is 4.5.2-REL (r36115), and for panel (c) and (d) is 5.1.1-5.
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Figure 4.4 Example of the cleaned images with different niter. The number of
iterations are marked on the upper right corner of each panel. Except for niter, clean
has the same parameters between (a) and (b), and between (c) and (d). However,
between (a) and (c), or (b) and (d), the parameters are different in clean. Each image
has two profile cuts, in blue and red. The offset of each profile increase from left to
right and from bottom to top. Beam sizes are marked on the lower left corner of each
panel, in format (6maj, Omin, PA). The data is from 16a195 VLA project (X band,
CnB configuration) of SgrB2. The CASA version is 4.5.2-REL (r36115).



40 Chapter 4. Calibration, Imaging and Self-calibration

RA (J2000) RA (J2000)
18° s 18°

308 245 125 17M47m06° 308 24 125 17"47m06°
r 50 r 50
-28°21' |- 40 -28°21' |- 20
2f 30 2 F 30
B 20 = C 20
g af e 2oaf
o i © <] =
~ C @ ~ =
> F g = F 10
3 24| £ o 24
a C £ a C
C n C
25'F 25'F
I____ 0 :____:____ _______ 0
26 26' - (2.49", 1?3", 56.9°) 50" 2 pc
L U UM RIS TS A T LY Y D i [ R Y
T10_.....].....,.....,.....,..”..]....._ r10_.........................”........_
I C . 1 _ | T
E [ E E [ E
e st Iy |3 5 f oy g3
[ E 4 [ - 4
e} L Qo - 4
> i > - A
£ 0: ’ = E O T
v g1 v b1 A
-120 -60 0 60 120 -120 -60 0 60 120
Offset [arcsec] Offset [arcsec]
RA (J2000) RA (J2000)
30° 245 185 125 17"47™06° 308 245 185 125 17M47™06°
50 T
C : ] C
2earE 0 ) Coehm=0es )l e
F ) s iy a5 E
c Ty A o o
2 Shasa”> % 30 2
c 1 ’ . 31
E " 20 T
823.5 LN g% " > e S >3 f
8 t‘ . ¥ (M "' - © 8
g P . j ) ¥ 10g g
gt wl WD s 2 %o
- | ’ / »
[a] - = o
- ar A v -
Jogh W T e
25 ' S . 25'
e o 2 ) -'T—'.-——r o »
s » 8" N (! > AN p C
26 E (5.63" 'i1'17" 23 2°)~ '  s0t2pc 26 F
. g "Rl A A, C
= [TTT T T[T I T[T T I T[T T[T I rrrrr] — 7|||||||||||||||||||||||||‘u||||||||_
[ A | | | L A |
e 20F A | ] e 20F “ ]
o C | | 1 o - A N P /\ﬂ ]
2 Ok mmwv»mﬂm_ ] 2 ok A W \ JAI\ A
? I R ATAV 5 ? PERAARSAAAF WV THA
— C ] — N \Lw“ B
LT AT FEEEEE FNETE FERET N TR SR LT NN FE SN RN SRR Ny SR
-120 -60 0 60 120 -120 -60 0 60 120
Offset [arcsec] Offset [arcsec]

Figure 4.5 Images generated with different gain. Panel (a) and (b) is from clean
with the same parameters in CASA except gain, which is marked on the upper right
corner of each panel. Same for panel (c¢) and (d). Each image has two profile cuts, in
blue and red. The offset of each profile increase from left to right and from bottom
to top. Beam sizes are marked on the lower left corner of each panel, in format
(Omaj, Omin, PA). The data is from 16a195 VLA project (X band, CnB configuration)
of SgrB2. The CASA version is 4.5.2-REL (r36115).
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Figure 4.6 Images generated with natural, uniform, and briggs (robust=0) weight-
ings. The weighting parameters are marked on the upper right corner of each panel.
Parameters other than weighting in clean are the same for all the three plots. Each
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image has two profile cuts, in blue and red. The offset of each profile increase from
left to right and from bottom to top. Beam sizes are marked on the lower left corner
of each panel, in format (fmaj, Omin, PA). The data is from 16a195 VLA project (X
band, CnB configuration) of SgrB2. The CASA version is 4.5.2-REL (z36115).
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upper right corner of each panel. Parameters other than uvrange in tclean are the
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Figure 4.8 Amplitude against uv coverage of VLA data used in this study, from the
combination of D array and CnB array, C band (4-8 GHz). A zoom-in of the shorter
uwv distance part is shown.
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Figure 4.9 Images generated with different psfmode. The psf modes are marked on
the upper right corner of each panel. Each image has two profile cuts, in blue and red.
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The data is from 16a195 VLA project (X band, CnB configuration) of SgrB2. The

CASA version is 4.5.2-REL (r36115).
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Figure 4.10 Effects of multi-scale as the devonvolver. Images cleaned without multi-
scale is shown in panel (a), while that cleaned with multi-scales are shown in panel
(b), (c), and (d). Parameters other than multi-scale in tclean are the same for all
the plots. The scales and small scale biases are marked on the upper right corner
of each plot. Each image has two profile cuts, in blue and red. The offset of each
profile increase from left to right and from bottom to top. Beam sizes are marked on
the lower left corner of each panel, in format (6maj, Omin, PA). The data is from VLA
observations towards SgrB2 C band (4-8 GHz), CnB configuration of SgrB2. The
CASA version is 4.7.2-REL (x39762).
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Figure 4.11 Images of tt0 and tt1 from the MTMFS mode of CLEAN, plotted in
panel (a) and (b) respectively. Each image has two profile cuts, in blue and red. The
offset of each profile increase from left to right and from bottom to top. Beam sizes
are marked on the lower left corner of each panel, in format (fmaj,@min, PA). The
data is from 16a195 VLA project (C band, CnB configuration) of SgrB2. The CASA
version is 5.1.1-5 .
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Figure 4.12 Images before and after self calibration, in panel (a) and (b), respec-
tively. Each image has two profile cuts, in blue and red. The offset of each profile
increase from left to right and from bottom to top. Beam sizes are marked on the
lower left corner of each panel, in format (fmaj, &min, PA). The data is from VLA
observations towards SgrB2 C band (4-8 GHz), CnB configuration of SgrB2. The
CASA version is 4.7.2-REL (x39762).
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4.4 Stacking RRLs

Spectral lines are included in our observations. Among the spectral line in the datasets used
in this study, most of them are hydrogen RRLs, from H83« to H115a. Due to the similar
excitation conditions of these centimeter RRLs, I stack them to form two lines to increase
the SNR and make a deeper clean possible.

The conventional method of stacking RRLs is that the RRLs are firstly cleaned and
them the images of them are stacked. I call this method ‘image stack’. Due to the narrow
frequency coverage of a single RRL, them clean process is usually much shallower compared
to the continuum. To utilize the full 4 GHz frequency coverages of C and X bands in this
study, I use an alternative way to stack the RRLs. The steps are as follows:

1. Resample the visibilities of the N RRLs into the same spectral structure. All the spec-

tral windows containing RRLs are resampled to have a channel width of 2.5 km s~!

and have the same starting channel of —60 km s~! . The total channel number of

channels of each RRL is denoted as M. The m-th channel of Hno is denoted as vy, (n).

2. Split the same velocity channel v,,(n) from each spectral window. For N RRLs that
each has M velocity channels, I get N - M measurement sets. Then I combine all the
N visibilities of the same velocity into one measurement set, to get vy, (all), where ‘all’
means that the measurement set contains information from all the N RRLs. Thus, I
have M measurement sets, each covers a frequency range as wide as ~4 GHz.

3. Clean the M measurement sets as continuum. Then I get M continuum images, which
are channels maps of the stacked RRL. All the techniques described in Sect. 4.2 can
be used here.

4. Smooth all the M channel images into the same resolution and assemble them to form
a datacube, which is the stacked RRL image.

I call this method as ‘visibility stack’. The advantage of this method compared to image
stack is that each of channel image are cleaned with a much wider frequency coverage,
therefore, wider uv coverage. Thus the clean can go deeper and higher dynamic range is
archived. In this study, the eight RRLs in C band, from H97a to H100a and from H112«
to H115a are stack with ‘visibility stack’ to form one RRL. While the ten RRLs in X band,
from H83« to H92«x are stacked into one RRL with ‘visibility stack’. A diagram describing
the visibility stack of the RRLs in this study is shown in Fig. 4.13. For comparison, I also
use performed ‘image stack’ on the same RRLs. The comparison between the outcomes
of these two methods are shown in Fig. 4.14. Obviously, the visibility stack method gives
much less artifacts.

When adopting the visibility stacking method, each channel are cleaned with a ~4 GHz
frequency coverage, and the gaps are fitted in the clean process. However, the image stack
only use discrete narrow spectral windows in this ~4 GHz range. Thus the actual wv range
that covered by these two methods do not only determines the depth of cleaning but also
the intensity of the stacked RRLs, due to the fact that the RRLs can have varying intensity
in different spatial scales. Such a difference can be seen in Fig. 4.14.
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1) Resample

2) Split Channel, Form Continuum Visibility

H100a

T
100
Velocity (km s™1)

X Band Stacked RRL

C Band Stacked RRL

4) Assemble Channel Images to Form the Stacked RRL

Figure 4.13 Demonstration of visibility stack, using the data from the CnB array
of VLA on SgrB2. The RRLs are taken at the center of SgrB2(M), X band RRLs in
blue and C band RRLs in red.
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Figure 4.14 Comparison between visibility stack and image stack of RRLs. Panel
(a) and (c) are from visibility stack while (b) and (d) are from image stack. Panel (a)
and (b) are images of the C band RRLs while (c¢) and (d) are images of the X band
RRLs. The spectra of stacked RRL are shown below each image. The position where
the spectra are taken are marked with the color that match the plotted spectra in
each image. Beam sizes are marked on the lower left corner of each panel, in format
(Omajs Omin, PA). The data are from D and CnB configurations of VLA. The CASA
version is 4.7.2-REL (r39762).
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Chapter 5

Small Scale: Compact Cores

The most prominent feature of SgrB2 in small scales (0.01 pc—0.1 pc) is the presence of dense
dust cores. Using 1 mm data (ALMA), Sanchez-Monge et al. (2017) studied the physical and
chemical properties of 20 and 27 cores in SgrB2(N) and SgrB2(M), respectively. Ginsburg
et al. (2018) identified 217 dense dust cores in 3 mm wavelength, and investigated their
dust properties. In this chapter, I combine mm wavelength data (ALMA and SMA), which
traces the dust component, and the cm wavelength data (VLA), which traces the ionized
component, to characterize the properties of dense cores and their associated UCHII regions
throughout the whole SgrB2 region. Such a multi-frequency study allows me to better
understand the physical properties and evolutionary stages of these dense cores in SgrB2.
In Sect. 5.1 I describe the observations. Section 5.2 shows the results. In Sect. 5.3 I analyze
the results. In Sect. 5.4 I summarize this chapter.

5.1 Observation and data reduction

In this research, I include the continuum data from eight frequency bands, ranging from 4
to 343 GHz. Data from three interferometers: VLA, ALMA, and SMA, are adopted. See
Table 5.1 for an overview of the data at the eight bands.

Table 5.1 Data Overview

Num Telescope (bands) v®  AvP Beam size® P.A.
GHz GHz (",") °
1 VLA C 6.0 4.0 (0.62,0.28) 7.27
2 VLA X 10.0 4.0 (0.36,0.15)  3.12
3 VLA K 225 7.5 (0.18, 0.08) —10.02
4 VLA Ka 33.0 7.6 (0.12,0.05)  7.52
) VLA Q 45.9 7.5 (0.10, 0.04) —21.19
6 ALMA 3mm 96.4 13.8 (0.54, 0.46) 68.31
7 ALMA lmm 2430 1.9 (0.40,0.40) 0.0
8 SMA 344.2 4.0 (0.40,0.24) 16.39

& Central frequency of the band.
b Band width.
¢ FWHM along the major and minor axes of a 2D Gaussian beam.

o3
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Figure 5.1 The region covered by the VLA C- and X-Band and ALMA 3 mm.
Red dashed contour: The region covered by VLA K-Band. Green dashed contour:
The region covered by VLA Ka-Band. Blue dashed contour: The region covered by
VLA Q-Band. Gray dashed rectangles: The regions covered by ALMA 1 mm and
SMA. Yellow ‘L’-shaped region: The region covered by the SiO image. Pseudo-color
background: Red is the VLA C-Band intensity map, which has a synthesized beam
of 0.62” x 0.28”, PA is 7.27 degree. Blue is the ALMA 3 mm map, which has a
synthesized beam of 0.54" x 0.46”, PA is 68.31 degree.

The spatial coverage of the images at the eight frequency bands is not always the same.
In this study, we use the area covered by the mosaic of ALMA 96 GHz data, which is
approximately 6’ x6’. The intrinsic spatial coverage of the VLA 6 GHz and 10 GHz obser-
vations is larger than the 6'x6’ area, but only the central 6'x6" area coincident with the
ALMA 96 GHz data is taken into account in the following analysis. The observations at
the other five frequency bands cover smaller areas, as marked in Figure 5.1.

In total, the considered VLA observations cover the frequency range from 4 GHz to
46 GHz, in the C, X, K, Ka, and Q bands. The C (4-8 GHz) and X (8-12 GHz) band data
are observed from October 1 to 12, 2016 (project 16B-031, PI: F. Meng) in the most extended
A configuration. For both bands, we used 64 spectral windows with a bandwidth of 128 MHz
each. Mosaic mode was used, with 10 and 18 pointings for each band, respectively. The
primary beam of each pointing is 7.5" and 4.5 respectively. Quasar 3C286 was used as the
flux and bandpass calibrator, the SED of which is S, = 5.0594-0.021 Jy x (S/8.435 GHz) 046
from 0.5 to 50 GHz (Perley & Butler, 2013). Quasar J1820-2528 was used as the phase
calibrator. The details of the data reduction is described in Chapter 4.

The K (19-26 GHz), Ka (29-37 GHz), and Q (42-50 GHz) band data are observed from
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March 5 to April 18, 2018 (project 18A-229, PI: A. Ginsburg) in A configuration. For K
band, we used 45 spectral windows with a bandwidth of 128 MHz each. For Ka band,
we used 49 spectral windows with a bandwidth of 128 MHz each. For QQ band, we used 50
spectral windows with a bandwidth of 128 MHz each. Mosaic mode was used, with 3, 5, and
7 pointings for the K, Ka, and Q bands, respectively. The primary beam of each pointing
is 2.0’, 1.4/, and 1.0’for the K, Ka, and Q bands, respectively. Quasar 3C286 was used as
the flux and bandpass calibrator. Quasar J1744-3116 was used as the phase calibrator.

For the millimeter bands, I used the 3 mm (96 GHz) data of the ALMA project
2013.1.00269.S (PI: A. Ginsburg), and the 1 mm (243 GHz) data of the ALMA project
2013.1.00332.S (PI: P. Schilke). The details of the observations of both projects can be
found in Ginsburg et al. (2018) and Sanchez-Monge et al. (2017), respectively. The obser-
vational details of the SMA data at 343 GHz are also introduced in the latter reference,
although the original publication of the data can be found in Qin et al. (2011).

5.2 Results

I identified 308 compact cores in SgrB2. See Table B.1 for the core positions, types, and
associated objects. In this section, I present the procedure and criteria of the core identifi-
cation, as well as the photometric methods used to determine the flux of the cores at the
different frequency bands.

5.2.1 Core identification

Due to the hierarchical structure of SgrB2, I applied Dendrograms (Rosolowsky et al.,
2008) to identify the local maxim on background emission. The “leaves” identified by
Dendrograms are regarded as cores. Since the 6 and 96 GHz images cover the whole region
(see Figure 5.1) and have the best sensitivity, I performed the core identification on them.
For the Dendrograms analysis, because of the different spatial resolution and sensitivity of
the 6 and 96 GHz images, I used different sets of parameters. Parameter min_value, which
means that any structure below min value will be ignored, is set to 0.2 mJy/beam and
0.1 mJy/beam for 6 and 96 GHz images, respectively. Parameter min_delta, which is the
minimum height required for a structure to be retained, are set to 0.4 and 0.5 mJy/beam for
the 6 and 96 GHz images, respectively. Parameter min npix, which is the minimum number
of pixels that a structure should contain in order to remain an independent structure, is
set to 64 for both images. I use the coordinates of the core center and the fitted core
size, which are the major axis, minor axis and position angle of 2D Gausssian, returned by
Dendrograms as input to the next step.

Out of all the leaves identified by Dendrogram, I selected only those for which the major
axis is shorter than two times the beam size (0.65”, see below), to which the images are
smoothed in the next step. By doing this, our sample includes only compact cores, and
allows us to exclude the most extended structures. This restriction to the size of the cores
results in an upper limit to the core size of ~ 0.05 pc (~ 10*au).

It is worth to note that the core identification was applied to the 6 GHz and 96 GHz
images at their original angular resolution (see Table 5.1) to make sure that neighboring
cores can be well resolved and identified. After the core identification, and with the aim
of comparing the cores across different frequencies, I smoothed the images of all the eight
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bands to a uniform resolution of 0.65”, which corresponds to the largest circle that can
contain all the beams of the eight bands.

