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Abstract

In this thesis, I will present the development of the Rainbow Array system. Then, I will describe detailed
kinematical studies in circumnuclear regions of radio-active galaxy, NGC 1275 with the Rainbow Array. I
also present the parsec-scale observations of NGC 5793 with VLBA.

Prior to the Rainbow Array observations, I had been devoted to the construction of the extended
NMA (Rainbow Array) systetn. The Rainbow Array consists of the six 10 m telescopes and the 45 m
telescope. The use of the 45 m telescope with NMA would result in great improvement in the sensitivity
and spatial resolution. In order to realize the Rainbow Array project, I have contributed to construction
and installation of the 3 mm and 2 mm SIS receiver system and design of their optics for the 45 m telescope.
After accomplishment of Rainbow system design, I conducted the verification of the whole array system.
In crder to verify the Rainbow front-end system, both single-dish and interferometric test observations
were carried out. The Rainbow Array system was confirmed to work almost nearly as I estimated in
advance. Finally, I carried out mapping observations for both continuum and spectral line emission { CO
(J =1~ 0)) with the Rainbow Array.

The CO (J =1 — 0) line observations of NGC 1275 were, then, carried out at an angular resolution
of ~ one arcsecond with the Rainbow Array. The method of observations made use of self-calibration
technique in order to minimize baseline calibration errors which mainly arise from uncertainties of 45 m —
10 m baselines.

The CO line emission of NGC 1275 was found to concentrate in the central ¥ =400 pc region from the
nucleus. The total molecular mass estimated from the line intensity is ~ 10° Mg . This value is only 4.5%
of the molecular mass estimated from the previous observations at the central 10 kpc region. Although
there are some discrepancies in the obtained results with those in published images, the follow-up NMA
observations confirmed that the image obtained with the Rainbow is reliable.

The CO twin peaks structure with a radius of 1.2 kpc from the nucleus reported by Inoue et al. (1996)
and the newly detected CO central concentration seem to imply that the detected central CO emission
could be the results of gas fueling from the outer molecular gas ring structure, by analogy with a case of
the Seyfert galaxy, NGC 1068. The central unresolved CO peak emission could form the molecular torus
which obscures the central engine from our direct view. It is very interesting that the circumnuclear gas
surrounding the radio-loud nucleus has a very similar morphology with that around the radio-quiet nuclei.
In conclusion, I suggest that the radio activity in the radio galaxy is not determined from the properties of
circumnuclear gas, but it might be related to the nasure of the central engine.

The studies of NGC 5793 began with the detection of water maser emission toward the center using
the 45 m telescope. The maser emission symmetrically offset from the systemic velocity could be inferred
to arise in a rotating molecular disk by analogy with NGC 4258. VLBA observations were, then, conducted
to search for the parsec-scale maser disk. The maser spots were found to be offset from the continuum
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peak by ~ 3 pc with an alignment between position angles of nuclear continuum jet. It is likely that maser
emission could originate in a molecular cloud foreground to the jet, and be amplifying the radio jet in the
background. In addition to maser studies, our VLBA L-band observations to search for the OH absorption
revealed that there exists compact OH gas distribution on about 5 pc from the radio nucleus, showing the
velocity gradient along the axis of the galactic disk on larger scale. The sense of the OH velocity gradient
differs from that of the killoparsec-scale CO disk which is detected by the NMA. This suggests that the
compact and parces scale OH absorbing gas might trace the circumnuclear molecular gas kinematically
independent from the galactic disk.

Thus, a series of parsec-scale mappings in NGC 5793 revealed a variety of molecular gas distribution in the
circumnuclear region of AGN.
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Chapter 1

INTRODUCTION

Introduction to AGN

Active Galactic Nuclei (AGN) represent the energetic phenomenon observed in the central region of
galaxies. The energy released from AGNs exhibit huge luminosity, more than 10*® erg s™!, in central
regions, although the basic mechanism of such a huge energy production has not yet been identified in
detail. In addition to it, the mechanism sustaining its energy over its life time of at least 10® years has been
also problematic. Models for energy transport mechanism via gravitational accretion into the central engine
are widely supported, however description of these models are very ambiguous in order to understand
physical process occurring in the nucleus of AGN (Gunn 1979). There is a widely accepted consensus based
on observational facts that the energetic properties of AGN are related to its environment (e.g., Toomre
and Toomre 1972). Another major problem is that the collimation mechanism of jets that are commonly
observed in central regions.

There is another important area of study in relating to the AGN: A scenario linking the existence
of AGN to starburst occurring in the merging galaxy system. In this model, the energy source fueling
the central engine is supposed to be starburst activity that is induced by galaxy-to-galaxy interaction or
merging (e.g., Sanders et al. 1988, Norman and Scoville 1988).

Despite these unsolved problems, our understanding of AGN has dramatically advanced in the last two
decades. This is mainly due to the development of new observing techniques that improved sensitivity and
resolution of both the grand-based and space-borne telescopes. In particular, the technical progress in radio
interferometer with high angular resolution has been greatly contributing to the imaging study of AGN.

The typical model (what we call “Unification model”) of an AGN nucleus and circumnuclear region
surrounding it is shown in Figure 1. It is generally believed that the ‘central engine’, an ultimate energy
source of AGN, consists of a super massive black hole and an accretion disk surrounding it. Material that
is gravitationally infalling towards the black hole is heated to high temperature by friction or radiation
(ultra-violet(UV) to X-ray) in the accretion disk. This heated material is ionised in the dense gas clouds to
form the 'Broad Line Region’ (BLR), producing the highly ionised emission lines. Qutside this innermost
emission line region, the 'Narrow Line Region’ {(NLR) lies at 10 — 100 pc from the nucleus. Further out
these emission line regions, narrow line emission extending up to 20 kpc from the nucleus are observed in
1980s. This physically distinct region from NLR are named as the "Extended Narrow Line Region’ (ENLR).
The BLR and NLR are briefly described in later sections. Relativistic plasma outflows emanating through
the dense gas region are often seen up to several kpc scales from the nucleus particularly when the host




galaxy is elliptical.

These observational properties of AGN seem to depend so strongly on the orientation of dense material
(e.g., Antonucci 1993), so that we have intensely researched especially in radio-quiet spirals. This thesis
makes use of high-angular resolution observations to study the molecular disk/torus in radio-loud AGN in
order to investigate its circumnuclear region.
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Fig. 1.— A schematic model of a Seyfert Nucleus and its nuclear region

A Brief Historical Review of AGN Family

When we talk about the beginning of AGN research, we have to date back to 1909 , when the first
optical spectrum of an active galaxy was obtained by E.A. Fath (1911) in NGC 1068, although he was not
aware of this spectrum to arise from an extragalactic object. Carl Seyfert optically identified six galaxies
(NGC 1068, NGC 1275, NGC 3516, NGC 4051, NGC 4151 and NGC 7469) in 1943, which showed broad
emission lines towards the extremely bright and starlike nuclei (Seyfert 1943). This is the first discovery of
a class of Seyferts. (Except for NGC 1275 they all are spiral galaxies, however NGC 1275 exhibit the same
emission line properties as like others.) These characteristics have become to the basis of the classification
for Seyfert galaxies, which can be found 2 ~ 3 % of field spiral galaxies.

With improvement of spectroscopic techniques in early 1970s, the picture of Seyfert galaxies became
more complicated. In 1974, Khachikian and Weedman subdivided Seyferts into two categories, Seyfert 1s
and Seyfert 2s. Seyfert 1s have broad permitted lines originating with equivalent velocity widths of as high
as 10,000 km s~! and narrow forbidden lines. On the other hand, Seyfert 2s are characterised by narrow
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forbidden and broad permitted lines with velocity widths ranging up to 1,000 km s=! .