Initially, I identified 208 cores. In addition, I performed a cross-check between the cores
identified following the method described above and the cores reported by Ginsburg et al.
(2018). Since the dataset at 96 GHz used by these two studies is the same and the core-
identification criteria are similar. Out of the 208 cores, 171 are also identified by Ginsburg
et al. (2018). This means that among the 271 cores identified by Ginsburg et al. (2018), 100
are not identified with the method described above. Such a difference in core identification
between these two studies can be caused by the fact that Dendrogram is more sensitive to
a core individually located on a bright background, but it is less sensitive to cores that are
located in a crowded region. To make my sample as complete as possible, I use the union
set of the 208 cores identified by myself and the cores identified by Ginsburg et al. (2018).
In total, 308 cores are included in this study.

The 308 cores are divided in two types (see Table B.1). Type I cores include the
cores identified at both 96 GHz and 6 GHz, while Type II are the cores only detected at
96 GHz. There is no core identified only at 6 GHz. Since the location of the emission
peak of a core can change at different frequencies, I determine the peaks within one beam
area (0.65”x0.65") between two different frequencies as the same core. Among all the 308
cores, 58 are identified as Type I. The positions of Type I and Type II cores are shown in
Figure 5.2.

5.2.2 Photometry

Photometry methods on the core flux depends on if the core is resolved or not. In this
study, I applied two methods to obtain the flux of the cores.

e Assuming that the cores are ideally unresolved, i.e. core size much smaller than the
beam size, then the peak flux density of a core can be directly treated as the flux of
the core. What I need to do is just replacing the unit mJy/beam with mJy. The flux
acquired with such a method is denoted as S.

e Assuming that the cores have Gaussian radial intensity profiles, I perform the photom-
etry in a circle centered at the core center with radius 0.83” (hereafter photometry-
circle). Since the images are smoothed to a resolution of 0.65”, 0.83" corresponds to
the 30 of the Gaussian beam. The flux acquired with such a method is denoted as
S35 Ideally, if a core is unresolved, Sz, ~ Sp, since the integration of a 2D Gaussian
within the 30 radius includes 99.4% of all the emitted flux. If a core is resolved, i.e.
has a radius 7¢ore > 0, then S35 > Sp.

Since all the 308 cores are detected at 96 GHz band, I used S3, and S, at 96 GHz to test
if the cores are unresolved. The flux S3, and S, of all the 308 co3es are listed in Table B.1
and plotted in Figure 5.3. Most of the cores have S3, ~ 25}, see Figure 5.3. Thus, most of
the cores are not ideally unresolved.

To quantify that to what degree the cores are resolved, I modeled S3,/S,, for different
core sizes. The cores are assumed to have homogeneous flux density within the circle of
radius 7¢ore, While has zero flux density outside r¢ore. The images of such synthetic cores are
smoothed to the resolution of this study, 0.65”x0.65”, and the two photometry methods
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Figure 5.2 The spatial distribution of all the cores. Type I cores are marked as
yellow circles while Type II cores are marked with gray circles. The background
image is the 96 GHz intensity map. Core counting of the entire SgrB2 and SgrB2
(N), (M), (S), and (DS) are written on the lower right corner of each subplot. The
sizes of the circles are set to make the core positions visible, which is irrelevant to the
actual sizes of the cores.
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Figure 5.3 Correlation between S3, and S, at 96 GHz for all the 308 co3es. Dashed
lines mark where Ss, = 25}, S3, = S, and S3, = 0.55), respectively.

applied. The relation between S3, /S, and reore is shown in Figure 5.4. Since that S3,/Sp
sensitively depends on 7o up to 1.3”, it can be used to derive reope, for reore < 1.3”.

Following the results presented in Figure 5.4, I estimate the core radius, 7r¢ore, from
the flux ratio, S3,/Sp, at 96 GHz. Out of the 308 cores, 14 have S3,/Sp, < 1, which are
excluded from the statistics. For the remaining 294 cores, the mean 7o is 0.55”. Most of
the cores have rcore between 0.35”— 0.75”. Although the S3,/S, ratio can help to estimate
the core radius, the reore of a certain core can be over- or under-estimated due to the
artifacts. For instance, due to the artifacts in the images, if the cores are located in the
positive hills (negative bowls) of the artifacts, both of S3, and S}, will be over-estimated
(under-estimated) by adding (subtracting) a common ‘background’, which will alter Sz, /.Sp.
Therefore, I do not use r¢e Of each core in the following analysis, but take the mean r¢gre,
0.55" as the radius of all the cores.

Since most of the cores are not ideally unresolved, i.e. reoe 4 0.65”. At 96 GHz, I
took Sz, as the flux (Sgg) of each core that has S3,/Sp, > 1. For the 14 cores that have
S35/Sp < 1, 1 took Sp, as their flux (Sgg). For other bands, similarly, S, = max(Sss,Sp).
For S, of all the eight bands, see Table 5.2.

The uncertainty of flux of each core was obtained with the following procedure. The
RMS of flux within an annulus around the photometry-circle, denoted as RMSann, was
calculated. The annulus has a inner radius of 0.83”and a outer radius of 1.66”. Then the un-
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Figure 5.4 Left panel: Relation between Ss,/Sp and reore, for a beam of 0.65” x0.65”.
Right panel: The estimated 7¢ope of the cores. In both panels, 1/2-beam, 1-beam, 2-
beam radius, and the mean of the estimated core size (0.55") are marked.

certainty of flux of each core can be derived as 45, = 3v/Ncire RMS Annu/NBeam, where Neire
is number of pixels in the photometry circle, and Npeam is the number of pixels in a beam
(see Section A.1 for the details of photometry). In bands other than 6 GHz and 96 GHz,
most of the images are affected by artifacts that can affect the determination of the flux.
I manually selected the cores that are spatially adjacent to artifact patterns and discarded
the flux determined with the photometric analysis described above. Instead, I used the un-
certainty of the flux to derive an upper limit of the flux: S, < 10v/NcireRMSAnnu/NBeam-
It is worth to note that such an upper limit is also severely affected by artifacts, therefore,
they are not used to constrain the parameters of the SED (fitting, see next sections), but
just as a guidance on the upper limit of the flux at different frequencies. The uncertainty
and upper limits of Type I cores in all the eight bands are listed in Table 5.2.

In Figure 5.5, I present the distribution of fluxes at 96 GHz (Sgg) for all cores. The mean
value of Sgg is 72.1 mJy, while for Type I cores it is 214.9 mJy and for Type II cores it is
16.9 mJy. The Type I cores are systematically brighter at 96 GHz and have a wider flux
distribution than the 250 Type II cores.

Table 5.2 Flux of Type I cores

ID Se S10 S22 S33 Sae So6 Sa7a S343
mJy mJy mJy mlJy mJy mJy mJy mJy
1 09+04 <20 <13 - - 6.1 £0.2 - -
2114406 10.8£09 <85 - - 25.5+0.7 - -
3 87+£06 148+08 <7.0 < 3.7 < 6.0 19.3+0.8 - -
4 775+16 584+2.0 <10.0 < 10 <16 228.5+45 <92 < 206
5215+12 <40 <52 <59 <9.0 52.6 + 3.1 <28 <123
6 6.8+0.1 <1.6 < 5.6 <31 < 5.8 10.8 £ 0.2 - -
7 4.2+0.3 <34 < 5.5 < 5.7 < 8.5 22.6 1.5 121.6 £8.9 < 115

8§ 141+£09 203£14 <11 26.7£3.8 699+£58 655£69 5427+ 57211885 £ 1142
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Table 5.2 Flux of Type I cores (continued)

1D Se S1o S22 S33 Sae Soe Sara S343
mJy mJy mJy mJy mJy mJy mJy mJy

9 39+£13 80+21 <91 <10 52.6 £6.7 1179 £ 48 9956 4 446 18998 + 986
10 1.3£03 <22 <71 < 6.6 <54 8.5+0.5 <74 < 130
11 45.3+£1.0 33.9+£1.744.0£3.6 32.5+2.7 37.1+2.7 233+£24 585+208 430+ 348
12 12407 <34 <5.3 <54 <5.6 10.8+0.6 19+21 500 £ 31
13 58+0.2 <35 <12 <6.8 53.1+25 95.9+1.6 - -
14 203+1.7 <5.0 < 4.6 < 5.2 <6.1 28.9+2.2 - -
15 1.0+£04 <37 <5.0 <76 <12 72+04 - -
16 09+£0.7 <46 < 4.8 <44 <13 71405 - -
17 5.7+£04 <14 < 5.6 <85 - 8.7+04 - -
18 25.94+0.8 18.0£0.7 < 3.9 <4.3 <78 57.0+ 1.9 - -
19 28.0£2.0 34.5+2.7 <10 <13 <12 80.6 £3.6 212+18 < 104
20 0.7£0.8 <35 <11 <18 <18 9.7£1.0 <31 332+£24
21 10.0+0.6 <10 <21 < 30 <24 41.9+28 <75 38 £ 40
22 68.7+6.3 46.94+3.021.7+8.2-0.7+6.1 51.0£81 186+15 259+24 < 36
23 204+£4.5 13.9+£54 <22 < 26 <41 61 +18 < 60 < 120
24 375+28 <68 <19 <13 <10 72.5£6.0 <53 162 £+ 28
25 206+52 <18 < 76 <43 < 128 141+ 71 < 600 < 1418
26 60.2+2.1 82.14+3.445.84+7.5349+£79 201.3+5.8 3324+6.6 117+£20  382+47
27 47673 <21 < 80 < 55 < 274 632 £168 < 1350 < 2992
28 13.1+1.8 9.0+£4.6 38.7+£7.1572+£85217.2+10.0 358+19 239+£55 770 %66
29120.8+£59 <23 <53 <49 <399 21544222 <1361 < 2889
30 10006 <34 <94 <73 <84 29.7+2.8 - -
31127.8+£5.3 <22 <61 <53 <351 2949+186 < 1111 < 2339
32 86.0+7.140.1£7.5 299+22 121+18 785+124 1751 4 228 4644 + 436 10546 + 930
33 79+£0.7 55+£11 <10 <11 <84 434+26 192+14 463 +33
34 95£08 <36 <89 <14 <11 33.1+25 70.6+9.6 <61
3591.8+70 <21 <81 <61 <215 3550+£129 <1123 < 2376
36 36.8+7.6 57.2+7.0 12+24 20£20 856+ 112 1938 4209 5132 + 453 10622 4+ 956
37 126 +£6.7 <25 < 61 <48 <430 378 £247 < 1674 < 3495
38 99+1.1 <12 <12 <11 <15 264+ 2.8 <91 < 88
39 146+53 <24 < 45 <61 < 405 653 £222 < 1345 < 2744
40 6.0£2.6 <15 <24 <43 <213 289 +130 < 950 < 1965
41 11.7£6.9 <21 < 30 <49 <94 179 £ 61 < 549 < 1059
42 18005 <10 <16 <12 <17 52.6 £2.2 <93 <70
43 50.5£2.7 37.7+£53 <24 <27 1421458 260.5+6.5 <85 < 187
44 30.8+£2.5 <53 <21 <13 < 9.7 88.7+ 6.6 <33 < 46
45 7.7£05 103+1.2 <82 <10 < 16 385+2.1 < 58 < 83
46 36.2+0.8 19.2+3.419.7+£2.7276+51 53.6+44 1228+14 <69 < 65
47 6.0£04 1.7£05 <44 <76 <10 9.4+04 - -
48 422+14 36.8+25 <11 <10 <12 84.7+45 T0+£13 <81
49 48+£05 <28 <27 <83 - 5.7+0.5 - -
50 7.8+£0.6 29+£0.3 <438 <10 - 73£0.5 - -
51 4.2+£1.7 <44 <12 <16 <9.6 11.7+ 3.8 - -
52 95.4+5.8 87.6 4.0 129+ 11 60.1 £8.2 405.3 £4.7 828+ 15 - -
530.81+£0.06 < 1.9 <31 <25 <28 24.3+0.7 - -
54 27.0+1.0 <24 < 3.7 <23 <24 37.0£1.7 - -
551.87+£0.05 <0.7 < 0.9 < 0.09 <0.7 0.51+£0.05 - -
56 2.1+£0.2 <06 <13 <0.1 < 0.7 2.7+0.2 - -

570.29+£0.03 < 0.7 <14 < 0.07 <10 0.77+0.05 - -
580.15£0.02 < 0.3 - - - 2.7+0.1 - -
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Figure 5.5 The KDE of the flux at 96 GHz of Type I (Pink), Type II (Blue), and
all the cores (Green). Mean values of flux are marked with corresponding colors.

5.3 Analysis

5.3.1 Modeling the SED

Free-free emission from ionized gas is mainly traced by cm wavelength emissions (e.g. the
6 GHz emission), while the dust emission is mainly traced by mm wavelength emissions (e.g.
the 96 GHz emission). The SEDs of the cores can be modeled as superpositions of free-free
emission and dust emission. In this section, I solve the free-free emission intensity and the
dust mass of each of the type I core from the 6 GHz and 96 GHz flux. The detailed SEDs
of all the type I cores are shown in Figure C.1.

The optically thin free-free emission from an Hil region can be expressed as a power-law
SED (see e.g. Wilson et al., 2009):

Sty = Stis (6 (I}/HZ>7O.1 (5.1)

where Sgg is the free-free flux at 6 GHz. From Sgg, I estimate the mass of the HII regions
with Sgg, which can be expressed as:

M '\ 08 05 (T.\ 175 / D\ 25 9 1.5
HI) g 95 10712 (22 ( - ) == — > , o (52)
Mg Jy GHz K pc arcsec
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where T¢ is the electron temperature, D is the distance to the source, and fg is the angular
size of the source. I assume that the free-free emission is from HiI regions with a radius of
0.5"”and an electron temperature of 10* K. Then the mass of the HiI region can be expressed

(A]@{;> = 0.09 <?;>0'5. (5.3)

Alongside with Myyyr, the flux of Lyman continuum photons (NLy) from each core can
be calculated following Eq. A.29. Assuming that T, = 10* K, Eq. A.29 is reduced to:

as:

S,
1Y — 7,405 x 1018250, (5.4)
S Jy

The dust emission SED can be modeled as a gray-body, see Equation A.33. 1 assume
that

»\?
K0 () Ng k1 (5.5)
20
then Equation A.33 can be approximated to
2hv3 1 ( v )6 A
Sy=—F—F—ko|— | Na—5. 5.6
’ c? eklgTd -1 ’ Yo D2 >0

where NgA is simply the mass of dust within one core, My. I assume a gas-to-dust ratio of
100, then the dust flux and gas mass My, have a relationship:

2hv3 1 v\ My
Sy =———— — D2, 5.7
v hv 1/4‘;0 <V0> 100 ( )

eFBTd —

For the models of dust opacity xg V—”O ﬁ, I take “mrn8” and “thin8” from Table A.1,
which stands for agglomerated naked and thin-ice-mantle-covered dust grains in density of
108 cm ™3 (see Ossenkopf & Henning, 1994), respectively. Also, I assume two cases in which
dust temperature Ty is 50 and 100 K, following Sénchez-Monge et al. (2017). Thus, I solve
the superposition of Equation 5.1 and Equation 5.7 by inserting Sg and Sog.

Table 5.3 Physical parameters of Type I cores

mrn8 thin8

Ta=50K T4=100K Ta=50K T4 =100 K

S

Sﬁﬁ MHII MH2 MHII MH2 Sﬂ6 MHII MH2 MHII MH2
mJy M@ M@ M@ M@ HlJy M@ M@ M@ M@

1 09 009 50 009 24 09 009 398 0.09 194
2 114 030 156 030 76 114 030 1239 030 60.5
3 87 027 11.7 027 57 87 027 93.0 027 454
4 775 079 1563 0.79 76.4 77.5 0.79 1245.1 0.79 608.2
5 215 042 334 042 163 21.5 042 266.2 0.42 130.0
6 68 023 52 023 26 6.8 023 41.6 023 20.3
7 42 018 179 018 88 42 0.18 1428 0.18 69.7
8 139 0.34 593.6 0.34 290.0 14.0 0.34 47284 0.34 2309.7
9 3.6 0.17 1082.7 0.17 5289 3.8 0.18 8624.3 0.18 4212.8
10 1.3 010 69 010 34 13 010 550 0.10 26.9
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Table 5.3 Physical parameters of Type I cores (continued)

1D

mrn8

thin8

Ty =50 K

Tq =100 K

Sk Mun Mpy,

mJy

Mg

Mg

MHII
Mg

2

Mg

mJy

T4 =50K T4=100 K

MHII
Mg

MH2
Mg

MHH
Mg

MH2
Mg

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58

45.3
1.2
5.7

20.3
1.0
0.9
5.7

25.9

28.0
0.7
9.9

68.7

20.3

37.5

20.6

60.1

47.5

13.1

120.3

10.0

127.1

85.6
7.9
9.5

91.0

36.4

12.5
9.9

14.4
6.0

11.6

18.0

50.4

30.8
7.7

36.2
6.0

42.2
4.8
7.8
4.2

95.2
0.8

27.0
2.1
0.3
0.1

0.61
0.10
0.22
0.41
0.09
0.09
0.21
0.46
0.48
0.07
0.28
0.75
0.41
0.55
0.41
0.70
0.62
0.33
0.99
0.28
1.01
0.83
0.25
0.28
0.86
0.54
0.32
0.28
0.34
0.22
0.31
0.38
0.64
0.50
0.25
0.54
0.22
0.58
0.20
0.25
0.18
0.88
0.08
0.47

0.13
0.05
0.03

182.9
9.1
84.2
12.4
5.9
5.8
4.1
34.4
54.6
8.5
31.6
123.4
42.2
40.6
115.1
264.1
548.8
320.0
1899.1
20.3
2625.8
1552.0
34.5
23.8
3204.7
1758.9
339.1
17.5
590.9
261.8
156.9
35.9
204.7
60.1
30.1
87.8
4.4
48.5
1.9
1.3
7.9
695.7
21.8
15.2
1.0
0.5
2.3

0.61
0.10
0.22
0.41
0.09
0.09
0.21
0.46
0.48
0.07
0.28
0.75
0.41
0.55
0.41
0.70
0.62
0.33
0.99
0.28
1.01
0.83
0.25
0.28
0.86
0.54
0.32
0.28
0.34
0.22
0.31
0.38
0.64
0.50
0.25
0.54
0.22
0.58
0.20
0.25
0.18
0.88
0.08
0.47

0.13
0.05
0.03

89.3
4.4
41.1
6.1
2.9
2.9
2.0
16.8
26.7
4.1
15.4
60.3
20.6
19.8
56.2
129.0
268.1
156.3
927.7
9.9
1282.6
758.1
16.8
11.6
1565.4
859.2
165.7
8.5
288.6
127.9
76.7
17.5
100.0
29.4
14.7
42.9
2.2
23.7
1.0
0.6
3.8
339.9
10.7
7.4

0.5
0.2
1.1

45.3
1.2
5.7
20.3
1.0
0.9
5.7
25.9
28.0
0.7
10.0
68.7
20.4
37.5
20.6
60.2
47.6
13.1
120.7
10.0
127.6
85.9
7.9
9.5
91.7
36.7
12.6
9.9
14.6
6.0
11.7
18.0
50.4
30.8
7.7
36.2
6.0
42.2
4.8
7.8
4.2
95.4
0.8
27.0
2.1
0.3
0.1

0.61
0.10
0.22
0.41
0.09
0.09
0.21
0.46
0.48
0.07
0.28
0.75
0.41
0.55
0.41
0.70
0.62
0.33
0.99
0.28
1.02
0.83
0.25
0.28
0.86
0.55
0.32
0.28
0.34
0.22
0.31
0.38
0.64
0.50
0.25
0.54
0.22
0.58
0.20
0.25
0.18
0.88
0.08
0.47

0.13
0.05
0.03

1456.9
72.4
671.0
99.0
46.8
46.5
324
274.3
435.2
67.6
251.7
982.7
336.5
323.1
917.1
2103.5
4371.8
2549.3
15127.4
161.9
20915.3
12362.4
274.6
189.8
25526.3
14010.6
2701.4
139.0
4706.4
2085.6
1250.0
285.6
1630.2
479.1
239.8
699.2
35.1
386.7
15.5
10.5
62.6
5541.9
174.0
120.9
7.8
4.0
18.7

0.61
0.10
0.22
0.41
0.09
0.09
0.21
0.46
0.48
0.07
0.28
0.75
0.41
0.55
0.41
0.70
0.62
0.33
0.99
0.28
1.02
0.83
0.25
0.28
0.86
0.55
0.32
0.28
0.34
0.22
0.31
0.38
0.64
0.50
0.25
0.54
0.22
0.58
0.20
0.25
0.18
0.88
0.08
0.47

0.13
0.05
0.03

711.7
35.4
327.8
48.4
22.8
22.7
15.8
134.0
212.6
33.0
123.0
480.0
164.4
157.8
448.0
1027.5
2135.5
1245.3
7389.4
79.1
10216.7
6038.8
134.2
92.7
12469.0
6843.9
1319.6
67.9
2299.0
1018.8
610.6
139.5
796.3
234.0
117.1
341.5
17.1
188.9
7.6
5.1
30.6
2707.1
85.0
59.0
3.8
2.0
9.1
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In Table 5.3 I list the values of Sgg, Mpur1, and My, of each core. As shown in Table 5.3,
although varying 7y and dust opacity models give distinct values of My, , Sge remains nearly
unchanged. This is due to the contribution of dust emission at 6 GHz is negligible.
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Figure 5.6 Left panel:Probability distribution of Sgg and Lyman photon flux for all
the type I cores. Due to that Sgg of the four cases in Table 5.3 of each core are very
similar to each other, here only the distribution of the case “thin8” and Ty = 100 K is
shown. The average value of Sgg is marked. The upper axis shows the corresponding
Lyman photon flux. Right panel: Probability distribution of My and Lyman photon
flux for all the type I cores, for similar reasons like the distribution of Sgg only the
case “thin8” and T4 = 100 K is shown. The average value of My is marked.

In Figure 5.6, I show the probability density distribution of Sgg, NLy, Myrr. For Sgg, 1
use the case “thin8” and Tg = 100 K to represent all the four cases. The average value of
St of all the type I cores is 25.2 mJy, which correspond to NLy = 10%73 s71. Such a flux
of Lyman continuum photons corresponds to a B0 star (see Panagia, 1973). The average
value of the derived My of all the type I cores is 0.4 M.

The distribution of My, and the ratio between My and My, are shown in Figure 5.7.
For Mpy,, the KDE of all the four cases in Table 5.3 are plotted. The gaseous mass of
the cores with dust opacity model ‘thin8’ are in general larger by a factor of 8 than the
mass derived with dust opacity model ‘mrn8’. With the same dust opacity model, My, is
proportional to Ty. The average My, is 150, 307, 1196, and 2448 M. under the four cases
(for the four cases, see Figure 5.6). The ratio between mass of HiI region and the gaseous
mass of the core is 10731, 1072%, 10722, and 10~ for the four cases.

The relationship between Sgg (and the corresponding NLy) and My, of type I cores,
for the cases of “mrn8” and “thin8”, and Ty is 50 and 100 K, is plotted in Figure 5.8, the
averaged value of Sgg with Ty = 50 and 100 K is regarded as data while half of the difference
between these two cases are treated as error. For both of the cases, I approximately get
Sff6 X MI(-)124

Additionally, the relationship between My and My, are plotted, see Figure 5.9. The
averaged value and the difference between two opacity models are treated as the same as in
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Figure 5.7 Left panel:Probability distribution of My, for all the type I cores. Two
dust opacity models “mrn8” and “thin8” are combined with two Ty, 50 and 100 K,
and therefore four distributions are shown. The averaged My, of each distribution
is shown. Right panel: Probability distribution of Myrr/My, for all the type I cores.
Same as the left panel, four distributions are shown. The averaged My, of each
distribution is shown.

Figure 5.8. As expected, since My Sflf/Z, I get My Mggl.

5.3.2 Associated objects

I searched for possible associations of other objects and sources with the 308 cores identified
in the SgrB2 region. For this, I used additional observations of masers, X-ray sources and
outflows, and searched for counterparts in a circle of radius 0.83” around each core. In the
following, I present the association of the compact cores with other features and objects.

Masers and X-ray sources

In total, 24 cores are found associated with masers', and 3 cores are found associated with
X-ray emission (X-ray source cataloag: Takagi et al., 2002; Muno et al., 2006). Among all
the 24 cores that are associated with maser, 62.5%(15) are type I cores, which is higher
than the percentage (19%) of type I cores in the entire sample.

The 6 GHz methanol (CH3;OH) masers occur only when associated with massive young
stars (Caswell et al., 2010). I found 9 cores associated with 6 GHz methanol masers,
among which 5 are type II cores. The 4.8 GHz formaldehyde (H,CO) masers are pumped
by continuum emission from a nearby Hil region (Mehringer et al., 1994). Among the
five formaldehyde masers detected by Whiteoak & Gardner (1983) and four formaldehyde
masers detected by Mehringer et al. (1994), which are named alphabetically from A to I, six
are found associated with ten cores in our catalog, with D, G, and H leftover. Additionally,

! The masers are: OH maser (Braz & Epchtein, 1983; Lindqvist et al., 1992; Argon et al., 2000; Caswell,
2004), 6 GHz CH30H maser (Caswell et al., 2010), and 4.8 GHz H,CO maser (Mehringer et al., 1994).
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Figure 5.8 Relation between Sgg and My, of type I cores (left axis). Relation
between Lyman photon flux and My, of type I cores (right axis). for for case “mrn8”
and “thin8” in left and right panel respectively. Averaged value with Ty = 50 and
100 K is regarded as data while half of the difference between these two cases are
treated as error.

OH masers (Braz & Epchtein, 1983; Lindqvist et al., 1992; Argon et al., 2000; Caswell,
2004) are also identified to be associated with eleven cores.

It is worth to notice that three cores are found to be associated with X-ray source.
Among the three cores, two are in the center of SgrB2(M), while one (core #55) is in
SgrB2(DS), and associated with 2MASS J17472335-2825340 (Muno et al., 2006). Very
likely, core #55 is an extragalactic source instead of really in SgrB2, which will be further
discussed in the following sections.

Outflows

Outflows can be traced by SiO emission (e.g. Schilke et al., 1997). In this section, I inves-
tigated the spatial correlation of the outflows traced by the SiO (5-4) and the cores.

The SiO (5—4) emission was observed with ALMA (Project 18A-229, P.I. A. Ginsburg).
For the details of the observation and data reduction, see Ginsburg et. al. (in prep.).
The resolution is 0.35”x 0.24”, with P.A. of —80°. The spectral resolution is 1.35 km s1.
The typical RMS of the image is 0.9 mJy/beam. The observation covers SgrB2(S) and the
eastern part of SgrB2(DS), see Figure. 5.1.

The peak intensity map of SiO (5-4) is shown in Figure 5.10. Due to the artifacts around
SegrB2(S), I only analyze the part of the image with declination < —28:24:00. Masked out
all the pixels below 3 x 0.9 mJy/beam, I get also the moment 1 map of SiO (54), see
Figure 5.11. Most of the outflows traced by the SiO emission have velocity difference
between two lobes of ~ 10 km s~! . Also, most of the outflows are associated with cores.
Among all the 120 cores covered by the SiO image, 49 are identified as associated with
outflows, see Table B.1. It is worth to mention that for the cores that are in the vicinity of
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SgrB2(DS), the artifact impede the identification of the real outflows, so it is also unknown

if the cores are associated with outflows there. Considering this, almost all the cores that

are in the east lobe of the SgrB2(DS) region are associated with outflows.

5.3.3 Evolutionary stages

The associated objects of the dust cores are the hints of evolutionary stages in star formation

activity. In Table 5.4, I summarize the number of associated objects of the dust cores in
the subregions, SgrB2(N), SgrB2(M), SgrB2(S), SgrB2(DS), and the rest part of envelope,
of SgrB2.

The Type I cores are associated with HiI regions, since the emission at 6 GHz traces

free-free emission. Among all the 58 Type I cores, 8 are in SgrB2(N), 30 are in SgrB2(

Table 5.4 Associated objects of the dust cores.

Region

N M S DS Rest® Total

Dust core
Hir region

CH;0H Maser 2 2

H,CO Maser
OH Maser
Outflow

24 55 46

2
0
0

2 31
_b_b _b

46 137 308
3 15 58
0 5 9
0 2 6
0 5 11

31 18> 49P

a: Rest of the envelope.
b: Not fully covered by the SiO map.

M),
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Figure 5.10 Peak intensity map of SiO (5-4) line. The zoomed in plots are the
regions in SgrB2(DS) that with abundant outflows. The resolution of the image is
0.35"x 0.24”, with P.A. of —80°. The identified cores are marked as green circles,
whose size is irrelevant to the size of the cores.
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2 are in SgrB2(S), 3 are in SgrB2(DS) and 15 in the rest of the envelope. Hence, the
percentage of the dust cores that are associated with HiI region are 33%, 55%, 4%, and 7%
for SgrB2(N), SgrB2(M), SgrB2(S), and SgrB2(DS), respectively. While for the rest part of
the envelope, the percentage is 11%. For the dust cores, being associated with HiI region is
a sign of being more evolved (see e.g. Breen et al., 2010). Therefore, the cores in SgrB2(M)
are the most evolved compare to the cores in other regions, while the cores in SgrB2(S) and
SgrB2(DS) are less evolved. The evolutionary stages of the cores in SgrB2(N) are between
that of SgrB2(M) and SgrB2(DS) or SgrB2(S).

The CH;0H-, H;CO-, and OH-masers trace the star forming activities. In Table 5.4,
the number of masers that are associated with the dust cores that are in each region are
listed. The cores in both of SgrB2(M) and SgrB2(N) are associated with two CH;OH maser
and two H;CO. The cores in SgrB2(DS) has no associated masers. Such a lack of associated
masers also suggested that the cores in SgrB2(DS) are less evolved than that in SgrB2(N)
and SgrB2(M).

The collimated outflows are the footprints of the very early stages of star formation
activity (see e.g. Beuther et al., 2002). Unfortunately, the image area of SiO, which traces
the outflows, covers only SgrB2(DS) and its vicinity?. Among all the cores in SgrB2(DS),
2/3 are associated with outflows. Such a high fraction confirms that the cores in SgrB2(DS)
is at their very early evolutionary stages.

5.4 Summary

In this chapter, with the data from eight frequency bands, from cm wavelength to mm
wavelength, I have characterized the properties of the dense cores and their associated Hit
regions throughout the whole SgrB2 region. Additionally, I searched for other star formation
tracers associated with these dense cores. My main results are:

e From data at 96 GHz, 308 dust cores are identified, out of which 58 cores are found
associated with HIiI regions and named Type I cores. The dust cores that have no
associated HII regions are named Type II cores. The mean value of flux density at
96 GHz for Type I cores is 214.9 mJy and for Type II cores is 16.9 mJy.

e The SEDs of Type I cores have been modeled. Type I cores have a mean my, of 150
2500 Mg for gas temperatures 50-100 K. Most of the 58 HiI regions have a Lyman
continuum photon flux between 10%6 — 108 s~!, which corresponds to stellar spectral
types around B0 and O9.

e Evolutionary stages of the cores in SgrB2(N), SgrB2(M), SgrB2(S), and SgrB2(DS)
are analyzed. Among the cores in SgrB2(N) and SgrB2(M), 33% and 55% are asso-
ciated with HI1 regions, respectively. While for the 46 cores in SgrB2(S) and the 46
cores in SgrB2(DS), this percentage is 4% and 7%, respectively. Out of the 46 cores
in SgrB2(DS), 31 are associated with outflows, which are traced by SiO emission.
Therefore, I conclude that the cores in SgrB2(M) are more evolved, followed by the
cores in SgrB2(N). The cores in SgrB2(S) and SgrB2(DS) are less evolved and are at
their very early stages.

2For the reason why I treat it as not covering SgrB2(S), see Section 5.3.2.



Chapter 6

Medium Scale: Deep South

In previous chapter I studied the properties of dense cores in SgrB2. A remarkable feature
is the presence of about 60 dense cores in the southern region, following an arc-shape
distribution. This group of cores is spatially coincident with the arc-shaped feature detected
in NH; by Martin-Pintado et al. (1999), which is referred to as Deep South (hereafter DS)
by Ginsburg et al. (2018). At the position of SgrB2(DS), Mehringer et al. (1993) report
the detection of radio continuum and radio recombination line (RRL) emission (see also
LaRosa et al., 2000; Law et al., 2008a). Such continuum emission at radio wavelengths
along with RRLs is usually related to thermal ionized gas from HII regions (e.g., Kurtz,
2002, 2005). However, along with the thermal emission detected in previous studies, non-
thermal emission, has also been found in Sgr B2 due to relativistic electrons (LaRosa et al.,
2005; Hollis et al., 2007; Protheroe et al., 2008; Jones et al., 2011). Yusef-Zadeh et al.
(2007a, 2013, 2016) studied the presence of non-thermal emission in the Galactic Center
region including SgrB2. Particularly, observations at 255 MHz, 327 MHz, and 1.4 GHz
(Yusef-Zadeh et al., 2007b) revealed non-thermal emission in SgrB2(M). The thermal and
non-thermal contribution to the radio continuum emission can be distinguished by their
spectral energy distribution (hereafter SED). The SEDs of both thermal and non-thermal
emission can be described by power-laws S, o« v“, where « is the so-called spectral index,
which varies from —0.1 to +2 for thermal emission (see e.g., Sdnchez-Monge et al., 2013)
and becomes significantly negative for non-thermal emission (e.g., « = —0.8, see Platania
et al., 1998).

In this chapter, I present Very Large Array (VLA) observations of SgrB2(DS) in the
frequency regime 4-12 GHz, with configurations BnC and D. Thus, this study focuses on
spatial scales from 0.1-5 pc. In Sect. 6.1 I describe the observations as well as the data
reduction process. Section 6.2 shows the results, and the study of the spectral index. In
Sect. 4 I aim at decomposing the thermal and non-thermal components dominating the
emission at radio wavelengths, while in Sect. 5 I discuss on the origin of the non-thermal
emission. Finally, I summarize this chapter in Sect. 6.