The radio surveys with high angular resolution began in 1950s and some strong radio sources were
identified with optical counterparts. Those were often galaxies but sometimes stellar objects. The first
strong radio source identified was 3C 48, a star-like optical source, although it was not recognized as an
active galaxy. Another strong radio source was 3C 273 found at the uncommonly large redshift of 0.158.
The luminosity of these objects are 100 times as large as that of Seyferts. These objects are termed as
‘quasi-stetlar radio source’, what we call, 'quasar’ in nowadays. The hosting galaxies of these extremely
luminous AGN at high redshift could not be identified. There was substantial population of quasar-like
objects which were optically selected, showing radio-quiet properties. These were termed as ‘quasi-stellar
objects’, or QS0s. While the term of 'quasar’ are referred to the radio-loud quasar (RLQ), the term of
"QSO’ are used for radio-quict quasar (RQQ). While Seyfert galaxies have radio-quiet property, some of
the powerful radio-loud galaxies were found in 1950s having the similar emission line spectra to the Seyfert
nuclei. Those are, what we call now, radio galaxies. They are discriminated from quasars in that they
often show extended radio structures with the luminous compact cores in their centers. According to the
morphology of the extended radio structure and radio luminosity, they can be subdivided into two classes;
Fanaroff-Riley type I (FR I} and type I (Fanaroff and Riley 1974).

In the 1970s, the radio-loud guasars with strong variable continuum emission and flat spectrum had
been identified; they are 'Optically Violently Variable quasars’ or OVVs and 'BL Lac’ objects and they were
grouped into a single category under the name of 'Blazars’. They have common properties in that they are
extremely variable in optical for OVVs and radio for BL Lacs and show high degree of polarisation and lack
emission lines. It is generally assumed that the strong variability is due to the relativistic jet pointing to
our line of sight, resulting the rapid variability and superluminal movement to the line of sight.

Unification of AGN; Basic Concept of Unification Models

There is no doubt that several different types of AGN exist in AGN family and those were attempted
to be categorised according to their apparent luminosities or spectral properties to minimize the diversity
of the class. Most of unification models were suggested under an assumption that there is not so much
intrinsic differences in subgroups of AGN family and observational diversity of their classes depend on the
orientation effect (e.g. Urry et al. 1991, Antonucci 1993, Urry et al. 1995); whether or not viewing angle
lies within an ionization cone. The widely accepted model for a Seyfert nucleus, one of the commonest
type of AGN, is shown in Fig. 5. As shown in Fig. 5, when our line of sight is aligned within the opening
angle of the ionization cone, we can foresee the NLR, BLR and continuum emission region through the
disk/torus surrounding an active nucleus. In such a case the objects are termed as Type 1 AGN, in case of
radio-quiet spirals or radio galaxies we call them a Type 1 Seyfert or a Broad Line Radio Galaxies (BLRG),
etc. When the optically thick disk/torus lies in our line of sight, inside disk/torus - BLR and continuum
region- are obscured. This is a Type 2 AGN, including a Type 2 Seyfert, a Low Ionization Nuclear Line
Emission{LINER), a Narrow Line Radio Galaxy (NLRG), etc. Type 2 objects are those which lack the
spectra from BLR in direct view, and only NRL spectra are seen. Another evidence for classification
among AGN is radio-luminosity of the central source. The radio-loud objects are distinguished from the
radio-quiets by the radio power at 21 cm, Porem = 10733 W Hz~1. Table 1 lists the basic unification models
based on the radio properties and optical line spectra.



Search for Circumnuclear Disk/Torus
Energy Transport Mechanism in the Circumnuclear Region of AGN

As described in previous sections, it is believed in general that the anisotropic structure in AGN around
the active nucleus which harbours the central engine produces the variety of *apparent’ classes of the AGN
family. What determines this ’apparent’ phenomenon is thought to be a thick disk or torus surrounding
the BLR and collimating the nuclear continuum radiation. The scale of the obscuring disk/torus is roughly
considered to be large enough to obscure the BLR and small enough not to prevent our direct view
of the NLR, that is, a few ~ 300 pc. The obscuring interstellar material, molecular torus/disk, in the
circumnuclear region of AGN plays an another important role in the fuelling of central activity, but the
actual mechanisms involved are unclear; the study of molecular gas distribution and dynamics would appear
to be a good method to address this matter.

On scales up to 1 kpe, the most recent millimeter-wave interferometric observations revealed the existence
of a bar-like structure surrounded by the molecular ring in Seyfert galaxy NGC 1068 (Planesas et al. 1991,
Tacconi ef al. 1994, Helfer and Blitz 1995, Tacconi et al. 1997). The bars in starburst galaxies could be
thought to be one of the most desirable candidates which provide circumnuclear molecular gas to the inner
region of the galaxy (e.g., Kenney et al. 1992). Simulations study resolution that the gas must lose its
angular momentum to reach the innermost part, an accretion disk, in order to feed AGN. From the recent
statistical studies, however, barred galaxies do not preferentially harbour AGN in their centers, suggesting
that bars do not always play as an important role in energy transport process in AGN, although they are
related to central starbust activity (e.g., Ho et al. 1993, Sakamoto 1997). The interaction between galaxies
is alternative possibility to induce the gravitational instabilities in the disk of the galaxy leading the gas
into the nuclear region. In a number of nearby Seyferts, large concentrations of molecular gas within a few
hundred parsecs from the center have been detected by imaging of molecular lines, implying the existence
of molecular disk/torus in circumnuclear region (e.g., Meixner et al. 1990, Young et al. 1988).

Tacconi et al. (1997) observed molecular gas structure and physical condition in the nuclear region of
NGC 1068 (see Figure 2). Jackson et al. (1993} observed the rotating dense molecular gas structure in
NGC 1068 and found that its rotation axis nearly aligns with the radio continuum jet (see Figure 3). Kohno
et al. (1996) revealed that 50 - 100 pc scale molecular torus obscures a hidden nucleus of the Seyfert/LINER
galaxy M 51. They discussed the kinematics and physical conditions of the molecular torus.

These observational studies have been conducted using millimeter-wave interferometer with a typical
angular resolution of several arcseconds, corresponding to 100 pc - 1 kpe for nearby (D < 30 Mpc) objects.
The resolutions at these wavelengths are still insufficient to resolve the molecular disk/torus structure.

On smaller scales, interferometric observations with VLA (Very Large Array) or MERLIN (Multi-
Element Radio-Linked Radio Interferometer Network) allow us to make a high-resolution mapping of
nuclear regions of AGN on g 100 pc scales for nearby Seyferts or normal galaxies. In particular, the neutral
hydrogen (HI) line might be an effective tool to trace the dusty molecular disk/torus, although it is spatially
extended in a galaxy’s disk. The inner fronts of molecular disk/torus might be dissociated to some extent
by intense UV radiation originated from the central continuum source, so that neutral gas must be present
in the disk/torus (Pedlar and Kukula 1994). Also, neutral gas could be a tracer of barred potentials. Using
HI to probe circumnuclear regions of AGN can cover a wide range of size-scales and physical processes
(e.g.,Pedlar et al. 1992, Mundell et al. 1995).



—6-

Kinematics of Molecular Torus/Disk

What is the driving mechanism of interstellar material into the active nucleus 7 This is the major and
still unresolved problem. The studies of individual sources in their nuclear region will provide a key to
answer to this question in establishing of the molecular gas fuelling mechanism (e.g., Kohno 1998).

Several attempts have been made to approach the kinematics and physical conditions of molecular gas
in NGC1068; Jackson et al. (1993) discovered the kinematical motion of dense molecular gas (ny, > 10°
em~%) traced by HCN(1-0) emission, as shown in Figure 3. They also found that the kinematical {rotation)
axis of the HCN structure nearly aligns with that of the radio continuum structure and the biconical
jet-like structures (Ulvestad et al. 1986) appear to be collimated at the position of the dense molecular gas
concentration. Apart from these observations, the CO(2-1) map imaged with the 1”.6 synthesized beam
resolved into the CO twin peaks at r = 100 pc (Tacconi et al. 1997) from the nucleus, where the Inner
Lindblad Resonance (ILR) points must be located as much as like in the some barred galaxies (e.g, Kenney
et al. 1992). These observational facts suggest that the observed dense gas structure is the molecular torus,
a reservoir for feeding the interstellar medium deep into the nucleus.