6.1 Observations and data reduction

We used the VLA in its CnB and D configurations to observe the entire Sgr B2 complex
in the frequency bands C (4-8 GHz) and X (8-12 GHz). The observations with the CnB
configuration were conducted on May 3 and 5, 2016 (project 16A-195). On February 22

71
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and 23, 2017, the D configuration was employed for the observations (project 17B-063).
The continuum emission was observed by combining a total of 64 spectral windows with a
bandwidth of 128 MHz each. Alongside the continuum observations, high-resolution spectral
windows were used for line observations. Eighteen RRLs in the frequency range from 4 to
12 GHz were observed with a spectral resolution between 31.25 and 62.5 kHz (1-2 km s™1).
In Table 6.1, we list the rest frequencies of the 18 RRLs. We used the mosaic mode to cover
the whole extent of SgrB2 (~ 20’ x 20’). A total of 10 and 18 pointings, with primary beam
sizes of 7.5' and 4.5" for the C and X bands, respectively, were used. The quasar 3C286
was used as a flux and bandpass calibrator. The SED of 3C286 from 0.5 to 50 GHz was
measured by Perley & Butler (2013), with a flux of 5.059 4+ 0.021 Jy at 8.435 GHz and a
spectral index of —0.46. The quasar J1820-2528, the flux of which is 1.3 Jy in the C and
X bands, was used as phase calibrator. The calibration was done using the standard VLA
pipelines provided by the NRAO!.

Calibration and imaging were done in Common Astronomy Software Applications (CASA)
4.7.2 (McMullin et al., 2007). The calibrated measurement sets of the CnB and D array data
were concatenated to improve the uwv sampling. Self-calibration was performed to reduce
imaging artifacts and improve the final sensitivity of the image. Three loops of phase-only
self-calibration were conducted, with solution time intervals of two seconds, equal to the
integration time of the observations. The self-calibrated measurement sets were used for
imaging. All the pointings of the mosaic in each band were primary beam corrected and the
mosaic was imaged using the CASA task tclean. With a robust factor of 0.5, the images
of the C and X bands have synthesized beams of 2.7”x2.5”, with a position angle (PA)
of —82° and 1.8"x1.5"(PA = 76°), respectively. The PA is defined positive north to east.
Under such resolutions, the root mean square (RMS) noise of the C and X band images
are 0.4 mJy/beam and 0.2 mJy/beam respectively. This RMS noise is limited by dynamic
range effects due to the bright emission in the region. We achieve a dynamic range of about
4000 and 2000 for the X- and C-band images, respectively. To investigate the SED over
the whole 4-12 GHz range, the measurement sets of the C and X bands were divided into
12 frequency ranges. Thus, 12 images from 4 to 12 GHz were obtained. The uv coverage
was restricted to 0.6-50 kX for each frequency range to ensure that every image is sensitive
to same spatial scales. The 12 images are convolved to a final circular Gaussian beam of 4”.
In addition to the continuum emission, we also imaged the 18 RRLs. In order to increase
the signal-to-noise ratio, we stacked the neighboring RRLs to produce a final set of four
stacked RRLs (see Table 6.1 for details). All the RRL images were resampled to a common

~!. Finally, and with the aim of compensating for the low

spectral resolution of 2.5 km s
sensitivity (3 mJy/beam per 2.5-km/s channel), the images of the four stacked RRLs are
smoothed to a resolution of 8", resulting in a final sensitivity of 1 mJy/beam per 2.5-km/s

channel.

! The National Radio Astronomy Observatory is a facility of the National Science Foundation operated
under cooperative agreement by Associated Universities, Inc.
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Table 6.1 Observed and stacked RRLs

RRL vy (MHz) Stacked (v)* RRL vy (MHz) Stacked (v)*
Hil5a 4268.14 H100a 6478.76
Hllda 4380.95 H99a  6676.08
Hl13a 449778 ok 4.4 GHz Hosa Gssl4g ik 6.8 GHz
H1120 4618.79 H97a  7095.41
H92a  8309.38 H87a  9816.86
H9la  8584.82 H86a 10161.30
H90a 8872.57 RRL 8.9 GHz H85a 10522.04 RRL 10.5 GHz
H89a  9173.32 H84a  10900.06
H88a  9487.82 H83a 11296.41

# The frequencies of the stacked RRLs are labels corresponding to the

average frequency of the stacked lines. These values do not correspond

to actual transition frequencies, and are only used in the excitation

analysis of Sect. 6.3.2.
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Figure 6.1 Continuum images of SgrB2 in C (panel a) and X (panel b) bands.
Relevant regions are marked with their names (see Mehringer et al., 1993). The
dashed boxes mark the region of DS. The synthesized beam of the C and X images
are 2.7""x2.5"and 1.82"x1.53", respectively

6.2 Results

In this section I discuss the distribution of the radio continuum emission in the Sgr B2 re-

gion, characterize the spectral index, and study the RRL emission. We pay special attention
to the Sgr B2(DS) region.
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Figure 6.2 C band (4-8 GHz) continuum emission map of Sgr B2(DS). The circles
mark the positions of the high-mass protostellar cores identified by Ginsburg et al.
(2018). The synthesized beam is shown as a yellow ellipse at the bottom left corner.

6.2.1 Ionized gas in Sgr B2(DS)

The images of the Sgr B2 region in the C and X bands are shown in Fig. 6.1. Some relevant
objects such as the regions Sgr B2(N), (M) and (S) are indicated, as well as source V and the
Hir region AA (see Mehringer et al., 1993). The DS region is the main focus of this chapter.
It appears as a bubble-like structure with an outer-diameter of ~1.5 pc. The thickness of
the bubble edge is ~0.3 pc, with the eastern part being stronger than the western region of
the bubble, in both X and C-band images. Filaments and arcs are found along the edge of
the bubble, while the emission towards the center is just at the RMS noise level.

The radio continuum emission in DS is spatially connected to the high-mass dust cores
revealed by previous ALMA observations at millimeter wavelengths (Ginsburg et al., 2018).
As shown in Fig. 6.2, more than 60 dust cores are located at the outskirts of the bubble-like
structure, with a larger population of dense cores to the east.

6.2.2 Spectral index analysis

The C and X band data, from 4 to 12 GHz, are divided into 12 tomographic maps and
convolved to a common angular resolution of 4”. To ensure that each of the 12 channel
maps is sensitive to similar spatial scales, I have set the wv limit to the common range
0.6-50 kA. In Fig. 6.3, I show the portion of the map corresponding to SgrB2(DS). The
intensity decreases significantly from 4 GHz to 12 GHz. I analyzed the SED of the radio
emission in DS by fitting a power law to the 12 tomographic maps. I define the variation of
flux with frequency as S, o« v®, where S, denotes the flux density, v stands for frequency,
and « is the spectral index. The power-law fitting is conducted pixel by pixel for the whole
map. For each pixel, the spectral index is fit only if the emission in all the 12 tomographic
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Figure 6.3 Channel maps of the SgrB2(DS) region. All the 12 maps have been
produced considering the same uv range limited to 0.6-50 kA, and have been convolved
to a circular beam of 4”. The synthesized beam is shown as a yellow circle in the
bottom left panel.

maps is above 30, otherwise the pixel is masked. To avoid effects of possible artifacts,
the fitting minimizes a loss function r(z) = \/m — 1, where z is the square of the
difference between the fit power-law function and the observed intensity in the 12 frequency
ranges. The uncertainty of « is obtained from the corresponding diagonal element of the
covariance matrix of the fitting.

The fit spectral index map of the whole Sgr B2 region, as well as the map of uncertainty
of a are shown in Fig. 6.4. The hot cores N, M, as well as other sources in the whole Sgr B2
region, except DS, show spectral indices between —0.01 and 2, which are consistent with
thermal emission from HII regions. The central parts in N and M have spectral index values
greater than 1, which indicates that the emission is optically thick. At the edges of these hot
cores we determine flatter SEDs (e.g., @« = —0.1), suggesting that the centimeter emission
at the edges of these HII regions becomes optically thin.

In contrast to most regions in Sgr B2, the major part of DS shows negative spectral
index values (see also Fig. 6.5). I have highlighted the SED of six selected positions in the
DS region and shown them in Fig. 6.5. Source AA is included as reference for the spectral
index, since it is a known HII region with optically thin free-free emission (Mehringer et al.,
1993). As displayed in Fig. 6.5, source AA has o« = 0.01 £ 0.06, consistent with optically
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Figure 6.4 The spectral index (o, panel a) and its uncertainty, (panel b) throughout
the whole SgrB2 region. The regions marked in both panels correspond to those
regions also labeled in Fig. 6.1. See Sect. 6.2.2 for details in the calculation of the
spectral index.

thin free-free emission. The other five spots have negative spectral indices, ranging from
—0.4 to —1.2. Such values indicate the existence of non-thermal emission in DS. As shown
in the map, the distribution of the non-thermal emission extends to more than 1 pc and
forms arc structures.

6.2.3 Radio recombination line emission

In addition to the continuum emission, we also observed RRLs in the whole Sgr B2 region.
Due to the low sensitivity of these maps, I have smoothed the images to 8”’. At this
resolution it is still capable to resolve the structure of the DS region. On the smoothed
maps, Gaussian fitting was conducted and peak intensity, centroid velocity, line width and
integrated intensity were obtained for all the four stacked RRLs (see Fig. 6.6).

The integrated intensity maps of the four RRLs show distinct spatial distribution. At
4.4 GHz, the emission appears relatively diffuse, while at 6.8 GHz, different clumpy struc-
tures are visible. At 8.9 GHz the northern part of DS is brighter, while at 10.5 GHz, the
southern part of DS has more emission. Such a variation is inconsistent with a simple
thermal RRL scenario but suggests the presence of other excitation mechanisms, which will
be discussed in Sect. 6.3.2. The velocity maps of the four RRLs are in agreement for the
four images. The eastern lobe of the bubble shows a velocity gradient ranging from ve-
locities about 70 km s~! in the center down to 55 km s™! in the outer edge. As shown in
the line width maps, the RRLs are typically broad, with values above 30 km s~!, signifi-
cantly exceeding the thermal broadening of RRLs in HiI regions with electron temperatures
T, = 10* K (Av =~ 20 km s~!). Notably, the line width at the eastern edge of the bubble
reaches more than 40 km s~!. The velocity difference between the eastern edge of DS and
the center, together with the increase of line width at the eastern edge, suggests a possible



6.3. Thermal and non-thermal components in Sgr B2(DS) 7

Spectral Index
-1.0 -0.7 -0.4 -0.1 0.2
[ e e—— ]

100 a d @ I AAd 100
--------------- -28°24'40" @

a=-0.76+0.12 = a=0.01+0.06

25'00" d- 100
Ll et

a=-0.38+£0.13

100 b

ey

2000)

(/
.
|

Dec

20"

1 1
= 100 c I eq100 %
% ..... LR o 4 \ ,..._.n._.1__,__:__,"_'________,__' ‘)—E('
3 a=-124%023 ' T -1-"'-'1 ® @ 03Rc a=-058+021 v 2
2 i

1 L r 1

4 6 10 17h47m24s 225 20s 4 6 10
Frequency [GHz] RA (J2000) Frequency [GHz]

Figure 6.5 The spectral index of DS. Six spots are taken as examples to show the
fitting of SED and the fit spectral index («). The contours are where the flux density
at 4 GHz is 10 mJy/beam. The angular resolution is 4”x4”, and the beam is shown
in the lower left corner.

interaction between the expanding HII region and its surrounding material.

6.3 Thermal and non-thermal components in Sgr B2(DS)

The power-law fitting of the continuum emission in Sgr B2(DS) results in a spectral index «
that varies from —1.2 to —0.1. The observed range of values of a implies that the centimeter
continuum emission in DS is a mixture of thermal and non-thermal contributions. In this
section, I dissect the thermal and non-thermal components in the continuum emission and

also analyze the properties of the RRL emission.

6.3.1 Disentangling the thermal and non-thermal components

In the following I present two different approaches to disentangle the contributions of the
thermal and non-thermal emission in order to better characterize their origin in Sect. 6.4.
The two methods are extrapolating high-frequency emission and fitting the SED with fixed
spectral indices.

Extrapolating high-frequency emission

Thermal emission at radio wavelengths is characterized by a relation in which the intensity
increases with or is independent of the frequency. On the contrary, the non-thermal emission
is characterized by the intensity decreasing with frequency. This suggests that the emission
at higher frequencies (corresponding to 11.2 GHz in our dataset) is likely to be dominated by
the thermal component, while the emission at lower frequencies (corresponding to 4 GHz) is
dominated by the non-thermal component. In the first approach, I assume that the emission
at the highest frequency in our data is dominated by pure thermal (free-free) emission.
The total flux of DS at 11.2 GHz is 0.5 Jy within a diameter of ~36", corresponding to a
brightness temperature of 14 K. For a typical HiI region temperature of 5 x 103-10% K, the
optical depth 7 ranges from 1.4 x 1073 to 2.8 x 1073, Therefore, the free-free emission of DS
is optically thin. I use the typical spectral index o = —0.1 of optically thin free-free emission
to extrapolate the 11.2 GHz flux density to 4 GHz. The extrapolated thermal component is
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Figure 6.6 Maps of the fit parameters of RRLs in DS. From top to bottom the four
rows show the integrated intensity, centroid velocity, line width, and peak intensity.
The RRLs are fit with a Gaussian function. The synthesized beam (8 arcsec) is shown

at the lower left corner of each panel. Continuum emission at respective frequencies
(4.4, 6.8, 8.9 and 10.5 GHz) are overlaid as contours.

subtracted from the observed flux density at 4 GHz to get a pure non-thermal component. In
Fig. 6.7 I show the derived thermal and non-thermal components at 4 GHz. The non-thermal
emission appears more widespread, while the thermal component appears concentrated in
different clumps located along the edge of the bubble. As expected, the Hi1 region AA has
strong thermal emission, while at 4 GHz, the contribution from the non-thermal component
drops below the RMS level. Only in the southeastern region, connecting source AA with the
bubble-like structure of DS, I find some presence of a possible contribution of non-thermal
emission.

The total observed flux at 4 GHz (within the circle highlighted in Fig. 6.7) is ~1.5 Jy, for
which T determine that ~60% has a non-thermal origin. Since I have assumed that the emis-
sion at 11.2 GHz is purely thermal, the contribution of thermal emission at 4 GHz is most
likely overestimated and therefore, the non-thermal contribution may be underestimated.
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Figure 6.7 Spatial distribution of synchrotron (or non-thermal, left panel), mixed
(central panel, corresponding to observed image) and free-free (or thermal, right
panel) components of DS at 4 GHz as derived from method described in Sect. 6.3.1.
The thermal emission map is extrapolated from 12 GHz assuming that at this fre-
quency the emission is originated by a thermal component with a spectral index
a = —0.1. The non-thermal emission is obtained by subtracting the extrapolated
thermal emission from the mixed emission. The contours are the same as in Fig. 6.5.
All panels have a circular beam of 4” (shown in the bottom left corner of each panel).
The dashed circles indicate the region in which we calculate the flux density of DS
(see Sect. 6.3.1).

Fitting the SED with fixed spectral indices

In a second approach, I aim at simultaneously determining the contribution of thermal and
non-thermal emission. For this, I fit the SED covering the whole range from 4 to 12 GHz
with two power-law functions describing each component. For the thermal component, the

—0-1 " assuming that the emission is optically thin free-free. For

power-law is Sy (v) o< v
the non-thermal component, I use Sy (v) o< =7 (see Hollis et al., 2003; Protheroe et al.,
2008; Jones et al., 2011). I fit the observed SED with a linear superposition of these two

power-law functions and get the contribution of each component at different frequencies.

As shown in Fig. 6.8, at 4 GHz, the spatial distribution of the non-thermal component
is more widespread compared to the thermal component which is mainly concentrated in
the central part of the eastern lobe. This is consistent with the spatial distribution of the
two components shown in Sect. 6.3.1. The HiI region AA appears to have pure thermal
emission in the center, with a possible contribution of non-thermal emission in the outskirts.
The presence of non-thermal emission in the outskirts of HiI regions have been found in a
handful of objects (e.g., Garay et al., 1996; Miicke et al., 2002; Veena et al., 2016, 2019).

From the simultaneous fit of a thermal and non-thermal components, I determine that
90% of the total emission at 4 GHz has a non-thermal origin in Sgr B2(DS). The difference
of the relative contribution of thermal and non-thermal components derived from the two
methods (see Sect. 6.3.1) can be due to either the assumption of the thermal dominance at
11.2 GHz considered in the model presented in the previous section, or the fixed values of
« for the thermal and non-thermal components used in this method. Overall, the results of
both methods are in agreement and confirm the presence of extended non-thermal emission
in SgrB2(DS). Further observations at higher and lower frequencies may help to better
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Figure 6.8 Spatial distribution of the synchrotron (left panel), mixed (central panel)
and free-free (right panel) components of DS at 4 GHz.  All the three images are
obtained after fitting the observed SED with the sum of two power-law functions:
Sin(v) o< v7%t and Sy (v) oc v=07 for the thermal and non-thermal components,
respectively (see details in Sect. 6.3.1). The contours are the same as in Fig. 6.5. All
panels have a circular beam of 4" (shown in the bottom left corner of each panel).
The dashed circles indicate the region in which we calculated the flux density of DS
(see Sect. 6.3.1).

constrain the properties and distribution of the thermal and non-thermal components in
this region.