VLBI and the Water Maser Disk

The water vapour masers associated with external galaxies are called a 'megamaser’ to distinguish
them from those found in stars or galactic star-forming regions. Most of them are known to be extremely
luminous (> 100Lg) and exclusively prefer the nuclei of active galaxies {e.g, dos Santos and Lepine 1979,
Claussen et al. 1984). There is a well-known water maser transition of between the 6,6 and 553 energy
level, which emits at a frequency of 22.235 GHz (A 1.35¢m). The transition at this wavelength is not so
significantly affected by atmospheric effects that we can make the sub-milliarcsecond resolution imaging
by means of VLBI, or particularly meant VLBA (Very Long Baseline Array). For the nearby galaxies, the
resolution of a sub-milliarcsecond will be on scales as small as ~ 0.01 parsec, suggesting that it would be
a powerful tool for the mapping of nuclear region of AGN. The number of water megamasers that have
been detected so far is about twenty, however only six out of twenties have been successfully imaged with
VLBA (see Table 2); NGC 4258 (Greenhill et al. 1995, Miyoshi et al. 1995), NGC 1068 {Greenhill et al.
1996), NGC 3079 (Trotter et al. 1998, Satoh et al. 1998), NGC 4945 (Greenhill et al. 1997), NGC 1052
{Claussen et al. 1998), and IC 2560 (Nakai et al. 1998b). The most prominent result was derived from the
nearby AGN, NGC4258. Nakai et al. (1993) discovered the water maser spectrum showing 'high-velocity’
features, offset from the systemic velocity of the galaxy to both red and blue-shifted by ~ 900 km s=! .
VLBA observations have shown that the water masers arise in a thin, edge-on torus at a radius of (.13 -
0.26 pc. As well as being suggestive of a molecular torus on sub-parsec scales, the velocity information gives
a strong support for a black hole. The velocities of the masers show a perfect Keplerian rotation curve,
which allows to calculate a black hole mass (~ 3.6 x107 Mg) confined within a masing torus (Greenhill
et al. 1995, Miyoshi et al. 1995). The 22 GHz continuum emission orientated along the rotation axis of
the maser disk is imaged by Herrnstein et al. (1998). A sub-parsec scale structure of the water masers
and continuum jet surrounding the ‘central engine’ is shown in Figure 4. This is the finest scale map at a
moment, in circumnuclear region of AGN.

As in Table 2, the high resolution imaging of megamasers revealed that the water masers lie in a disk
in four galaxies {Wilson 1997), but only NGC 4258 is known to trace the Keplerian rotation picture. On
the other hand, the three elliptical galaxies are known to contain water masers showing broad features
(FWHM =~ 70 km s~! }, unlike other disk galaxies (Braatz et al. 1995, Koekemoer et al. 1995, Nakai ef
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al. 1998a). The water masers in an elliptical galaxy, NGC 1052 do not lie in a disk surrounding a central
engine of the galaxy (Claussen et al. 1998), but lie along the radio jet emanating from the nucleus. The
masers could be result of amplification of the radio continuum radiation from the jet in the background

rather than originated from the dense molecular gas in a disk. In the near future, we might expect that

further observations of VLBI would help in finding more perfect evidence for the molecular torus/disk in
AGN, as well as black holes.

Absorption Line

In the unified model of AGN, the BLR and continuum emission region are blocked by the optically
thick disk/torus that prevent us from direct view of inside obscuring objects, therefore, we might be able
to detect emission from the opaque disk/torus. In nearby AGN, a number of species of molecular lines
and their isotopes (e.g. CO, NH3, HCN) have been detected so far on scales of ~ 100 pc. For instance,
Planesas et al. (1991) found a molecular ring with a radius of 130 pc in NGC 1068 and in Centaurus A, a
molecular ring was also detected with a radius of 100 pc by Rydbwck et al. (1993). The disadvantage of
such molecular thermal emission line studies is that VLBI observations are insensitive to them except for
the extremely strong and compact maser lines, so that our research is restricted on scales of 50 pc for nearby
Seyferts. Molecular absorption at lines millimeter wavelength have not been clearly detected (Drinkwater
et al. 1996, Wiklind et al. 1996). This could be attributed to the low beam filling factor of molecular
disk/torus, compared to the beam size of millimeter-wave telescopes.

The results of survey of the megamaser indicate that a high hydrogen column density ( > 102* atoms
em™?) to the line of sight is required to detectable water maser emission (Awaki 1997, Braatz et al. 1997).
This trend of high HI column density might be correlated with distribution of nuclear absorption to the
line of sight. As seen in the earlier section, HI absorption could trace a compact neutral gas, dissociated
by radiative excitation from the central continuum source, in the molecular disk/torus (Conway et al.
1995). As well as the atomic hydrogen absorption at 21 cm, OH absorption might be a probe of molecular
gas in the disk/torus (e.g., van Langevelde 1995). There are several satellite lines at L-band (A18 cm).
Both the absorption lines can be observed using ground-based VLBI at a high resolution up to ~ a few
mas at A18 — 21em at present. We must keep in our mind that information obtained from the absorption
is restricted by structure of the background continuum source, however, molecular or atomic hydrogen
absorption lines could be a probe of infall or outflow from the nucleus in the circumnuclear region of AGN.

The Rainbow Array
What is the Rainbow Array ?

The Rainbow Array is an imaging telescope located in Nobeyama Radio Observatory (NRQ), Nagano,
Japan and optimised so as to provide the spectral line images at the wavelength of 2.6, 2, and 1.3 mm. The
expected sensitivity resulting from a total combining area of 2000 m? is obtained with seven telescopes
consisting of the six 10 m NMA antennas and the single 45 m radio telescope. Imaging resolution at A1.3
mm will be about 0".1, assuming the maximum baseline length of 400 m for the conventional NMA largest
array configuration. The antenna field of view will be 5.5”A (mm). The sensitivity of less than 1 mJy
per 2 hour integration for continuum emission and 25 mJy per 2 hour and per one spectral line channel



Table 1. Classification of AGNs

Optical Properties

Radio Properties Type 1 Type 2 Peculiar Type
Radio-Loud BLRG NLRG BL Lac
BLAZAR FRI
Quasar(RLQ) FR II
Radio-Quiet Seyfert 1 Seyfert 2 ULFIRG?
QS0O(RQQ) LINER

a4Ultra Luminous Far-Infrared Galaxies

Table 2. Megamasers imaged with VLBA

) b 1 b

Vsus Type S1.35em Luminosity Maser Velocity Keplerian

Galaxy name  (LSR km s~!) (Jy) (Lg) Disk gradient rotation
NGC42582 472 She 7 110 Yes Yes Yes
NGC1068"® 1150 SAb 0.7 180 Yes Yes No
NGC 3079 ¢ 1116 SBc 3.6 500 Yes No No
NGC 4945 ¢ 557 SB 9 60 Yes Yes No

IC 2560 ¢ 2900 SBb 0.3 130 ? Yes 7
NGC 1052 f 1618 E4 0.27 200 No ? No

8Greenhill et al. 1995, Mivoshi et al. 1995

bGreenhill et al. 1996
“Trotter et al. 1998
dGreenhill et al. 1997
€Nakai et al. 1998b

fBraatz et al. 1995, Claussen et al. 1998, van Gorkom et al. 1986
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for line emission can be observed. The sensitivity and angular resolution attained by the Rainbow Array
will provide astronomers with the proper tool for pioneering investigation in millimeter wavelengths. The
precise specification of the whole array system will be described in Chapter 2.

Scientific Capabilities of the Rainbow Array
Galactic objects

The measurement of the motions associated with gravitational infall leading to star formation is one of
the fundamental subjects in the field of star formation. Infall velocities and spatial structure up to ~ 100
AU are key to cur understanding of how stars form. Molecular gas or dust disks around protostars and
the properties of these disks resemble those of the early Solar System. These disks might play a central
role in the formation of stars. Protoplanetary disks are considered to be responsible to collimation of the
molecular outflows, and they regulate the angular momentum evolution of protostars. The Rainbow Array
would be able to approach to these sorts of subjects with angular resolution, corresponding to 10 AU (A1.3
mm) at a distance of 100 pc.

Extragelactic objects

The millimeter array, described above, will acquire fundamentally new information on the structures of
galaxies. It enables us to investigate the fine scale structures of the objects at a resolution of 0.1 arcsecond:
It reveals the kinematics of the optically obscured nuclei of AGN with a resolution of HST - by no other
instruments observing at other than radio wavelengths. We can compare the astronomical images obtained
by the Rainbow Array with the best optical images. On the other hand, VLA has been the most powerful
instrument in the world for studying the neutral gas content of galaxies in the 21 cm line of neutral atomic
hydrogen, while the Rainbow Array will be leading the study of carbon monoxide at the better spatial
resolutions in the molecular gas. The Rainbow Array will make it possible to understand energy transport
processes The Rainbow Array will allow studies of AGN in two ways: First, CQ and dust emission allow
us to image the processes responsible for the AGN activity at the millimeter wavelengths. The resolution
of 0.1 arcsecond will resolve the killoparsec-scale galactic disks on the scale of a few hundred parsecs,
which is comparable to the nearby extragalactic objects. The interactions and merging between galaxies
which might be related to the AGN activity can be studies using CO and other molecules. Second, the
observations at A1.3 mm will enable studies of CO J =1—-0and J = 2 — 1 transitions. Images of two CO
transitions will establish the temperature and density in the interstellar medium of the galaxies under the
assumed physical conditions.

CO line mapping

Although VLBI can achieve the angular resolution of 0”.001, it can detect only the high-brightness
compact objects (T, > 10° K) because of its poor sensitivity. The Rainbow Array, highly sensitive
connected array, can observe both the thermal and extended radio emission. The Rainbow Array will cover
the observing frequency range typically from 86 GHz to 230 GHz. In this frequency range, two different
transitions of CO lines are observable. The CO lines provide us important methods for a wide range of
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kinematic and morphological studies. The CO lines are to the study of molecular gas as the 21 cm line is to
the astrophysics of the atomic gas, however, observations of multiple CO rotational transitions { J = 1 — 0
and 2 — 1) will enable us to separate abundance effects from those resulting from excitation and optical
depth.

Motivation of this Thesis
Search for Circumnuclear Molecular Gas with the Rainbow Array

To date, intensive studies on circumnuclear molecular torus/disk in Seyfert galaxies have been
conducted to study kinematics and physical conditions of circumnuclear regions of AGN using millimeter
arrays with a few arcsecond resolutions (~ 100 pc in linear scale at the distance of < 30 Mpc). These
studies have been successful only in the nearby Seyfert galaxies M 51 and NGC 1068, as stated above. The
detailed structures and kinematics of the circumnuclear region ,however, are not still ¢lear even in these
galaxies at present. Further statistical investigations will be essential to search how typical the molecular
torus/disk might be in the circumnuclear region of AGN. In addition, we need to know how the molecular
gas is fuelled into the nucleus in relation to the outer galactic disk. The Rainbow Array will be able to
image the molecular emission in the extragalactic objects at the resolution of Hubbie Space Telescope
(HST) and it can probe the molecular gas distribution and properties deep in the active nuclear region
of disk galaxies such as Seyferts. Recently, molecular gas has been detected in several radio galaxies
(Mazzarella et al. 1993), and some of them are known to host the elliptical galaxy (Lees et al. 1991).
There is increasing indications that the optical imagings of powerful radio galaxies show the morphological
peculiarities, suggesting those arising from the collision or merger between galaxies (e.g., Heckman et al.
1986). We need for the highly sensitive radio interferometers equipped with the larger collecting area to
carry out those researches. The Rainbow Array which consists of the 45 m telescope and NMA is one of
the most promising existing facilities that allows us to upgrade the sensitivity and spatial resolution at the
same time.

The Rainbow project actually began in 1991 and it has been contimiing since then. Meanwhile,
some scientific outputs were derived from the experimental runs. In 1997, the NMA back-end system was
upgraded into the wide-band and high spectral resolution FX correiator (Chikada et al. 1987), and then
we were required to design the new SIS receiver system on the NRO 45 m telescope. For the achievement
of this upgrading, I performed the development for the receiver and its optics in the 45 m telescope. The
receiver system for the Rainbow Array must have been matched to that for NMA to obtain coherent
correlations between the 45 m and 10 m telescopes. After construction of the Rainbow system, I carried out
the spectral line-mapping observations of radio galaxy, NGC 1275 to study the molecular gas distribution
in the circumnulcear region of radio-loud AGN, as well as a final check for the array performance.

Rainbow Array Observations of Radio-loud AGN, NGC 1275

The peculiar type galaxy, NGC 1275 is located in the center of Perseus cluster with a bright radio
source JC 84 in its nucleus and it is known to abound with cold interstellar medium (Lazareff et al.
1989, Mirabel et al. 1989a, Reuter et al. 1993, Braine et al. 1995, Inoue et al. 1996, Bridges and Irwin
1998) and is, therefore, the one of the most desirable sources to study the relation of circumnuclear gas
to the radio-loud property in comparison with that to the radio-quiet’s in Seyfert galaxies. The detailed
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motivations for NGC 1275 studies will be described below.

e NGC 1275 is too distant (D = 70 Mpc) to be resolved in less than 1 kpc scale so far with the existing
millimeter interferometers. The nuclear region is expected to be resolved in several hundred parsec
scales with the high spatial resolution of Rainbow Array. We can approach to the nuclear region in
the comparable scale in which nearby spiral galaxies have ever been intensely searched.

o NGC 1275 enables us to study the energy transport mechanism which sustains the powerful radio
activity in relation to the circumnuclear molecular gas. Combining the obtained results with those in
Seyfert galaxies, it will be possible to address the origin of activity in radio galaxies.

¢ The single-dish observation of the radio-loud nucleus of NGC 1275 causes the difficulty in determination
of the continuum baselines over the wide passband, because the continuum fluxes tend to produce
the bad baseline at millimeter wavelengths. Interferometric Rainbow observations can eliminate this
effect.

¢ The spectrum of NGC 1275 shows the equivalent line velocity width of ~ 600 km s~! (FWZI),
corresponding to ~ 240 MHz at A2.6 mm. In order to detect the line emission, whose peak flux is only
a few % that of continuum flux, the wide reception bandwidth is required for the precise determination
of the continuum baseline. Therefore, observations using the wide-band (1024 MHz bandwidth)
digital correlator which is involved with the Rainbow system will be crucial for this purpose.

If we can successfully image the inner arcsecond of NGC 1275 and other radio galaxies, there will arise the
possibility of establishing the role of the maolecular gas in channelling the hot plasma observed in the centi
mater wavelengths. There is no other facilities which can reveal the kinematics of the optically-obscured

nuclei at a resolution less than 1" at present. The Rainbow Array enables these radio galaxies including
NGC 1275 to be studied in linear scales of < 1 kpe, which are comparable in nearby Seyfert galaxies.

VLBA Observations of Radio-active Galaxy, NGC 5793

On the other hand, in order that we understand the fine scale structure of circircumnuclear gas, I
propose to search for the nuclear region of radio-active galaxy, NGC 5793 mainly using VLBA by use of the
water maser spot. It seems reasonable that I should approach one of this major problem — relationship
between circumnuclear disk/torus and central activity in AGN — from studying radio-active nuclei in AGN
on different scales. In addition to the water maser mapping on sub-parsec scales, I have carried out the
VLBI observations of OH molecular absorption with ~ (”.01 resolution, corresponding to ~ 2.5 pe¢ in
linear dimension (D = 50 Mpc). The VLBI mapping of OH absorption towards AGN has not ever been
conducted in such a high-reselution so far. When combined OH, water maser, and CO data in NGC 5763, it
will be passible to obtain a fairly complete picture of physical conditions and kinematics of circumnuclear
molecular gas, and the eflects of central activity to the environments.

Thus, I will present the observational studies of the distribution and kinematics of molecular gas in
the circumnuclear region of radio-active galaxy NGC 1275 and NGC 5793 using radio interferometers with
different. angular resolutions. I believe that there must be the classes of the circumnuclear molecular gas
structure which cause apparent anisotropy in AGN family on 0.1 pc — 1 kpe scale. Although the molecular
lines provide the principle tocls for kinematical and morphological studies, we have no imaging facilities at
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millimeter wavelengths with the angular resolution that is competitive with that of VLBI (fsyn ~ 0".001
with VLBA at 22 GHz). In order to fill in the spatial resolution gap, I have performed the Rainbow project
which attains the maximum angular resolution on scales of the order of 1”at millimeter wavelengths. Some
of the investigations will require the resolution on scales of the order 1”and this will be achieved by the
Large Millimeter and Sub-millimeter Array (LMSA) project.

Structure of this Thesis

In Chapter 2, I begin with the summary of technical developments regarding to the newly developed
millimeter interferometry system; Rainbow Array, extended NMA mode which is combined with the 45
m radio telescape in NRO. In addition, some measurements and data acquisition processes are briefly
described.