6.3.2 Stimulated RRLs

As discussed in Sect. 6.2.3, the RRLs integrated intensity distribution varies significantly
among the four stacked frequencies. From Fig. 6.6, one can see that the peak intensity
of RRLs at the center of the eastern lobe increases monotonically with frequency, which
suggests that the RRLs at this part of DS are excited under local thermodynamic equilibrium
(LTE) conditions, since under LTE the peak intensity of RRLs obey S, o v. However, at
the edge of DS, as shown in Fig. 6.9, the peak intensities of the RRLs exhibit anti-correlation
with frequency at 6.8, 8.9, and 10.5 GHz, which suggests that the RRLs in these regions
are probably under non-LTE conditions.

I also find that the RRLs are likely excited under non-LTE conditions when comparing
their emission with the continuum brightness. Under LTE, the integrated intensity of RRLs
relates to optically thin free-free emission as

St Av s v o\ (T MY
Sc<kms_1> = 6.985 x 10 <GHZ) (K) , (6.1)

where St, and S¢ are the peak flux of RRL and flux of free-free continuum, respectively,
and T, is the electron temperature. Adopting T, = 8000 K (see Mehringer et al., 1993), I
derive the corresponding free-free continuum level of the four stacked RRLs (RRL-derived

free-free emission, hereafter RFE). The comparison between the RFE and the continuum
emission at the four frequencies is shown in Fig. 6.10. The observed continuum emission is
supposed to be a mixture of free-free and synchrotron emission, which should have a higher
intensity than the RFE maps. However, the RFE exceeds the observed continuum by a
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Figure 6.9 Right: Spectral index map of the SgrB2(DS) as shown in the central
panel of Fig. 6.5. The map of the uncertainty of spectral index is as shown in the
right panel of Fig. 6.4. Left: Peak intensities of the four stacked RRLs (see Table 6.1)
at four selected positions. Position (a) corresponds to the well-known HiI region AA,
while the other positions have been selected to probe regions with negative spectral
indices. The dashed line in each panels marks the scenario for LTE under which the
flux is proportional to the frequency.

factor of ~2 at the low frequency end. One possible origin of this excess is that the RRLs
are not under LTE conditions but stimulated.

To characterize the stimulation of RRLs, I introduce the RRL peak ratio n. According to
theoretical models, the peak intensity of stimulated RRLs and frequency are anti-correlated
at high frequencies (Shaver, 1978). Therefore, I consider the RRLs at 8.9 and 10.5 GHz and
define

S 2
n = 0.85°20:5 GHz (6.2)
58.9 GHz

where S105 gnz and Ssg g, are the RRL peak intensities, respectively, while the normal-
ization factor 0.85 = 8.9/10.5 result in n = 1 when LTE conditions hold. When the RRLs
are stimulated, n < 1. In Fig. 6.11 I show the n map of DS. From the plot, one can see that
in the central and western part of DS, n =~ 1, which indicates that the emission is under
LTE. At the eastern edge of DS, I find n < 1, which suggests the presence of stimulated
emission. Notably, source AA displays n = 1, meaning that its emission is under LTE,
which is consistent with the scenario that source AA is an HII region with only thermal
emission.

I quantify the correlation between non-thermal emission and the stimulation of RRLs,
by plotting 1 against « pixel by pixel (see Fig. 6.12). A total of 63% of the pixels in DS
have o < —0.1, meaning associated with non-thermal emission. Among these non-thermal
pixels, 86% (53% of all the pixels in DS) have n < 1, i.e., the RRLs are stimulated under
non-LTE conditions. Out of all the pixels, 58% have n < 1. The vast majority (92%) are
associated with non-thermal emission. Therefore, most of the area in DS associated with
non-thermal emission is also associated with stimulated RRLs, and similarly, almost all the
parts associated with stimulated RRLs show non-thermal emission. The correlation between
«a and 7 seen in Fig. 6.12 is consistent with the scenario that RRLs can be stimulated by
non-thermal emission (Shaver, 1978).
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Figure 6.10 Top panels: Free-free continuum maps of the Sgr B2(DS) region derived
from the four staked RRLs (RFE as described in Sect. 6.3.2, following Eq. 6.1) at 4.4,
6.8, 8.9, and 10.5 GHz.. Bottom panel: Observed continuum emission at 4.4, 6.8, 8.9
and 10.5 GHz. For comparison, the observed continuum maps are also smoothed to
8", the beam is shown as the shaded circle in the lower left of each plot.

6.4 Origin of thermal and non-thermal emission

I have found that the DS region, located within the envelope of SgrB2, shows a mix of
thermal free-free and non-thermal synchrotron continuum emission at radio wavelengths.
This kind of radio continuum emission may have different origins: HII regions, supernova
remnants (SNRs), planetary nebulae (PNe) or extragalactic radio sources. Although the
most probable origin is the HiI region, I have explored the other three scenarios. I searched
the XMM-Newton catalog for X-ray sources in the region, and found no source associated
with DS in the 0.5-12 keV continuum bands (Ponti et al., 2015). The lack of bright X-ray
emission suggests that I can exclude a scenario in which DS is a SNR. In a different scenario,
PNe can emit in the radio regime, however, their typical size ranges from 0.03 to 0.1 pc,
i.e., significantly smaller than the radius of DS (0.5 pc). Additionally, the age of PNe is
expected to be between 107 and 10'° yr (e.g., Bressan et al., 1993), much longer than the
age of Sgr B2 (estimated to be about 0.74 Myr, see Kruijssen et al., 2015). Also, I estimate
the total mass of the ionized gas in DS to be ~ 500 Mg, which is much larger than the
mass of a typical low-mass star that can generate a PN. Therefore, I exclude the possibility
that DS is a PN. The minimum detectable flux density of our images is ~0.2 mJy, which
can be used to estimate the expectable number of extragalactic radio sources. In the entire
area of SgrB2 (7'x7'), the expected number of extragalactic radio sources is ~1, while in
the 1"x1’area of DS, the number is ~0.03 (see Condon et al., 1998; Anglada et al., 1998).
Additionally, the spatial extension of DS (~1') is significantly larger than the typical size
of extragalactic radio sources (see Condon et al., 1998). Therefore, the possibility that DS
is an extragalactic radio source is excluded. Thus, the only remaining scenario is DS being
an HII region. In this section, I discuss the properties of the central star and the possible
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Figure 6.11 Map of n (see Sect. 6.3.2) in DS. The X band continuum emission is
overlaid as contours. The synthesized beam, corresponding to 8", is plotted as a dark
circle at the lower left corner. The dashed circle indicates the area in which pixels
are taken into account for Fig. 6.12.

mechanisms that can produce the observed non-thermal emission.

6.4.1 Ionization by a central star

According to Eq. A.29, the flux of Lyman continuum photons from DS can be calculated.
The total flux of the free-free emission in DS is 0.5 Jy at 11.2 GHz, assuming that the
continuum emission at this frequency is pure thermal. For a typical HiI region, the electron
temperature ranges from 5000 to 10000 K (Zuckerman et al., 1967). Taking D = 8.34 kpc
for SgrB2, I obtain a flux of Lyman continuum photons of 46 x10* s~!. Such a Lyman
continuum flux corresponds to an O7 ZAMS star (see Table IT of Panagia, 1973). I have
searched the Spitzer infrared images (e.g., Ramirez et al., 2008) for a possible infrared
counterpart of the star ionizing the HiI region in DS, but found no clear candidate.  Also
the young stellar object catalog of (Yusef-Zadeh et al., 2009) does not show any infrared
source in the center of DS. One possible reason for the lack of a detected infrared source in
DS is the high extinction. Assuming a column density of molecular hydrogen of 10%* cm ™2
in DS (Schmiedeke et al., 2016; Ginsburg et al., 2018), the extinction at 5 pm is ~ 20,
based on the grain model by Li & Draine (2001). For an O7 star at a distance of 8.34 kpc,
this extinction result in an apparent magnitude ~ 30, which is non-detectable in current

infrared images.
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Figure 6.12 Plot of ) against spectral index («). Only the pixels that are in the area
marked by the dashed circle in Fig. 6.11 are taken into account, thus the influence
of source AA is excluded. The criterion of non-thermal emission, & = —0.1, is shown
with a vertical dashed line, while the criterion of stimulated RRL emission, n = 1,
is shown as a horizontal dashed line. These two orthogonal lines divide the whole
a—n space into four quadrants. For each quadrant, the number of pixels within it as
a percentage of the number of all the pixels is written. The points with error bars
crossing the @« = —0.1 or n = 1 lines are colored gray and neglected in the statistics.

6.4.2 Non-thermal emission origin

The interaction between cosmic-ray nuclei and the interstellar medium produces secondary
electrons (and positrons). These secondary electrons can be a source of synchrotron emission
like the one detected in SgrB2(DS). Protheroe et al. (2008) analyze diffusion models and
indicate that for secondary electrons to radiate synchrotron emission at GHz frequencies in
~1 mG magnetic field, cosmic-ray particles should have multi-GeV energies, whereas such
cosmic-ray particles cannot penetrate into the cloud due to the high gas density in Sgr B2
(see, e.g., Padovani et al., 2009, 2013). Thus, the penetration of cosmic rays from outside
(e.g., from the nearby Galactic center) is excluded as a possible origin to the non-thermal
emission observed in Sgr B2(DS).

However, the presence of synchrotron emission is the fingerprint of relativistic electrons.
Padovani et al. (2015, 2016) showed that particle acceleration can take place at a shock loca-
tion in protostars according to the first-order Fermi acceleration mechanism (also known as
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Figure 6.13 Maps of shock velocity (U), volume density (n), and magnetic field
strength (B) of DS that reproduce the observed flux density maps at the 12 frequencies
(see Fig. 6.3) by the First-order Fermi acceleration model through a x? test using the
model described in Padovani et al. (2019). The model also generates the modeled
spectral index (amoa) map which is consistent with the observed a,ps map.

diffusive shock acceleration). In fact, local thermal particles are accelerated up to relativis-
tic energies while crossing back and forth a shock surface thanks to magnetic fluctuations
around the shock itself.

In a companion paper, (Padovani et al., 2019), including me, present an extension to this
theory applied to HiI regions. We demonstrate that electrons can be efficiently accelerated
under the hypothesis that the flow velocity in the reference frame of an expanding HiI region
hitting denser material is sufficiently high (> 35 km s™!) to switch on particle acceleration.
The main parameters of the model are the magnetic field strength, the the flow velocity in
the shock reference frame (hereafter velocity), the temperature, the volume density, and the
ionization fraction. Assuming a complete ionized medium and a temperature of 8000 K (see
Sect. 6.3.2), we studied the parameter space volume density-magnetic field strength and
computed the emerging shock-accelerated electron flux for a shock radius of 0.36 pc, which
is the average distance between the center of DS and the inner surface of the synchrotron
emitting region. This electron flux is used to compute the synchrotron emissivity and then
the flux density between 4 and 12 GHz for a beam of 4”and an average emitting region
size? of 0.85 pc. We performed a x? test to find the values of the velocity (U), density
(n), and magnetic field strength (B) that best reproduce the observations. For the flux
densities we obtain an average accuracy of about 20% assuming 33 < U < 50 km s~ !,
10* < n/em™3 < 9 x 104, and 0.3 < B/mG < 4. From the model, we derive maps of the
velocity, magnetic field strength and density in the SgrB2(DS) region (see Fig. 6.13). The
magnetic field strength is found to be in the range 0.5-2 mG as reported by Crutcher et al.
(1996). The model also gives an a map of DS, which is in agreement with the observed
a map (Fig. 6.5). It is interesting to notice that the velocity is lower where the density is
higher. One reason might be that the flow is moving faster towards the east-west direction,
which is the direction of minimum resistance. In contrast, the velocity is lower toward
the northern direction where the density is higher. Although the RRL line width cannot
be directly used to determine the shock speed, we note that it is significantly larger than

2The average size, L, of a shell-shaped emitting region with inner and outer radii, Rin and Rout, respec-
tively, is L = (7/2) Rous (1 — R2,/R2.,). For DS we assume Rin = 0.36 pc and Rous = 0.72 pe.
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the typical expansion velocity of an Hir region (10 km s~! Draine, 2011), which points to
an additional mechanism of acceleration. One possible origin of the high velocity is the
presence of a stellar wind driven by the O7 star that likely ionizes the HII region (see e.g.,
Veena et al., 2016; Pereira et al., 2016; Kiminki et al., 2017). We note that velocities of
about 35 km s™! are in agreement with what is obtained by simulations of HiI regions of O
and B stars driving strong stellar winds (Steggles et al., 2017).

It is important to remark that the flux densities (from which the spectral index is derived)
estimated by our model are based on the assumption that all the parameters (magnetic
field strength, velocity, temperature, density, and ionization fraction) are constant along
the line of sight. For a proper modeling, one should account for the spatial variations
of these quantities. However, the fact that model results are already fairly comparable
with observations is an indication that shock-accelerated electrons may represent the key to
explain the synchrotron emission in Sgr B2(DS). Previous studies (e.g., Yusef-Zadeh et al.,
2007a,b, 2013, 2016) indicate that cosmic-ray induced non-thermal emission is common in
the Galactic center region. On large scales, where the density is not as high as in the
envelope of SgrB2; cosmic rays may play a dominant role in the production of relativistic
electrons, while in extremely dense regions (and smaller scales, like Sgr B2(DS)) HiI region

shocks may be a dominant source of non-thermal emission.

6.5 Summary

I have observed the giant molecular cloud Sgr B2 with the VLA in its D and CnB configu-
rations. I obtained continuum and RRL maps in the frequency range 4-12 GHz, covering a
spatial extent of about 20’ x 20, with a beam size of 4”. T have focused our study on the
Sgr B2(DS) region, located in the southern area of the Sgr B2 envelope. My main results
are:

e SgrB2(DS) is bright at radio wavelengths, with intensities in the range 10-50 mJy /beam,
within the observed 4 to 12 GHz frequency range. At 4” resolution, DS appears as
bubble-like HiIl region with a diameter of about 1.5 pc, powered by an O7 star, and
surrounded by dense gas and a series of dense cores distributed in an arc structure
around it.

e I find that the total flux of DS decreases from 1.9 Jy at 4 GHz down to 0.5 Jy at
12 GHz. Spectral analysis shows that the spectral index of DS varies from —0.4 to
—1.2, suggesting the presence of non-thermal emission, in addition to the thermal
emission of the HiIl region. I decompose the thermal and non-thermal components
in DS, and find that the thermal emission is clumpy and concentrated in the eastern
lobe of the bubble-like structure, while the non-thermal emission appears widespread
over the whole region.

e The emission of RRLs in DS show a central velocity varying from 70 km s~! in the
center to 55 km s~! in the outer edge. The line widths of the RRLs range from
30 to 40 km s~!. From the RRLs integrated intensity, we derive the corresponding
thermal continuum emission, which exceeds the observed continuum by a factor of
about 2 at the low frequency end. In addition, the RRLs intensity does not follow
the S, o« v relation expected for RRLs under LTE conditions, but drops at high
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frequencies likely due to non-LTE effects. I find a correlation between the presence of
non-thermal emission (i.e., negative spectral indices) and those regions where RRLs
are excited under non-LTE conditions. This suggests that RRLs in Sgr B2(DS) are
possibly stimulated by synchrotron emission.

Collaborated with Padovani et al. (2019), we modeled the observed synchrotron emis-
sion, and found that relativistic electrons can be produced via first-order Fermi accel-
eration, which is triggered by the interaction between the expanding HiI region and
the denser surrounding material. The model, which is presented in a companion pa-
per of Padovani et al. (2019), reproduces the observed flux density and spectral index.
From the model, we derive maps of the flow velocity in the shock reference frame,
magnetic field strength and density in the Sgr B2(DS) region. Velocities are found to
be between 35 and 50 km s~! as found in simulations of cometary HiI regions of O
and B stars driving strong stellar winds. The magnetic field strength is found to be
in the range 0.3-4 mG as reported by Crutcher et al. (1996) and the density in the

range of 1 — 9 x 10* cm 3.
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Chapter 7

Large Scale: The Envelope

The large scale structure of SgrB2 is mainly the envelope in which the two main hot cores
SgrB2(N) and SgrB2(M) are embedded. Martin-Pintado et al. (1999) studied the dense gas
in the envelope with high-resolution observations (beam size: 3”), but covering an area of
only 3'x3'. Jones et al. (2012) observed multiple molecular lines in the envelope of SgrB2
with Mopra telescope, which covers 5'x5" of the envelope but only has a resolution of
~ 40”. Apart from the molecular gas, the ionized gas in the envelope has been observed
with telescopes such as the VLA and GBT, but the resulting dataset were either limited in
resolution (e.g. Law et al., 2008b) or in sensitivity (e.g. LaRosa et al., 2000) compared to
the VLA data used in this thesis. In this chapter, using the novel VLA cm wavelength data
and the ALMA HC;N line data, I characterize the physical properties of the HII regions in
the envelope as well as the kinematic structure of the envelope that traced by RRLs and
dense molecular line. In Sect. 5.1 I describe the observations. Section 5.2 shows the results.
In Sect. 5.3 I analyze the results. In Sect. 5.4 I summarize this chapter.

7.1 Observation and data reduction

Three datasets are used for this chapter. Details of the observation and data reduction of
these three datasets are described in the following.