Chapter 3 deals with the CO {J = 1 — 0) observations and detailed data-reduction processes of
well-known peculiar galaxy, NGC 1275 (3C 84, Perseus A) using the NMA in Rainbow-mode with the
resolution of ~ 1.7 arcsecond at 113 GHz (A 2.6 mm). The detected CO emission concentrated within ~ 400
pc from the center of the nucleus will be discussed together with the published data at various wavelengths.
The NMA observations in D configuration will be presented to follow up the Rainbow results. The Rainbow
observation has an implication as a test run to check the array system performance.

The detailed studies of the active galaxy NGC 5793 are also presented in chapter 4 and 5. In Chapter
4, I begin with the study of water maser emission at the transition of 22.235 GHz (1.35 cm) detected in the
galaxy and then high-resolution maser mapping using the VLA-A configuration (with an angular resolution
of 100 mas) is shown in order to reveal the large scale distribution of the water maser at the nucleus. I
conducted VLBA observations at the resolution of 3 mas down in scales towards the active nucleus. The
maser distribution within a few pc from a central engine is examined in relation to the continuum emission.
Chapter 5 also deals with VLBA observations of NGC 5793. The OH absorption structure against the
background continuum source is researched by VLBA at the resolution of ~ 17 mas and its morphologically
unusual continuum structure will be discussed with VLBA continuum observations at both L and C-band.
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Fig. 2.— An integrated intensity map of CO (J = 1 — 0) in NGC 1068, observed by Helfer and Blitz
(1995). The synthesized beam ( 4" .1 x 3" .7) is plotted at the bottom left corner. The contours are shown
4,6, 7, 8,10, 12 and 14 o levels, where 1 ¢ is 5.7 Jy beam™! km s~! . In the map, northern and southern
spiral arms are connected by a bar-like molecular structure. This nuclear molecular bar whose extent is 25
" is seen at P.A. ~ 63° .

Fig. 3.— The HCN structure in NGC 1068 superposed with the 6 cm continuum image (Jackson et al. 1993).
The blue-shifted (thick) and red-shifted (dash) contours could trace the rotating molecular gas disk. The
rotation axis aligns the direction of the continuum jet-like structure.

05ly

Fig. 4.— The maser disk discovered in NGC4258. The 22 GHz continuum structure superposed on the
maser distribution on the warped disk in sub-parsec scales, presented by Herrnstein et al. (1998). The
locations of masers are shown by filled circles. The filled square in black expresses the disk center.




Chapter 2

INSTRUMENTATION — 45 M
TELESCOPE RECEIVING SYSTEM

Rainbow Array
Overview

The term of 'Rainbow Array’ refers to the millimeter wave interferometer with seven elements, that
consists of six element Nobeyama Millimeter Array (NMA) and the 45 m telescope in Nobeyama Radio
Observatory (NRO) in Japan. The expected sensitivity of Rainbow Array results in a combined collecting
area of nearly 1200 m?. The achieved baseline sensitivity will be improved by a factor of four better than
that of NMA in conventional six array mode. Imaging resolution at 230 GHz (A1.3 mm) is expected to be
~ 0".7, for the maximum baseline length of ~ 400 m in the largest configuration.

Since 1980s, the Berkeley-Illinois-Maryland-Association interferometer (BIMA) at Hat Creek, the
California Institute of Technology interferometer at Owens Valley (OVRO), Institute of Radio Astronomy
Millimeter (IRAM) at Plateau de Bure and NMA have provided a plenty of scientific achievements in every
field of Astronomy and all of these millimeter arrays have been currently upgrading to improve mapping
speed, sensitivity, resolution, receivers for shorter wavelengths, and correlators for wider bandwidths.
Consequently, NMA has no longer superiority over other interferometers both in sensitivity and resolution
as shown in Table 1. We have, however, the 45 m radio telescope, known as a millimeter telescope with the
largest dish at present, and NMA in our site at Nobeyama. The addition of the 45 m telescope to existing
NMA can increase the number of sources observable at A1 — 3 mm as a result of improved sensitivity of this
extended array. Thus, the Rainbow Array will serve the anchor for the Millimeter Array (MMA) or Large
Millimeter and Sub-millimeter Array (LMSA) which are being considered as next generation Sub-millimeter
arrays. Here are listed properties of the existing millimeter arrays in Table 1.

A Brief Historical Review

The Rainbow Array project was originally proposed by N.Ukita and R.Kawabe {NRQO) in 1991. The
array was first tested in 1993 and resulted in successful fringe detection between the 45 m and NMA 10 m

14
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telescopes. Then astronomical observations were conducted for bright galactic objects. The high-resolution
maps of Ori-KL and L1551 were obtained with the array. From 1994 to 1996, a number of technical
developments have been made both in the 45m telescope and NMA, including the underground optical
fibers carring IF and reference signals. Meanwhile, the test observations had been made every year.

In 1997, the FX correlator in NMA back-ends was replaced by the new-FX correlator and UWBC (Ultra
Wide Band Correlator) equipped with the higher spectral resolution and wider 2 GHz reception band
(DSB), respectively. As a result, intermediate frequency (IF) was also updated ranging from 5.0 - 7.0 GHz.
These were conducted to increase array (NMA) sensitivity. (Once the the number and aperture of antennas
are fixed, the broad continuum band and spectral resolution are the most important parameters for array
sensitivity.) However, the 45 m receiving system has the IF centered on 1.4 GHz. Then, it was necessary to
develop the new receiving system with the IF centered on 6.0 GHz and 2 GHz total bandwidth in the 45 m
for the Rainbow observation. This is the motivation for describing this Chapter.

The Rainbow System Design
Overview

The performance of NMA by adding the 45m telescope to it would be enhanced mainly to increase
array sensitivity and to improve (u,v) coverage. However, design of some systems, especially receiving
system in the 45 m, should be made to make it as easy as possible to observe with existing NMA system. To
provide compatibility with NMA receiving systems in both RF and IF bands, the 45 m receiver system for
the whole Rainbow observation was newly developed. I will present technical aspects of the Rainbow Array
system, including an optical feeding system, receivers, astronomical objectives and some measurements in
which I had been mainly engaged, with particular emphasis on the development of the new hetérodyne
receiving system mounted on the 45 m telescope. The detailed description on test observations will be
discussed in the next Chapter.

SIS Receiver System

The primary aim of the receiver design is to achieve as low a system temperature as possible. To fulfill
this requirement, SIS receivers, the most efficient receivers in millimeter and sub-millimeter astronomy, are
being adopted as much as like other receivers, mounted on the 45 m telescope and NMA (e.g., Phillips and
Woody 1982).

Major design concept of the receiver is as following.

e Three SIS mixers operating at 100 GHz (A3.0 mm}, 150 GHz (A2.0 inm), and 230 GHz (A1.3 mm) are
installed in a dewar.

s The dual-frequency reception in two of three bands is required for single-dish observations.

» The first intermediate frequency (IF) bands should cover from 5.0 to 7.0 GHz to match the NMA IF.
(By contrast, the 45 m front-end adopts the 1st IF of 1.4 GHz at present.)

The front-end consists of feed-horns, mixer blocks, cross-guide couplers, and cooled HEMT amplifiers for
each frequency band, and all of them are installed in the cryogenic dewar. Most of the front-end system
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is to be cooled by the closed-cycle cryogenic refrigerators to liquid helium temperatures. The signals at
each frequency are fed into the dewar passing through the windows, shielded by the Teflon. The RF signals
at each frequency received by a feed-horn, then, are guided in SIS mixers through directional couplers
mounted on mixer blocks. The mixers are cooled to ~ 4 K to keep SIS junction inside mixer blocks into
the state of superconductivity. The LO power injection is made using this coupler by means of waveguide
running from out of the dewar. The LO power generated from the Gunn Oscillator module is applied to a
mixer block, where the RF signal accepts heterodyne mixing. In the LO units, oscillators and frequency
doubler or tripler provide an output that is tunable over ranges of 86 — 115,150 — 165, and 210 — 230 GHz,
respectively. The mixer has no filter to select one sideband, resulting a double-sideband receiving system.