VLA continuum: The observations are as described in Section 6.1. Since the spectral
index is not the main focus of this chapter, I utilize the full uv coverage of the C
and X band data. The angular resolution of the datasets are (2.72”,2.52” —81.7°)
and (1.82",1.53"”,—76.0°) , respectively'. Due to artifacts in the images, I do not use
nxRMS as the sensitivity in this chapter. However, the sensitivity is determined based
on the level of artifacts (see the intensity profiles shown in Fig. 7.1 and Fig. 7.2). 1
estimate the sensitivities to be 1.5 mJy/beam and 1.0 mJy/beam for the C and X band
images, respectively. Although the original images cover a large area (see Fig. 3.6),
but considering the low SNR at the edge of the images, I use the central ~ 12" x 12’
area for both bands in this chapter. The spectral coverage is 4-8 GHz and 8-12 GHz
for the C and X band, respectively.

RRLs: The observation of RRLs are described in Section 6.1. Utilizing the ‘visibility
stack’ method, which is described in Section 4.4, the eight RRLs in C band and ten

'Resolution in format (Omaj, Omin, PA).
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RRLs in X band are stacked to form two datacubes, namely ‘RRLC’ and ‘RRLX’.
The resolution of RRLC and RRLX are 7”and 4”respectively, which is the resolution
that the RRL images were smoothed to during stacking. The spectral resolution of
RRLC and RRLX are both 2.5 km s~! . The velocity coverage of RRLC and RRLX
are both from —35 km s™! to 165 km s~! . Due to its better image quality and
higher resolution compared to RRLC, I focus on RRLX in this chapter. The RMS
per channel of RRLX is ~ 0.5 mJy/beam. The spatial coverage is the same as that of
the continuum images of the VLA. The frequency coverage and uv coverage of RRLX,
although discretely sampled compared to the continuum images, is regarded as the
same as that of the continuum image in X band.

HC3N: The details of the observation of the HC;N(10-9) datacube, which has been ob-

served with ALMA, is described by Ginsburg et al. (2018). The velocity coverage of

the dataset is from —200 km s~! to 200 kms~!, with a velocity resolution of 2 km s~! .
The rest frequency of HC3N(10-9) is 90.9790230 GHz (according to CDMS, see Miiller
et al., 2001). Due to the lack of large scale emission in the datacube, which is probably
caused by the lack of short uv distance coverage, and, consequently, the presence of
negative bowls in the image, I do not estimate the RMS of this dataset. The spatial
coverage of the HC3N image is ~ 7/ x 7, with a resolution of (3.46",1.95”,72.5°).
Although the continuum subtraction has already been conducted on the cube (see
Ginsburg et al., 2018), I apply a median subtraction on the cube again to better
remove the continuum component. The median is calculated from —200kms~! to

—150km s~!, where the spectra are line-free.

The observation of VLA continuum and RRLs was lead by me, as described in Sec-
tion 6.1. The ALMA observations of HC3N was led by Ginsburg. The data reduction of
VLA continuum and RRLs are done by myself. Ginsburg did the date reduction of the
HC;3N data, and allows me to process and conduct further analysis on the FITS file.

7.2 Results

This chapter focuses on two major components in the envelope of SgrB2, Hil regions and
molecular gas. The VLA continuum and RRL data allow us to study the distribution, kine-
matics, and physical properties of the HII region (ionized gas). The HC3N (10-9) emission
observed with ALMA traces dense molecular gas in the envelope. In this section, I present
results on both components.

7.2.1 Ionized gas

The continuum emission in the centimeter bands traces mainly the free-free thermal emission
from Hir regions. Although as shown in Chapter 6, SgrB2 (DS) is also partially associated
with synchrotron emission, the other regions of the envelope of SgrB2 seem to be dominated
by thermal emission. The intensity maps of the entire envelope of SgrB2 and zoom-in maps
are presented in Fig. 7.1 and Fig. 7.2, for the C and X bands respectively.

The peak intensity map of RRLX is shown in Fig. 7.4 while a zoom-in is displayed in
Fig. 7.5. The detection threshold is set to be 1.0 mJy/beam. I fit RRLX with Gaussian
profiles and produce maps of the fitted parameters — integrated intensity, central velocity
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and line width. The integrated intensity map is shown in Fig. 7.6. At the center of (N) and
(M), the integrated intensity of RRLX reaches 3.1 Jy/beam and 4.2 Jy/beam respectively.
The central velocity of RRLX in the entire SgrB2 ranges from 40 to 90 km s~! | see Fig. 7.7.
The line width of RRLX is from 20 to 45 km s~! in SgrB2, see Fig. 7.8.

Mehringer et al. (1993) detected and characterized fourteen HII regions in the envelope
of SgrB2. In this chapter, these fourteen HII regions are named as ‘M93#’, where ‘#’ is the
ID used by Mehringer et al. (1993). I have identified eight new Hi1 regions that are named
as ‘IG#’, where ‘IG’ stands for ‘ionized gas’ while the ‘#’ is the minutes and seconds of the
declination of the HII region. In total, I have identified 22 radio continuum sources in the
envelope of SgrB2. In Table 7.1, I list their observational parameters. Column ‘R’, which
stands for radius of the core, is the radius of the minimum circle that can include all the
valid pixels of the HiI regions. Here ‘valid pixels’ means the pixels that have flux density
above the noise level. The 22 HiI regions have R ranging from 1.8”to 30”. HiI region 1G2715
has the largest spatial extension, which may result in the underestimation of its real flux
density due to filtering effect of the interferometric observations. Columns Sc¢ and Sx of
Table 7.1 list the flux density within the circle with radius R (for the photometry method
used, see Eq. A.12). The uncertainty of the flux densities are derived as o/N, where ¢ is
the typical noise level, which is 1.5 and 1.0 mJy/beam for C and X band, respectively, and
N is the number of valid pixels that are used in the photometric analysis. The spectral
index, derived from S¢ and Sx, is denoted as a. The here-listed «, compared to the pixel-
by-pixel spectral index shown in the map of Fig. 6.4, reflects the overall (average) spectral
index of the whole HII region. Most of the HiI regions have o between —0.1 and 0.1, which
suggests that they are mainly associated with optically thin free-free emission. The two
largest HiI regions, 1G2608 and IG2715 have negative a, which is probably due to different
interferometric spatial filtering in both bands. Since the C band image recovers larger scales
compared to the X band image, if a HII region has a significant portion of large scale flux
density, its total flux will be more severely underestimated in the X band than in the C
band, which may cause the measured a to be smaller than the real value.

The observed parameters of RRLX are also listed in Table 7.1. The integrated intensity
is calculated similarly as the photometry done for Sc and Sx. While the central velocity
(‘Velo’) and line width (‘FWHM’) are average values from the valid pixels. The ‘error’ for
Velo and FWHM are the standard deviations of the corresponding quantities, calculated
from all the valid pixels of the Hir regions. The velocity of the HiI regions ranges from ~ 50
km s~! to 84 km s~! (IG2608). The line width ranges from ~ 20 km s~! to 55 km s~!
. These velocities are consistent with ionized gas at temperatures of 10* K, and that the
excess in the line width for some regions (e.g. M92C) may be due to internal dynamics
(e.g., expansion, or further multiplicity not resolved in our data).

Table 7.1 Observed parameters of HiI regions in the envelope of SgrB2

Region RA* Dec® R Sc Sx a Int® Velo FWHM °©

1 1 —1

arcsec mJy mJy mJy kms™ kms™ kms

1G2207 18.11 22:07.2 2.0 8.8£0.3 12.0+£0.5 0.6£0.1 21.2+15 7T4£15 55+41

1G2210 24.12 22:09.1 6.0 42.2+0.9 35.7+£1.2 —-0.3£0.1 85.3+3.2 59.8+4.2164+20
1G2243 14.89 22:43.3 3.1 10.2+0.5 154+0.8 0.8+0.2 39.7£20 67171 186=+£24
1G2431 20.46 24:29.7 3.5 19.0£0.6 17.2+0.9 —-0.2£0.2 133.3£2.6 59.1£4.9 33.6+6.0

continued
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Table 7.1 Observed parameters of HIiI regions in the envelope of SgrB2

Region RA* Dec® R Sc Sx a Int® Velo!  FWHM °©
arcsec mJy mJy mJykms™'  kms™! kms™!
1G2432 24.00 24:31.9 2.2 6.5+ 0.3 5.7+ 0.5 —-0.3+0.3 27.3+1.5 55.3+8.026.2+4.0
IG2608 29.85 26:10.0 16 228.34+20 1157+23 —1.3340.06 765.9+6.6 84415 31+12
1G2611 15.69 26:12.5 5.0 26.1+£0.7 196+1.0 —0.6£0.2 41.2+£2.8 64.0+6.3 19.5£54
1G2715 33.94 27:02.8 30 233.0+26 9.6+0.8 —6.2140.2 4569 £21 70.5+8.0 28+13

M92A 11.22 26:32.0 50 189.3+09 176.6+1.3 —0.14+0.02 761.5+3.7 59.5£3.6 31.3+3.6
M92B 13.63 26:54.2 5.0 366.0+0.9 352.1+14 —0.08+0.01 1313.3+3.7 56.1 £3.9 39.6 5.5
M92C 14.63 26:52.4 5.0 831.1+0.9 861.6+1.4 0.071+0.005 2447.1 +£3.7 53.2+4.1 43.8+5.3
M92D 15.35 26:45.2 5.0 126.6+0.8 132.7+13 0.09+0.03 554.8+3.7 61.7+84 40£24

M93BB 22.13 22:17.6 6.5 2585+1.1 2003+£1.8 —0.50+0.03 942.6+4.8 64.8+4.122.7+2.1
M93L  22.64 21:54.5 5.5 1093.7£0.9 1225.0+1.5 0.2224+0.004 4755.3+4.1 75.3+£4.1 30.4+4.9
M930O 22.89 22:48.2 2.3 124+0.3 12.0+0.5 —-0.1£0.1 475+£15 80£12 299=£5.7
M93P 23.69 23:35.4 2.4 204+03 23.1£0.6 0.24 +£0.08 446+15 80+£11 21.5£3.5
M93Q 24.86 21:44.5 1.8 11.6+0.3 11.9+04 0.1£0.1 37711 66£12 20.6+4.1
M93R 26.11 22:05.0 6.9 885.7+1.1 865.1+1.8 —0.046 +0.007 2910.2 +4.8 58.1 £3.1 32.5+5.0
M93T 27.44 21:00.3 4.3 84.8=+0.7 855=£1.1 0.02+£0.04 3429+29 57+£12 44+10

M93U 12.13 22:36.6 6.3 234.9+10 221.1+1.7 —-0.124+0.02 969.3+4.4 66.5+3.6 26.5+2.9
MI93W 16.70 23:289 5.0 61.5+£08 584+12 —0.10+£0.06 150.3+3.3 67.6+4.517.0+£2.8
M93X 17.31 22:03.8 2.3 26.2+0.3 322+£0.5 0.40 £ 0.06 66.3£1.5 589+8.4 251£4.5

* RA ‘17:47:SS.SS’ is denotes as ‘SS.SS’.

P Dec -28:MM:SS.S’ is denotes as ‘MM:SS.S’.

¢ Integrated intensity of RRLX.

4 Central velocity of RRLX.

¢ Line width (FWHM) of RRLX.

f Affected by different sensitivity and uv coverages.

In the following, I investigate the probability distribution function (PDF) of the flux
density S in the C and X bands over the entire mapped region. The probability density of
S, denoted as p(.9), is defined as

N(5)

p(S)As = =7,

(7.1)
where N(S) is the number of pixels with flux density between S and S+ AS, and N is the
total number of ‘valid pixels’, i.e., pixels with S > 0.01 mJy/beam. The PDF of both bands
is shown in Fig. 7.9. For fluxes in the range 1.5-300 and 1.0-150 mJy/beam, for C and
X band respectively, p(S) displays a power law relationship, with indices —1.77 + 0.02 and
—1.7340.02 respectively. As a comparison, the PDF of a molecular cloud under self-gravity
also follows power-law (e.g. Klessen, 2000), with a power-law index between —1.5 and —2
for free-fall collapsing clouds (Schneider et al., 2015). For a more detailed study, I have also
determined the PDF for three different regions: SgrB2(N), (M) and (DS). The PDFs are
shown in Figs.7.10, 7.11, and 7.12. For each region, subregions are selected to derive the
PDFs. The overall trend shows that the central denser subregions have shallower PDFs.
The power-law indices of SgrB2(N) and (M) range from —1.3 to —0.8, while (DS) has indices
~ —3. It is worth to notice that the spacial filtering effect introduced by the interferometers
may affect the indices (see e.g. Ossenkopf-Okada et al., 2016). The results presented above
and the discussion on the PDFs in Section 7.3.1 are based on the assumption that the biases
on the PDF caused by the incomplete sampling in our data is not severe.
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Figure 7.1 Upper Panel: Image of the entire SgrB2 envelope in C band. Beam
pattern is marked in format (6maj, Omin, PA). Lower Panel: Two profile cuts, which
marked in blue and red in the upper panel. To show the negative artifacts in the
log-scale plot, the profiles are the absolute value of the intensity profile. The offset
of each profile increase from left to right and from bottom to top. The dotted box
marks the plot region of Fig. 7.3.
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Figure 7.2 Upper Panel: Image of the entire SgrB2 envelope in X band. Beam
pattern is marked in format (Omaj, Omin, PA). Lower Panel: Two profile cuts, which
marked in blue and red in the upper panel. To show the negative artifacts in the
log-scale plot, the profiles are the absolute value of the intensity profile. The offset
of each profile increase from left to right and from bottom to top. The dotted box
marks the plot region of Fig. 7.3.
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Figure 7.4 Upper Panel: Image of the peak intensity of RRL in X band. Beam
pattern is marked in format (6maj, Omin, PA). Lower Panel: Two RRL spectra, which
marked as blue and red ‘+’ in the upper panel. The dotted box marks the plot region
of Fig. 7.5.
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Figure 7.9 PDF of C and X band continuum intensity of the entire SgrB2 region,
in panel (a) and (b) respectively. The plower-law fitting are marked as blue dashed
lines. The intensity ranges that are taken into account in the power-law fitting are
marked with gray dotted lines. The fitting results are written on the upper right
corner of each panel.
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intensity ranges that are taken into account in the power-law fitting are marked with
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panel.
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7.2.2 Dense gas

HC3N, which is the first cyanoacetylene molecule detected in space (by Turner, 1971, in
SgrB2), traces dense molecular gas. The critical density of HC3N (10-9), which is the
transition observed in this study, is > 10%cm™ (see e.g. Fig. 4 in Costagliola & Aalto,
2010). The peak intensity map of HC3N (10-9) is shown in Fig. 7.13. Although the data
covers the velocity range from —200 km s™! to 200kms™!, here I use the velocity range 24

km s™! to 96 km s~! to derive the peak intensity.
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Figure 7.13 Peak intensity map of HC3N (10 — 9), from 24 to 96 km s~ . The
averaged spectra within the region marked with the box in the upper panel is shown
in the lower panel. For the averaging, only spectra that has peak intensity above
150 mJy/beam are taken into account. Some of the important Hir regions are marked.

The peak intensity map shows complicated structures, including long ridge, bubble and
arcs. These structures appear at different velocities in the datacube. I have taken five
velocity cuts, which are sub-cubes of the entire datacube to better display these structures.
Using these different velocity ranges I proceed to identify and characterize the different
structures. Arcs are described by four parameters, location, radius, angles, velocity. Since
an arc is part of a circle, the location is the spatial location of the center of the circle. The
radius is the radius of the circle. If the thickness of the arc is not too small compared to the
circle size, then the circle should follow the middle curve along the arc. The angles describe



106 Chapter 7. Large Scale: The Envelope

the starting and ending angle of the arc on the circle. The angle is defined with 0 degrees
westwards and increasing anti-clockwise. Bubbles are identified as special arcs that have
the two angles equal to each other. The velocity is the velocity range of the pixels that
belong to the arc or bubble. In the following paragraphs, I describe the structures identified
in the HC3N datacube.

Table 7.2 Table of HC3N arcs

Arc RA Dec Radius (01,602) Velocity
arcsec (deg, deg) kms™*

49A 17:47:23.18 -28:22:48.0 12.0 (180,330) 48-52
49B 17:47:19.44 -28:21:40.5 17.2 (70,150) 46-52
55A 17:47:18.20 -28:22:23.5 12.5  (0,360)  50-58
62A 17:47:24.13 -28:23:42.3 11.0 (120,330) 52-70
62B 17:47:21.51 -28:23:36.8 7.0 (135,360) 55-70
63A 17:47:19.46 -28:24:03.1 4.5 (0,360)  58-60
63B 17:47:20.18 -28:24:48.3 6.5 (0,180) 60-64
63C 17:47:18.43 -28:24:48.3 21.3 (135,270) 58-68

26-44 km s~! : The peak intensity map and the velocity map are shown in Fig. 7.14. The
most prominent structure in this velocity cut is the ‘ridge’, which extend from ~2’ to
the east of SgrB2(DS) to ~1.5" to the east of SgrB2(M), with a length of ~2.5" (~6 pc)
and a width of ~ 5" (~0.2pc). A zoom-in velocity map of the ridge and its position-
velocity (P-V) diagrams are shown in Fig. 7.15. The P-V diagram along the ridge (the
path is ‘Path 0’ in Fig. 7.15) shows that its systemic velocity is 30-40 km s~! with a
typical line width of 10 km s~! . The P-V diagram of three cuts perpendicular to the

ridge (Paths 1 to 3 in Fig. 7.15) display velocity gradients of around 37kms~! pc~!.