The first frequency conversion to 5.0 — 7.0 GHz is made at this stage. Then, the converted signal is
amplified by the low-noise HEMT amplifier (LNA) with the typical gain of 35 dB over nearly 2 GHz and
will be fed to outside of the dewar by way of waveguides. LNA is cooled to ~ 20 K and fixed to the 20
K platform. At the output point of the dewar, the output signal of LNA is amplified by the second IF
amplifier with the gain of 30 dB over a range of 4—8 GHz and selectively guided to two paths; one of which
goes to the 'band selection board’ in the 45m telescope cabin and the other goes to the Interferometer
control Building (IB) on the optical fibers via underground.

Block diagrams of front-end and signal path at RF and IF are shown in Figure 1. The summary of

these receivers is given in Table 2. The laboratory measurements of a mixer performance are also given in
Table 5.

Beam Waveguide (Optics) Design

The main purpose of this section is to give an overview of the quasi-optical feed systems that have been
developed for use of the Rainbow Array. To provide the maximum frequency flexibility the 45 m telescope
uses the beam wave guide feed. This feeding system allows us to locate a number of feeds and receivers
at ground level, with the advantage of more space and easier access to the receiving systems. An optical
system designed for the Rainbow is placed under the 45 m reflector shown in Figure 2.

The optics for feeding the signal into the dewar consists of one set of reflectors, one curved and the
others plane. The configurations of these mirrors are shown in Figure 3. The incident signal first passes
vertically through a circular polarizer converting linearly polarized wave to circular polarization to match
the polarization between the 45 m telescope and 10 m antennas. This beam is then reflected horizontally at
the plane mirror (#1) and reflected again by the ellipsoidal mirror {#2) to the vertical output. In the case
of 100 GHz wave reception the output is initially reflected by the plane mirror (#3) and then reflected by
the mirror (#53) to the 100 GHz horn. When 150 GHz wave is received, the reflected output by the plane
mirror {#3} is then reflected by the mirror, which is inserted at the location of #4. On the other, 230 GHz
reception is realized by removal of the #3 mirror out of the wave path. Finally, the wave at each frequency
is transmitted through Teflon lens, placed before the feed horn.

Although the Rainbow Array can receive only a single frequency band at a time, there is a requirement
for dual-frequency observations with the 45 m single dish. The requirement for simultaneous observations
with a pair of 100 GHz and 150 GHz or 100 GHz and 230 GHz is satisfied with using a plane dichroic
reflector (made of wire grids) in the optical system. This is selectively mounted over the 230 GHz feed at
the location of #3 in Figure 3. The flat dichroic reflector is transmissible at 230 GHz and reflective at 100
GHz and 150 GHz. When the single frequency receiving mode {Rainbow mode) observation is carried out,
it 1s either replaced by the plane reflector at 100 GHz or 150 GHz, or moved out at 230 GHz.

By insertion of another additional Teflon lens and re-location of the mounted lens before the feed horn
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for 230 GHz (see Figure 2), aperture illumination is transformed into the aperture with the radius of 35
m. This is designed for the dual-reception at 100 GHz and 230 GHz in the single dish observation mode
to match the beam size of 230 GHz with that of 100 GHz. The adopted parameters (distances between
mirrors and etc.) in the optics are summarised in Appendix.

Rainbow Observing System
a. Reference signal

A simplified block diagram of the reference signal distribution system for the local oscillators are shown
in Figure 4. We must keep it in our mind that the Rainbow Array is a connected array, therefore, all LO
oscillators and timing signals used in the receiving system at each antenna site, including 45 m telescope
must be provided common reference signals. The reference signals are originally derived from 5 MHz signal
made by the hydrogen maser, a widely-used frequency standard in astronomy.

The 5 MHz reference output of the maser in the equipment room inside 45 m Building (45 B) is
transmitted to the NMA IB on a coaxial cable and used to provide reference frequencies for a synthesizer
module generating 16 MHz reference. Then, it is multiplied 1696 MHz at NMA IB. This reference is
distributed to the 10 m and 45 m antenna sites on optical fibers after being modulated to a digital signal.
A frequency multiplier at the IB generates 10 MHz from 5 MHz. Another reference frequency of 25 MHz is
derived from the fringe rotator regulating the delay tracking at the IB and these two reference signals are
transmitted to the 10 m and 45 m on separate coaxial cables.

In each antenna, LO units consisting of local oscillators {Gunn Oscillators) and Phase Locked Loop
(PLL) circuits are equipped. The three reference frequencies are used to drive PLL and local oscillators
providing LO power to the SIS mixer.

b. IF and correlator

The design takes advantage of the existing instrumentation at observatory. The NMA back-end at
IB, including the correlators that are configured to obtain cross correlations, is used. Optical fibers buried
below ground were installed between the 45 m telescope and IB.

The IF signal amplified by LNA in the dewar is digitized by E/O modulator and then transmitted to
IB on optical fibers. After A/D conversion, the signals from each site are split into two different components
at IB. One of them goes to Ultra Wide Band Correlator (UWBC), in which the sampling frequency of 1024
or 512 MHz with 128 and 512 independent spectral channels, respectively, is used and the other goes to FX
correlator using the sampling frequency of 32 MHz with 1024 spectral channels. The digitizing uses 2 bit, 4
level sampling. Thus, signals from 2 telescopes are multiplied followed by integration within a coherent time
in the correlator. Details of the NMA correlator system beyond those are described in Okumura (1998).

Array Performance (Expected)

The Rainbow Array consists of seven elements, including the 45 m telescope with the largest radius
among the millimeter wave antennas. The resulting baseline sensitivity due to the collection area will he
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Table 1. List of millimeter interferometers

Institute Dish Number Total collecting Observing Altitude
Diameter (m) of Antenna area (m?) Frequency Bands (GHz) (m)
NMA 10 6 470 86 - 230 1400
155 - 165
(210 - 230)
Rainbow 10, 45 7 1225 86 - 230 1400
Array (2060)
IRAM 15 5 880 86 - 115, 210 - 230 2560
(330 - 360)
OVRO 10.4 6 310 86 - 115 1220
210 - 230
BIMA 6 9 235 86 - 115 1040
210 - 230

Table 2. Characteristics of the receiving system

Norminal Frequency First IF
frequency (GHz) band (GHz) band (GHz)

100 86 — 116 50-70
150 135 - 160 5.0-7.0
230 210 — 230 5.0-7.0

'Double Side Band (DSB) receiving
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four times as good as that of NMA. The 45m — 10m fringe sensitivity (1 & ) is derived from the following

estimation,
T Av —0.5 £ . —0.5
A rs — 2ys in —1 ‘
* 47 (500 K) (1 GHZ) (10 m:’n.) (mJy beam™") (2.1)

, where I assumed that the aperture efficiencies of 45m and 10m are 43 % and 78%, respectively. The
angular resolutions, shown in Table 3 are limited by baseline length (nearly north — south) of about 400 m.
Although a lower spatial resclution is possible due to foreshortening of the baseline, actually this will not
be appreciable because of the fixed Rainbow array configuration. The expecting performance ( assuming 7
elements ) is shown in Table 3. Here we give estimates of the brightness sensitivity and 1 o rms sensitivity
in the highest resolution element at 2.6 mm {115 GHz) under good weather conditions.

For continuum observations using UWBC correlator,

T, Av T8 e N0 0, x B\
Th = #y8 int o X By ‘
ATy =21 (500 K) (1024 MHz) (4 hrs) (1” x 1 (mK) (2.2)
_ T\pe Ay —0.5 to 0 B
ASrms = 0.76 (500 K) (1024 MHz) (4 hrs. (mJy beam ™) (2:3)
and for spectral line observations using the new-FX correlator,
o Tsys Av —0® Lint -08 ea bt eb -
ATy =48 (500 K) (32 kHz) (4 hrs (1" x 1”) (K) (2:4)
Toys Ay )08 to, \ 00 B
rms — Y. —_— F bhe 2.5
ASrms = 0.14 (500 K) (32 kHz) 4 hrs. (Jy beam™) (2:3)

, where 500 K DSB system temperatures and 50 % aperture efficiencies are assumed. # is defined as a
synthesized beam size.

The expecting sensitivities of other interferometers are listed in Table 4. It is clear from the list that
the expecting sensitivities of the Rainbow Array system are superior to those of other interferometers all
over the world at present.

Measurements for the Rainbow Array System
Receiver Noise, Systern Temperature, and Beam Pattern

The examples of the best performance of SIS mixers at 100 GHz (A3 mm) and 150 GHz (A2 mm) are
shown in Fig 5 and Fig 6, respectively. These data were recorded from mixers installed in the laboratory
dewar used for general measurements. The receiver noise temperatures (DSB) are shown as a function of
LO frequency, measured at the IF frequency centered on 6.0 GHz. The bandwidths were limited to 500
MHz, determined by the bandpass filter. The noise temperatures for the 100 GHz mixer are between 45
K and 85 K in the range of 8¢ — 115 GHz. Values down to 70 K (DSB) is attained over the frequency
range of 125 — 155 GHz regarding to the 150 GHz mixer, that is the best performance obtained so far.
Measurements for a 230 GHz mixer are underway.

The system temperatures of the Rainbow receiver in the 45 m, including the effects of the atmosphere
are shown in Table 5. The values were all measured at the frequency of 86.243 GHz, tuned for the SiQ
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(J =2-1,V = 1) maser frequency, for the 100 GHz receiver. The system temperature (Tsys) is defined as
below, where Tam, Tane, and Ty, are, atmosphere, antenna and receiver temperature.

Tsys = Taim + Tane + Tix (26)

Beam patterns at 100 GHz and 150 GHz were measured from observations of quasars. The beam pattern
of the 3 mm receiver at 86.243 GHz is shown in Figure 7. The FWHP (Full width half power) beam widths
were about 16”.5 £ 3".3 at 86 GHz and 12”.5 £+ 2".5 at 149 GHz.

The rms sensitivities of the Rainbow receiver are shown in Table 5. The values are estimated as follows,

_ \/ETsys
h v tint Ay

where, ti,; and Av is defined as total integration time (sec.) and bandwidths (kHz), respectively. For an
integration time of 600 sec. at 2.6 mm (115 GHz), the 1 ¢ noise level will be achieved ~ a few K per 1
spectral channel (37 kHz) for a spatially unresclved objects. :

After the receiver performance being verified, I proceeded the measurement of optical feeding systems.
First, the beam-squint offsets of the 45m telescope were determined within about 20 % referred to the
§100/80 receiver. Then, the beam pattern measurements were carried out to check the calculation of optics.
As an example, the beam pattern of the 3 mm feeding system is shown in Figure 7. The measured values of
the beam size are listed in Table 5.

AT (K) (2.7)

Test Observations
a. Single-dish observations

After installation of the receiver in the 45 m telescope receiver room, the single-dish test observations
were conducted at both 3 and 2 mm for the galactic SiQ maser source VX-sgr and CS(J = 3 — 2) toward
SgrB2 in Galaxy center. The obtained spectral profiles are shown in Figure 8. The result is shown in
Table 6.

b. Interferometric test observations

The Rainbow Array equipped with the new front-end system was first tested on 1997 June 8 — 15.
After I verified that the instrumentation worked by observing the bright continuum source, I tuned the
frequency of Si0O (J =2 — 1.v = 1) maser at 86.243 GHz and detected the maser line toward Qrion KL
(see Figure 9). The Figure 9 shows that the peak value ratio between the 45m - 10m and 10m-10m baseline
is &= 3.5. This is nearly the expected value of 4, derived from the baseline sensitivities.

Poor weather typical for the rainy season in Nobeyama and short allocation time period did not permit
us further progress.

The second period for the test observations was over 1998 January 28 - February 6. The weather was
relatively good, and this time we cbserved at the 150 GHz. This experimental observations pursued two
directions as follows;

e intense baseline calibration, so as to determine the baseline error between the 45 m and 10 m
telescope with an accuracy of ~ 0.1 A. The problem of errors are considered as follows: 1) Focal
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point of sub-reflector of the 45 m varies as a function of the telescope elevation due to homologous
deformations of the telescope structure. 2) The cable expansion and contraction. 3) The uneven

surface of the AZ rail of the 45 m. Apart from these, there found the error which causes gradual
time-dependent variation.

e to check the capability of imaging of the array, by observing astronomical objects with both continuum
and line emission.

We tracked the phases of compact continuum sources, such as 3C 273 over two nights for baseline calibration.
All the data were used to make a rough estimation of the baseline. The intense determination of the
baseline is still underway.

¢. Mopping test observations

The astronomical observations consist of three sessions, the hydrogen recombination line emission from
the galactic HII region of MWC 349 at A2 mm, CO (J =1 — 0) molecular line from the radio galaxy,
NGC 1275 (3C84), and thermal continuum emission from the proto star candidate, L 1551. In the next
Chapter, I will show the data reduction and scientific results of NGC 1275 in detail.

Here we show the continuum image of L 1551 at 2 mm in Fig 10. The rms noise of this map is ~ 7 mJy,
obtained with the 1024 MHz passband. The noise level in this map is almost consistent with the derived
sensitivity of ~ 3 mly (see Table 6). The peak flux density of the image is about 60 mJy beam™" with a
synthesized beam of 2.0 x 0.8 arcsec.. The continnum source is known to contain thermal emission from
the dust around the proto star. The source size, intensity and structure are consistent with the previous
obtained image at A2.6 mm.

Summary
I broke down the summary of this chapter as follows:

® Due to the replacement of the NMA correlator system in 1997, development for new receiving system
in the 45m telescope was required in order to carry out the Rainbow observations connecting NMA to
the 45 m. I was involved in the beam waveguide and SIS receiver design.

s The new Rainbow SIS receivers enable observations at the frequency of 100 GHz, 150 GHz and
230 GHz with the wide reception bandwidth (1 GHz) or the high spectral resolutions. To fulfill
requirements for single-dish observations, the receivers were designed available for the dual-frequency
{100 — 230 GHz, 100 — 150 GHz) reception. The circular-polarizer which was newly developed is used
to match the polarizations between the 45 m and 10 m telescopes.

¢ After installation of the receiving system in the 45 m telescope, the whole system that I designed was
examined by measurements on the 45 m telescope.

o After successful fringe detection between the 45 m and 10 m, the several test runs were carried out
to check the imaging capabilities of the Rainbow Array in both the continuum and spectral line, and
finally the high performance of the Rainbow was verified.
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Optical system:
(A) ; Side view
(B) ; A top view

Fig. 3.— The schematic view of optical elements in the Rainbow feeding system
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Tahle 3. Expecting performance of the Rainbow Array

Nominal frequency 100 GHz 150 GHz 230 GHz
Number of correlations 21
Maximum bandwidths (UWBC) 1024 MHz
Synthesized beam (AB configuration) 1.0 arcsec. 0.8 arcsec. 0.5 arcsec.

Minimum Velocity resolution (FX) 0.10kms™!  0.075km s™!  0.050 km s~!

Continuum sensitivity (4 hrs) 27 mK 30 mK 45 mK
(Av = 1024 MHz)

Line sensitivity (4 hrs) 48 K 33K 80K
{Av = 32 kHz)

Aperture efficiencies are assumed to be 0.5 (A2.6 mm), 0.4 (A2 mm), and 0.3 {A1.3 mm).
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Fig. 6.— A plot of receiver noise temperatures for 1530 GHz mixers, operating at 135 — 155 GHz, as a
function of Local (LO) frequency.
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Table 4. Sensitivities of millimeter-wave arrays at 3 mm

Rainbow IRAM OVRO

Number of correlations 21 10 13
Maximum bandwidths (GHz) 1 0.5 1
Minimum frequency resolution (MHz) 0.03 0.04 0.04
Continuum sensitivity P

A 'S (mJy beam™!) 0.76 1.1 1.2

AT (K) 0.027 0.10 0.11
Line sensitivity ®°©

A'S (mJy beam™! ) 24 25 40

AT (K) 0.86 2.2 4.0

® 1.0 x 1.0 arcsec® beam, 4 hours integration, Tsys = 500 K (SSB)

b Assuming the maximum bandwidth

¢ Assuming Ay =1 MHz

Table 5. Measured performance of the receiving system

Wavelength 3 mm 2 mm
Bands (GHz) 86 - 115 135- 160
Primary beam size (FWHM) 16+3 1243
{arcsec.)
Trx (K) ! 50 -75 45 - 70
Tsys (K) 310 350

Line sensitivity (single-dish) * (2K ?3 0.06 K

'Receiver noise temperature
2The spectral resolution is 0.25 MHz and on-source
time is 20 minutes.