The velocity jump between two sides of the ridge is approximately 20 km s~! .

44-54 km s~! : The peak intensity map and the velocity map are shown in Fig. 7.16. Two
arcs are identified. The arc 49A is to the east of SgrB2(M) and has a radius of 12.0”
and a velocity in the range48 to 52 km s~! . The arc 49B is to the north of SgrB2(N)

and has a radius of 17.2” with velocities from 46 to 52 km s~ .

50-60 km s~! : The peak intensity map and the velocity map are shown in Fig. 7.17. One
bubble is identified. The bubble 55A is to the west of SgrB2(N) and has a radius of
12.5” with velocities from 50 to 58 km s™! .

52-72 km s~! : The peak intensity map and the velocity map are shown in Fig. 7.18.
Two arcs are identified. The arc 62A is to the east of SgrB2(S) and has a radius of
11.0” with velocities from 52 to 70 km s~! . The arc 62B is between SgrB2(M) and
SgrB2(S) and has a radius of 7.0” with velocities from 55 to 70 km s~! .

58-68 km s~! : The peak intensity map and the velocity map are shown in Fig. 7.19.
Three arcs are identified. The arc 63A is to the south of SgrB2(S) and has a radius
of 4.5" with velocities from 58 to 60 km s~! . The arc 63B is to the south of 63A
and has a radius of 6.5” with velocities from 60 to 64 km s~!' . Finally, the arc 63C
is surrounding 63B and has a radius of 21.3" with velocities from 58 to 68 km s~! .

The parameters of these eight arcs are listed in Table 7.2, and they are marked in the
corresponding velocity maps as solid curves on top of dashed circles.
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Figure 7.14 Peak intensity map (upper panel) and peak velocity map (lower panel)
of HC3N (10 — 9) line. The peaks are searched in velocity range 26-44 km s~! . For
the peak velocity, spectra with peak intensity below 50 mJy/beam are masked out.
Spectra at the spots marked with red and blue ‘+’ in the upper panel are shown in
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format (fmaj, Omin, PA). The ridge and some of the important HiI regions are marked.
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Figure 7.16 Peak intensity map (upper panel) and peak velocity map (lower panel)
of HC3N (10 — 9) line. The peaks are searched in velocity range 44-54 km s~! . For
the peak velocity, spectra with peak intensity below 50 mJy/beam are masked out.
Spectra at the spots marked with red and blue ‘+’ in the upper panel are shown in
the middle panel. Beam sizes are marked on the lower left corner of the maps, in
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Figure 7.17 Peak intensity map (upper panel) and peak velocity map (lower panel)
of HC3N (10 — 9) line. The peaks are searched in velocity range 50-60 km s~! . For
the peak velocity, spectra with peak intensity below 50 mJy/beam are masked out.
Spectra at the spots marked with red and blue ‘+’ in the upper panel are shown in
the middle panel. Beam sizes are marked on the lower left corner of the maps, in
format (fmaj, Omin, PA). The ridge and some of the important HiI regions are marked.



7.2. Results

RA (J2000)
208 17"47™10°
180

-28°20' I~

160

140

22'

120

100

24' 80

Dec (J2000)
mJy beam~1

60

40

26'
20

200

100

S [mJy beam™!]
o

_100||I||||I||||I|||I||||I|||I||||I|'
30 40 50 60 70 80 90

Visa [km s71]

-28°20'

22'

Dec (J2000)

N
»

26'

52.5

=k
17h47m30°

20
RA (J2000)

Figure 7.18 Peak intensity map (upper panel) and peak velocity map (lower panel)
of HC3N (10 — 9) line. The peaks are searched in velocity range 52-72 km s~! . For
the peak velocity, spectra with peak intensity below 50 mJy/beam are masked out.
Spectra at the spots marked with red and blue ‘+’ in the upper panel are shown in
the middle panel. Beam sizes are marked on the lower left corner of the maps, in
format (fmaj, Omin, PA). The ridge and some of the important HiI regions are marked.
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Figure 7.19 Peak intensity map (upper panel) and peak velocity map (lower panel)
of HC3N (10 — 9) line. The peaks are searched in velocity range 58-68 km s~! . For
the peak velocity, spectra with peak intensity below 50 mJy/beam are masked out.
Spectra at the spots marked with red and blue ‘+’ in the upper panel are shown in
the middle panel. Beam sizes are marked on the lower left corner of the maps, in
format (fmaj, Omin, PA). The ridge and some of the important HiI regions are marked.
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7.3 Discussion

In this section I analyze and discuss the results presented in the previous section. In
particular, I discuss the physical meaning of the PDFs that I calculate, the filling factor of
the ionized gas, the physical properties of the HiI regions in the envelope, and the dense
gas in the envelope.

7.3.1 PDFs

The PDFs of the whole SgrB2 region as well as SgrB2(N), (M), and (DS) all partially follow
power laws that can be expressed as:

p(S) = poSP, (7.2)

where 3 is the index of the power-law. I consider a simple, circularly-symmetric HiI region
with a power-law radial intensity profile:

S(R) = SoR" (R > Rc), (7.3)

where R is the projected distance to the center. To avoid singularity, I assume that the
power-law profile is only valid outside of a circle in the vicinity of the center, with radius
Rc. The region R < Rg is considered to be small enough and, therefore, is negligible in the
PDF analysis. Here, S is simply the observed flux density. In this model, I do not assume
any density profile within the HiIl region, as long as the observed flux density profile fits
Eq. 7.3. If I calculate the PDF of such an HiI region, the relationship between 8 and - is:

2
=21 (7.4)

Under the assumption of Eq. 7.3 together with Eq. 7.4, and using 3, I derive v of the
flux density profiles of SgrB2 and its subregions. The entire SgrB2 has v ~ —2.5, (M) and
(N) have v between —5 and —10 (for the § < —1 cases, for the mostly zoomed-in cases,
where § > —1, see the discussion in the next paragraph) and (DS) has v ~ —1.3. The
values of v close to 0 for the entire SgrB2 and (DS) regions indicate that they have a more
extended component compared to (M) and (N), for which the values of v < 0 suggest the
presence of centrally-peaked structures.

It is worth notice that Eq. 7.4 has a singularity at v = 0. When v > 0, —1 < 8 < 0,
which means that the intensity distribution is not center-heavy but shows a bright circle
around a dim center (bubble-like). The central parts of (N) and (M) both have 8 > —1 (see
Fig. 7.10 and 7.11), corresponding to vy > 0 , which means that the central parts of (N) and
(M) possibly have bubble-like components.

7.3.2 Filling factor

One of the major goals of this study is to estimate the volume filling factor, fv, of the
ionized gas in the entire SgrB2 region. The conventional method is to derive fy from the
electron volume density n. (Berkhuijsen, 1998; Berkhuijsen et al., 2006), as

(7.5)
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Although (n2?) can be derived from the emission measure, the local electron density, ne,

2 is unknown. There-

which is the ratio between emission measure and dispersion measure
fore, here we firstly estimate the area filling factor, fa, and then derive fy from fa with
certain assumptions in the geometry of the SgrB2 envelope.

I define fa as

N(S > Sp)

fa= — N (7.6)

where N(S > Sy) stands for the number of pixels that have intensity larger than the
threshold Sy. Different to Eq. 7.1, N is the number of pixels with intensity larger than 0.
Hence, fa can be treated as a function of the threshold Sy. In Fig. 7.20, the fa(Sp) curves
for the C band and X band images are shown. If I set Sy between ¢ and 20, fa is between
0.05 and 2. I take 0.1 as the approximated value of fa. If I assume that the geometry
of SgrB2 is spherical, then fy = fi/ >~ 0.03. If SgrB2 is cylindrical (with generatrix
perpendicular to the line of sight), fyv = f3 ~ 0.01. Berkhuijsen (1998) summarized fy for
various ne in the Galaxy, which shows that fy ~ 10~* for ne ~ 103 — 10*cm—2. For both
geometry assumptions, the fy estimated for SgrB2 is higher than the typical values in the
Galaxy where n, is similar to that of SgrB2 (ne ~ 103 — 10* cm ™3, see Table 7.1).

(a) C Band

1H

(b) X Band

15

10-5 bl vl vl vl ol 1 10-5 bl vl ol vl il

10?2 103 0.1 1 10 102 103
Threshold [m)y beam™1] Threshold [m)y beam~1]

Figure 7.20 The area filling factor curves derived from the C and X band images.
The gray dashed lines marks ¢ and 30 thresholds.

7.3.3 Properties of Hil regions

The physical properties of the Hil regions can be derived from their observed parameters,
listed in Table 7.3. Assuming that the emission of both the RRLX and the X band continuum
are optically thin, the electron temperature T, can be derived from the ratio between the
integrated intensity of RRLX and Sx, according to Eq. A.28. The map of T, is shown
in Fig. 7.21. Most of the Hir regions have T, ~ 5000 K. The two exceptions are 1G2608
(Te. =2700K) and IG2715 (T, = 1100K). These abnormally low T, might not be physical.
A possible reason is that the RRLX emission for these two regions is not under conditions,
but it is stimulated. In this scenario, the intensity of the RRLX would be higher than for

2Dispersion measure is defined as [ nedl, the integral is along the line of sight.
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LTE (see Sect. 6.3.2). The higher intensity of RRLX may underestimate the value derived
for Tg.

Table 7.3 Physical parameters of HII regions in the envelope of SgrB2

Region T. EM (ne) log NLya SPP
10°K  10%cm Spc 10%cm™3

1G2207 6.0+3.0 25413 4.0+0.5 47.047 %% B0.5 B0
1G2210 7.3+1.4 24409 22402 4748705 09.5-B0
1G2243 7.3+1.3 24405 3.1+£02 4711735 B0.5-B0
1G2431 2.9+06 06+£03 1.5+£0.2 4734755 09.5-B0
1G2432 3.44+0.7 05402 1.7+0.2 46.83705 B0.5 B0
1G2608 2.74+0.8 0.6+0.4 0.68=+0.10 48.187557 09-08.5
1G2611 10.6+1.8 3.840.9 3.1+0.2 47.1575 B0.5-B0
IG2715 1.14+0.7 0.05=40.06 0.14 =+ 0.03 47.287920 B0.5-B0
M92A 50412 69460 42408 48257055 08.5-08
M92B  574+1.0 15412 6.1+1.0 4852705 07.5-07
M92C  7.3+1.3 44427 105+ 1.4 4886751 06.5-06
M92D  56+1.2 6.0+£40 3.9+0.6 48107555 09-08.5
M93BB 504+1.0 4.0+1.9 28+0.3 483075 08-07.5
M93L  6.0+1.1 43430 9.9+15 49.0575% 06.5-06
M930 3.84+09 11404 24402 47.13705 B0.5B0
M93P  7.8+1.3 62417 57+04 47.28705 B0.5 B0
M93Q 51+1.0 32406 47+£0.2 47.07705 B0.5-B0
M93R  6.54+0.7 232486 6.5+0.6 48897052 06.5-06
M93T 50406 3.9+13 34+0.3 47.937552 09.5-09
M93U 50406 54436 3.3+05 48357052 08-07.5
M93W 7.3+1.5 41421 32404 47.69795 09.5-B0
M93X 56409 41+1.3 47403 4749105 09.5-B0

a N
log,o (ﬁ)
P Spectral type of star according to Panagia (1973), assuming

that the Lyman continuum photons of each HII region are
emitted by one star.

When LTE applies and the RRL emission is optically thin, the emission measure (EM)
of the HII region can be derived, see Eq. A.27. The map of EM is shown in Fig. 7.21.
Most of the Hir regions have EM between 10°cm=®pc and 5 x 10" cm™®pe. However,
IG2715 has EM smaller than 10° cm ™ pc, which may due to the underestimation of the 7.
When EM is obtained, the averaged number density of electrons, (n.), can be derived, by
assuming the geometry of the HII regions to the spherical. Most of the HII regions have
(ne) between 103 cm™3 and 10* cm 3. 1G2715, due to the underestimated 7, and EM, has
(ne) ~ 10%2cm™3, which is probably also underestimated. It is worth to mention that the
size used for deriving (n.) is R (listed in Table. 7.1), which might be larger than the actual
projected size of the HII regions, especially when the HII region’s morphology deviates
significantly from a sphere. Thus, (n.) might be slightly underestimated for all the Hir
regions.

Based on Eq. A.29, the flux of Lyman continuum photons NLy can be derived from Sc.
Here I use Sc due to its better image quality. The 22 HiI regions have log NLy between 46.83
and 49.05. From NLy, I derive the spectral types of the ionizing stars in each HII region.
If I assume the mass distribution of the stars that ionize each HiI region obeys the IMF as
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Figure 7.22 PV diagram of the tail. The path that the PV diagram is taken is
marked on the map. Velocity gradient is marked on the upper right corner of the
panel.

presented in Kroupa (2001), £(m) o m~®K. £(m) is the probability of finding a star that
has mass between m and m + Am. For high-mass stars, agx = 2.3. On the other hand, I
express NLy as a power-law of the stellar mass, within a small range of NLy, as NLy x mPr.
The power index Sy, is between 5 and 8 for log NLy between 46 and 49 (see e.g. Davies et al.,
2011), see Fig 7.23 for the plot. Since ax is much smaller than £z, more lower mass stars
cannot compensate the gigantic difference of NLy caused by mass difference. Therefore, it
is reasonable to make the assumption that the Lyman continuum photons are mainly from
one star, the most massive one. Based on Panagia (1973), the spectral type of the ionizing
star of each HII region can be estimated (assuming that the stars are at the Zero-Age Main
Sequence, ZAMS). The derived spectral types range from B0.5 to O6.

Apart from the physical properties, the kinematic structures of the HiI regions are also
characterized. Among all the regions, the curved filament to the south-west of SgrB2(DS)
shows a significant velocity gradient. In this study, I call this structure ‘tail’. The position-
velocity (hereafter PV) diagram of the tail is shown in Fig. 7.22. The velocity gradient

along the tail is approximately 9.2kms~! pc—!.

7.3.4 Dense gas in the envelope

The presence of arcs and bubbles suggests that the molecular envelope of SgrB2 is not
homogeneous. The arcs 63A, 63B and 63C are spatially correlated with SgrB2(DS), and
also have a similar velocity to SgrB2(DS). Thus, they are probably driven by the expansion
of SgrB2(DS). The other arcs and bubbles are mostly located in the eastern part of the
envelope, to the east of SgrB2(N), SgrB2(M) and SgrB2(S). The origin of these arcs and
bubbles is not clear. One possibility is that, as proposed by Martin-Pintado et al. (1999) for
the ammonia bubbles in SgrB2, they are driven by expanding HII regions. However, there
is no clear spatial correlation between most of the HiIl regions and the arcs and bubbles
detected in this study, which might be due to weak emission from largely-expanded and
optically thin HiI regions not detectable in our dataset.

Also in the eastern part of the envelope, the ionized gas emission, especially RRLX,
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Figure 7.23 NLy against stellar mass. Data points are from Davies et al. (2011),
the dashed lines are interpolates between neighboring data points.

displays a straight elongated morphology. One example is the ridge, which is the only
elongated structure that has good enough SNR to be analyzed in detail. The ridge has
a velocity difference of ~ 20kms~! between the two sides. Such a velocity gradient is
consistent with that of C-type shocks (see e.g. Schilke et al., 1997; Gusdorf et al., 2008),
when assuming a projection angle of 45°.

7.4 Summary

In this chapter, the results of large scale ionized gas emission, both continuum and RRL,
as well as the molecular dense gas emission (traced by the HC3N species) presented. The
following properties of the large scale envelope of SgrB2 are revealed:

e The PDF of the C and X band continuum images in the whole envelope has a power
index of —1.7. The PDF of SgrB2(N) and SgrB2(M) tend to have shallower power
index, while SgrB2(DS) has a power index of ~ —3.

e The area filling factor of ionized gas in the whole SgrB2 is 0.1. Depending on 3-D
geometry, the volume filling factor of ionized gas in SgrB2 may range from 0.03 to
0.01.

e 22 Hil regions in the envelope are studied. The electron temperature, emission mea-
sure, and spectral type ionized stars are derived.

e Eight arcs and bubbles are identified form HC3N data cube. Their morphologies and
velocity structures are presented. The origin of the bubbles and arcs in the eastern
part of the envelope is not clear.

The Hi1 regions in the envelope are more extended than those in SgrB2(M) and SgrB2(N),
suggesting that the HII regions in the envelope may be older than those in the central re-
gions SgrB2(M) and SgrB2(N), and therefore, indicating that high-mass star formation
might have started throughout the envelope before than in the central regions.
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Chapter 8

Summary

In this thesis, I studied the high-mass star forming region, SgrB2, with multi-frequency
observational data that cover spatial scales from 0.1”(0.004 pc or 1000 au) up to 20 pc (the
size of the envelope) and frequencies from 4 GHz to 346 GHz. The ionized gas content in
SgrB2 is mainly traced by the VLA data in the C and X bands (4-12 GHz), observed with
configurations A, BnC and D. These datasets cover spatial scales from 0.2” to ~ 15 and
contains continuum and spectral line (RRLs) data. The high angular resolution observations
of VLA in K, Ka, and Q bands with configuration A provides observations of the continuum
emission at a resolution of ~ 0.1”and covering the frequency range 20—50 GHz, which traces
a mixture of dust and ionized gas continuum emission. Additionally, high angular resolution
(resolution< 0.5”) data from ALMA and SMA at mm wavelengths have been used to trace
the dust continuum emission at frequencies ranging from 100 to 300 GHz. Complementary
to the continuum and RRLs data, I have used HC3N (10-9) spectral line data observed with
ALMA in order to trace and characterize the dense gas in SgrB2. With these datasets, 1
have studied the properties of SgrB2 at different spatial scales:

Small Scale: I studied the physical properties of 308 dense cores distributed throughout
the entire SgrB2 cloud. Out of the 308 cores, 58 are found associated with HiI regions
(Type I cores). The SEDs of Type I cores have been modeled. Type I cores have a
mean my, of 150-2500 M), by assuming various dust properties and gas temperatures.
Most of the 58 HII regions have a Lyman continuum photon flux 1046 — 10%® s~
which corresponds to spectral types of BO and O9. Evolutionary stages of the cores
in SgrB2(N), SgrB2(M), SgrB2(S), and SgrB2(DS) are analyzed. Among the cores in
SgrB2(N) and SgrB2(M), 33% and 55% are associated with HII regions, respectively.
While for the 46 cores in SgrB2(S) and the 46 cores in SgrB2(DS), this percentage is
4% and 7%, respectively. Out of the 46 cores in SgrB2(DS), 31 are associated with
outflows, which are traced by SiO emission. Therefore, I conclude that the cores in
SgrB2(M) are most evolved, followed by the cores in SgrB2(N). The cores in SgrB2(S)
and SgrB2(DS) are less evolved and are at their very early stages.

Medium Scale: I studied the SgrB2(DS) Hir region, which is located in the southern part
of the envelope. Sgr B2(DS) is bright at radio wavelengths, with intensities in the range
10-50 mJy/beam, within the observed 4 to 12 GHz frequency range. At 4” resolution,
DS appears as bubble-like Hir region with a diameter of about 1.5 pc, powered by
an O7 star, and surrounded by dense gas and a series of dense cores distributed in
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an arc structure around it. I find that the total flux of DS decreases from 1.9 Jy at
4 GHz down to 0.5 Jy at 12 GHz. Spectral analysis shows that the spectral index
of DS varies from —0.4 to —1.2, suggesting the presence of non-thermal emission, in
addition to the thermal emission of the Hir region. The RRLs in SgrB2(DS) are
possibly stimulated by synchrotron emission. In collaboration with Padovani et al.
(2019), we modeled the observed synchrotron emission, and found that relativistic
electrons can be produced via first-order Fermi acceleration, which is triggered by the
interaction between the expanding HiIl region and the denser surrounding material.
From the model, we derive maps of the flow velocity in the shock reference frame,
magnetic field strength and density in the Sgr B2(DS) region. Velocities are found to
be between 35 and 50 km s~! as found in simulations of cometary HiI regions of O
and B stars driving strong stellar winds. The magnetic field strength is found to be
in the range 0.3-4 mG as reported by Crutcher et al. (1996) and the density in the
range of 1 — 9 x 10% em™3.

Large Scale: I characterized the physical properties of all the Hil regions in the envelope
as well as the kinematic structure of the envelope. The PDF of the C and X band
continuum images in the whole envelope of SgrB2 has a power index of —1.7. The
PDF of SgrB2(N) and SgrB2(M) tend to have shallower power index, while SgrB2(DS)
has a power index of ~ —3. The area filling factor of the ionized gas in the whole
SgrB2 is ~ 0.1. Depending on the assumed 3-D geometry, the volume filling factor
of ionized gas in SgrB2 may range from 0.03 to 0.01. I studied 22 HiI regions in
the nvelope for which I derived electron temperature, emission measure, and flux of
Lyman continuum photons consistent with ultracompact HII regions. Eight arcs and
bubbles are identified form the HC3N data cube. Their morphologies and velocity
structures have been presented. The HII regions in the envelope appear to be more
extended (therefore, probably older) than those in SgrB2(M) and SgrB2(N). This may
indicate that high-mass star formation might have started throughout the envelope
before than in the central regions of SgrB2.

With these results, I qualitatively depict a possible star formation history of SgrB2:

e High-mass stars firstly formed in the envelope. Among the newly formed stars, the
one at the center of SgrB2(DS) was one of the brightest (O7). Numerous UCHII
regions were ionized and embedded in the dense gas in the envelope. In SgrB2(N) and
SgrB2(M), the dense dust cores had just formed but were starless.

e In the envelope, the HiI regions were expanding due to pressure, while pushing the
surrounding molecular gas. In SgrB2(DS), shock waves appeared. In SgrB2(M), high-
mass stars started to form. Later on, high-mass star formation started in SgrB2(N).

e Bubbles and arcs of dense molecular gas were shaped in the envelope by the expanding
Hi1 regions. Triggered by the feedback of the older generation of high-mass stars, a new
generation of high-mass dense cores formed in the envelope. In SgrB2(DS), the ionized
content emit synchrotron emission due to the shocks in it. Surrounding SgrB2(DS),
the newly-born high-mass dust cores entered the earliest stages of star formation and
had outflows associated with them. However, most of the dust cores in the envelope
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are too young to have associated HII regions. While in SgrB2(M) and SgrB2(N), the
high-mass star formation goes on, the newly formed stars have already ionized quite
a few HII regions. This is SgrB2 today.
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Chapter 9

Outlook

This work can be supplemented or extrapolated in the following aspects:

e Quantitatively determination of the ages of the cores and HiI regions: Chemical clocks
such as carbon chain molecules (e.g. Sakai & Yamamoto, 2013) can be applied to
determine the ages of molecular cores. While the age of UCHII regions can be de-
termined by, e.g. the chemical status of its associated photon-dominated regions (see
e.g. Stéphan et al., 2018). The age of the large HiI regions in the envelope can be
determined by dynamical models. Additionally, the outflows traced by SiO can be
studied in more detail to better constrain the evolutionary stages of the starless cores
surrounding SgrB2(DS). By doing these, we may get a clearer history of star formation
in SgrB2.

e SgrB2(DS) is probably not the only HiI region in the Universe that has cosmic rays
accelerated in an HII region. More observations towards HIl regions that fulfills the
conditions of our model (Padovani et al., 2019; Meng et al., 2019) are needed to confirm
(or falsify) and possibly refine the model.

e Observations on the polarized cm wavelengths emission will confirm the presence of
synchrotron emission discovered in this thesis. By doing this we can characterize the
orientation of the magnetic field in the envelope of SgrB2. Additionally, this will be
a powerful tool to confirm our first-order Fermi acceleration model.
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Appendix A

Radiative Processes

A.1 Planck law and radiative transfer

The SED of a black body is described by the Planck law:

2 ehv/kgT _ 1’ (A1)
where h is the Planck constant, nu is the frequency, c is the speed of light, kg is the
Boltzmann constant, and 7T is the temperature of the black body.

In the radio regime, we have hv < kgT', thus,

/R8T _ 1 ~ b /kgT), (A.2)
and therefore,
202
BRJ(V, T) = CTkBT’ (A3)

which is the Rayleigh-Jeans Law. A convenient numerical criterion of the validation of
Eq. A3 is v/GHz < 21(T/K) (Wilson et al., 2009).
The Planck function B, (7T') has the dimension of specific intensity, which is generally
denoted as I,,, and defined as:
dP

IV - S =
dS) - do dv

(A.4)
where P is power, d<) is infinitesimal solid angle, do is the infinitesimal area of surface that
is emitting or receiving P, and dv is the band width. Although that B, (T") is an instance of
specific intensity, I,, can generally be utilized to describe any signal that a radio telescope
receives, not just the thermal emission from a black body. The integral of I, over a certain
solid angle Qg gives the flur density:

SV—/ 1, dSQ. (A.5)
Qo

The conventional unit of S, is Jansky (Jy), defined as Jy = 10726 Wm~2Hz~!. Whereas
I, usually has the unit of Jysr~!, where sr is steradian. Steradian can be also replaced by
beam or square arcsecond etc.. An alternative manner of expressing the specific intensity
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and flux density is using brightness temperature, denoted as Tg. The conversion between
Ty and I, and S, is:

02

02 A

The definition of Ty might have been inspired by Rayleigh-Jeans Law, but it is valid un-
conditionally, regardless if Rayleigh-Jeans Law can be applied.

The measuring of S, or Ty is called photometry. In practice, we usually need to do a
photometry of S, of a source with a spatial extension €y, and sampled by pixels. In radio
astronomy, the resolution of a image is expressed as beam, (Omaj, Omin, PA), where 6 is
defined as FWHM on major and minor axes, and PA is position angle. Usually, the beam
pattern is a 2-D Gaussian function:

Gauop (z,y) = exp {—( vy )] . (A.8)

203( 20}2,
The peak value of a beam is 1. For such a 2-D Gaussian beam:

FWHM = 2v21In 20 = 2.3550. (A.9)

Then the 2-D integral of the beam pattern is:

/ / Gaugp (z,y) dr dy. = 2rAoxoy (A.10)
ﬂemajgmin

= —— A1l

41n2 ( )

If T sum up all the I,,, which is in unit of Jy/beam, of all the pixels of the source, denoted
as XI,. Then I can get S, of the source:

B 41n2(5w5y21
- A . vy

Sy (A.12)

™ emaj Omin

where (dz, dy) is the pixel size.
The unit of specific intensity that is mostly used in this research is mJy/beam. The
conversion of mJy/beam to Tp is:

T A,
= =1.36——— A13
K Hmajgmin mJy ( )
1 I
=1.222 x 103 v (A.14)

v emajemin mJy’

where A is in unit of cm, Oy, and O, are in unit of arcsecond, and v is in unit of GHz.
Usually, the propagation of I, involves emission and absorption simultaneously, which
can be described by the equation of transfer:

dl,

- = — VIV '1/7 Al
7 kol +j (A.15)
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where k, is the absorption coefficient and j, is the emissivity. We can define a source
function,

Jv. (A.16)

Ry

Sy

Following conventions, I denote the source function as S,, but it has the same dimension'

as I, and is different from the flux density S,. The difference is by a factor of 5. Hence,
the equation of transfer can be written as

dl,
Ky ds

=-I,+85,. (A.17)

We define optical depth 1, as
T (s) = / ki (s') ds, (A.18)
50

where s can be regarded as the length of path of the propagation of I,,. Thus, Eq. A.17 is

reduced to
% =—I,+ 5 (A.19)
dTV - 14 178} *
which has a solution
L(r) = I(0)e~™ + / e~ (o= S, () i, (A.20)
0

in which 7,(0), the initial specific intensity, can be considered as the background. If we
assume that the source function is constant, 95, /97, = 0, then the solution above can be
reduced to

I,(1,) =1,0) e ™+ S,(1—e™). (A.21)

The term I,(0)e”" can be eliminated by calibration, background subtraction etc.. It is
obvious that when 7, < 1, I,(1,) = S,7,, which is called the scenario of optically thin.
While if 7, > 1, I, = S, which is called the scenario of optically thick. If the emission
obeys the Planck Law, the source function S, is B, (7). When Rayleigh-Jeans Law applies,
according to Eq. A.6

Ty — { T7, (optically thin) (A.22)

T  (optically thick)

A.2 Free-free Emission and Radio Recombination Lines

In this section I introduce the emission mechanisms of ionized gas. The region that ionized
gas occupies is called HII region. In HiI regions, both of continuum and line emission can
be detected.

The thermal continuum emission from HII region is free-free emission (alternatively
called bremsstrahlung). The physical origin of free-free emission in HII region is the acceler-
ation of the free charges (mostly free electrons) in the Coulomb field of other charges (e.g.
protons). The optical depth of free-free emission is

70 = 3.014 x 1072 <§> o < M ) (GII/{Z)f2 (g), (A.23)

cm 6 pe

! Although that steradian is physically dimensionless, here we treat it as a ‘dimension’. So specific intensity
and flux density should have different dimensions, which might helps to avoid possible confusions.
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where Ty is the electron temperature, and EM is the emission measure, which is defined as
s2
EM = / n? ds, (A.24)
51

where n, is the volume density of the electrons, while s is the length of path of emission. The
velocity averaged Gaunt factor (gg) is a correction term for quantum effect, and is a function
of electron temperature and frequency. The values of (gg) varies under different conditions
(see e.g. Karzas & Latter, 1961; van Hoof et al., 2014). Here we use an approximation
(gg) =~ 2.732T215 =01 which is valid for v < 20GHz and T, > 5 x 103K (Wilson et al.,
2009). Thus Eq. A.23 is approximately

8.235 x 10-2  Le P (_EM v\ A.25
o= S X <K> <cm6pc> <GHZ> ' (A.25)

The electrons are not only accelerated but also captured by protons. When a electron is

re-combined with a proton to form an atom, the newly formed atom can decay from excited
electron states and emit radio recombination lines (abbreviated as RRL). The frequency of
RRL that emitted from a transition from main quantum number nsy to nq is

1 1
Vno—nig — Re (nl — 712) N (A26)

where R is the Rydberg constant. The nomenclature of RRL is Xnja, where X is the element
notion, n; is the lower quantum number in the transition, and the a can be replaces by
the (ng — n1)-th Greek letter. For example, the RRL from the transition from n2 = 100 to
n2 = 99 of a hydrogen atom is denoted as H99a.

The opacity of a RRL is

7.\ %%/ EM Av\ !
=192x10% =£ A2
L 92>10 (K) (cm—6p0> <kHz> ’ (A.27)

where Av is FWHM of the RRL. When both of the RRL and the free-free emission are
optically thin, their intensity ratio is

I, Av s (T 7P voy1t
L — 6. 103 ( =< ( ) , A2
Ic <km s—1> 0985> 10 <K GHz (4.28)

where Av is the FWHM of the RRL in unit of velocity.
The flux of Lyman continuum photons, NLy, needed to ionized an HII region can be
derived as following (Schmiedeke et al., 2016):

s—1 8910 Jy (GHZ) 104 K pc/) ’ (A.29)

where S, is the flux at frequency v, T¢ is the electron temperature, and D is the distance

to the source.

A.3 Dust Emission

Dust cores can be assumed as gray bodies. The gray bodies are emitting in continuum
following the solution of the radiative transfer equation,

S, = By(Ta)(1 — ¢~™)Qsource. (A.30)
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The optical depth, 7,,, is defined as:

Ty = /"iup dl ~ Kk, Ny, (A'31)

where [ is the depth into the dust core along the line of sight. The absorption coefficient,

K, is usually modeled as a power law function of v:

Ko = Ko <V>ﬁ. (A.32)

4]

Obviously, a finite 5 makes S, deviate from black body emission but become gray body
emission. Ossenkopf & Henning (1994) give the «, values as functions of v from 1 to 1300 pm
(300 THz to 230 GHz), for various dust densities and various nature of dust grains. For
simplicity, I consider the case for compact grain with ice mantles 4.5 times the volume
(see Fig. 5 in Ossenkopf & Henning, 1994). The extrapolation of x, based on the 100 to
1300 pm part of the model gives rg ~ 1 cm? g=! at 300 GHz (1 mm), with 8 = 2. Such
extrapolation can be used to estimate the x, for wavelength > mm. For the extrapolated
parameters of kg and (3, see Table A.1. The nomenclature of different cases is that: “mrn”
for grains with no ice mantle, “thin” stands for grains with thin ice mantle, and “thick”
stands for grains with thick ice mantle. the number # following the case name stands for
that the dust grains in density of 107% cm™3.

Table A.1 Extrapolation of dust opacity (Ossenkopf & Henning, 1994)

Case K100GHz B Case K100GHz B Case K100GHz B
em®/g em®/g em® /g
mrn0 0.091(0.007) 1.75(0.02)[thin0 0.138(0.007) 1.77(0.02)|thick0 0.025(0.004) 2.51(0.05)
mrn5 0.236(0.007) 1.54(0.01)|thin5 0.207(0.010) 1.71(0.02) |thick5 0.042(0.006) 2.41(0.04)
mrn6 0.610(0.025) 1.34(0.01)|thin6 0.279(0.015) 1.69(0.02) |thick6 0.045(0.006) 2.42(0.04)
( ) (0.02) ( ) (0.02) ( ) (0.04)
( ) (0.02) ( ) (0.02) ( ) (0.05)

mrn7 1.669(0.093) 1.14(0.02)|thin7 0.321(0.017) 1.70(0.02)|thick7 0.044(0.006) 2.43(0.04
mrn8 2.631(0.159) 1.05(0.02) [thin8 0.339(0.017) 1.69(0.02) |thick8 0.042(0.006) 2.48(0.05

Since k is assumed to be unchanged along the line of sight (not in reality, just an
approximation), then the integral of volume density along the light of sight through the
core gives the column density Ny. The source angular size Qgource in radian is A/D? where
A is the area of the source and D is the distance of the source. Then Eq. A.30 can be

2h13 1 o2 A
Sy = %mf 1—e 0<V0) Na —5- (A.33)
& eRTi — 1 D

written as:
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Appendix C. Maps
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Figure C.1 Left panels: Maps of the 58 Type I cores. Right Panels: SED plots of
the 58 Type I cores. Red dashed curves are the solution for the ‘mrn8’ case while the

blue dashed line for the ‘thin8’ case.
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