3Due to the poor weather condition and the high Tsys
value
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Table 6. Sensitivities derived from test observations

Test mode lo lo
Estimated Value Measured Value

45m single-dish (20 min. integ.) 0.11 K 0.12 K
Fringe sensitivity (10 min. integ.) 7.5 mly 12 mJy
Mapping sensitivity * (4 hrs integ.) 3mly 7 mly

L CS (J =3-2),146.96 GHz., Tsys = 1000 K(DSB), A B = 0.25 MHz

2 3C 84 observations, Tsys = 500 K, A B = 300 MHz

3 From the continuum map of L1551 in Figure 10, Tsys = 500 K, A B
=1024 MHz

45m beam pattern image at 86.23 GHz
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Fig. 9.— The fringe detection of 10m —10m (upper panel) and 45m — 10m baselines (lower panel). The
profiles shows SiO (J = 2 — 1,v = 1) maser emission in Ori-KL.
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Fig. 10.— The A = 2 mm dust emission in L 1551 observed with the Rainbow Array. The rms noise level in
this map is about 7 mJy beam™! .



Chapter 3

NUCLEAR MOLECULAR GAS IN
NGC1275 - CO OBSERVATION
WITH THE RAINBOW ARRAY

Introduction

NGC 1275 (Perseus A) is one of the best studied galaxies. The galaxy and its nucleus have been studied
extensively at various wavelengths. NGC 1275 was considered one of the Seyfert galaxies, discovered in 1943
(Seyfert 1943) with an unusually bright and starlike nucleus showing broad emission lines. Among the first
six Seyferts only NGC 1275 was not spiral, showing a peculiar morphology in many respects. Since then,
over cight hundred papers have been published on this galaxy to date.

NGC 1275 is a ¢D galaxy identified with Perseus A at the center of Perseus cluster {Figure 1) and
known to have Seyfert-like nucleus in its center and a powerful radio source (3C 84) with a jet-like structure
(Figure 1) in various scales (e.g., Pedlar et al. 1990). The 21 cm lines of atomic hydrogen had been detected
in absorption at two widely separated velocities (Minkowski et al. 1957, Burbidge and Burbidge 1965).
One of the two velocity components was detected at the velocity of ~ 5200 km s~! |, and is referred to be
the systemic velocity of NGC 1275. This feature was considered to be the line emission associated with the
optical filamentary structure (Lynds 1970). Another component, at ~ 8120 km s™! | is red-shifted by nearly
3000 km s~! to the systemic velocity and is consistent with the velocity of the gas filament system, which
is at 40" off the nucleus (de Young et al. 1973). Ekers et al. (1976) showed that HI absorbing region is
smaller than a few arcsecond in extent and centered within 1” on the nuclear continuum source. These
authors considered an interpretation involving absorption from a superposition of galaxies in the cluster, as
well as the ejection hypothesis, in which the absorbing gas is ejected from NGC 1275 at a constant velocity.
The presence of the foreground high-velocity system might imply that NGC 1275 has experienced a previous
merger. Thus, the origin of the highly red-shifted HI absorption has not hbeen well understood.

X-ray observations with EINSTEIN detected the significant X-ray emission from the Perseus cluster
involving NGC 1275, indicating the existence of thermal hot gas. Its origin was interpreted as an emission
from a cooling flow with a mass accretion rate of 200 — 300 Mg, yr~! (Mushotzky et al. 1981, Fabian et
al. 1984, Fabian 1994), however, the fate of this cooling flow gas has been controversial. The most recent
ROSAT data show the excess X-ray absorption in the central 30" in the cluster and the total mass of

30
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~ 108 Mg, is estimated (Allen and Fabian 1997). It has been argued that such a large concentration of
cooling flow gas or absorption gas in the foreground galaxy has a relation to the existence of interstellar cold
gas and dense molecular clouds. The radio core in NGC 1275 might heat the latter gas to the detectable
temperatures, while the former gas remains cold in Perseus cluster.

Several observations demonstrate the presence of a young stellar population in NGC 1275. Shields and
Filippenko (1990) first detected the blue stellar clusters at the systemic velocity both in the nucleus and
an Hyp like region ~ 20" from the nucleus, which they conclude is a young blue cluster. The broad-band
HST observations revealed the luminous, blue, and unresolved objects in the 5 kpc region from the nucleus
(Holtzman et al. 1992). The CFHT (3.6 m CFH Telescope) photometric observations to follow up these
HST results confirmed that young and luminous star clusters were formed continuously at least over the
past 10® years in the central 8 kpc region (Richer et al. 1993). The processes of the star-formation were
interpreted as the results of massive cooling flow and masses up to 107 Mg are estimated for the most
massive clusters. The Ha emission lines associated with the some clusters detected by them were observed
(Ferruit and Pecontal 1994). Those argument support the presence of star-forming activity in the center of
NGC1275.

On the other hand, radio observations of HI absorption and CO emission could trace the cold
interstellar matter in powerful radio galaxies, while HI emission at 21 ¢m is extremely difficult to observe
because of the strong radio continuum emission. Molecular line emission at millimeter wave proved to be
an alternative method to lead physical and kinematical studies in the circumnuclear region of the powerful
radio galaxies (Mirabel et al. 1989a, Mirabel 1989b).

A detection of CO (J =1 — 0) in the galaxy was reported with the NRAO 12 m and TRAM 30 m by
Mirabel et al. 1989a and Lazareff et al. 1989, respectively. According to their results, nearly ~ 10'° Mg, of
cold molecular exists in the central region. Th e amount of total calculated molecular mass is consistent
with the estimation from IRAS 100 pm flux. The presence of such large amounts of molecular gas in the
central a few kpc of the galaxy can be explained by; central starburst activity induced by galaxy-to-galaxy
merger/interaction or the cooling flow gas in the center of NGC1275. Thus, NGC 1275 is the promising
candidate to investigate gas kinematics in the circumnuclear region of radio-active galaxies.

Inoue et ai. 1996 have observed CO (1-0) at high-resolution (~ 5" ) with NMA in the center of
NGC1275(Figure 2). Their results indicate that the asymmetric CO distribution within r ~ 10 kpc from
the nucleus is similar to that of Ha extending westward up to 40 kpc (e.g., Heckman et al. 1989) and
CO emission arises mainly from the twin peaks constituting the parts of ring-like structure surrounding
the nucleus. The fact that these twin peeks are located near the edge of the dust lane detected by HST
{Holtzman et al. 1992) is similar to the crowding of gas near the inner Lindblad resonances (ILR) seen
in some barred galaxies (e.g., Kenney et al. 1992). In addition, they observed the hydrogen molecule at
2.1 pm in emission concentrated at the nucleus and unresolved by the beam size of 2 (~ 700 pc). Their
interpretation is that a turbulent motion of molecular clumps triggered by shocks with a velocity of 100 km
s~1 is expected in this small region. Apart from Inoue et al. (1996), Braine et al. (1995) also carried out
synthesis mapping observations of NGC 1275 using the IRAM interferometer with an angular resolution of
~ 2. Their study was intended to search for the molecular absorption system toward the radio nucleus
of this galaxy, but failed to detect it at the central continuum source. Empirically, dynamical structures
traced by molecular gas have been found in 100 pc scales from the galaxy center, suggesting that we should
study the innermost region also in NGC 1275 with the finest spatial resolution.

In this Chapter, [ will present the high spatial resolution imaging of NGC 1275 to search for the
molecular gas disk/torus in its circumnuclear region in hoping that I will find the particular gas fueling
mechanismn in the radio galaxy in comparison to that in radio-quiet objects. The structure inner 1 kpc
region from the nucleus will be revealed by use of Rainbow Array system with higher angular resolution
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and sensitivity. The results of observations will be discussed together with those of NMA-D (the compact
array).

Observations and Data Analysis
Observations
6. Rainbow observations

The Rainbow observations of NGC 1275 were made at 113.14 GHz (CO J =1 — 0) on January 28, 29
1998. The array consists of the existing Nobeyama Millimeter Array (NMA) in its highest resolution (AB)
configuration and the 43 m telescope of Nobeyama Radio Observatory (NRQ). (The array consists of five 10
m telescopes and the 45 m telescope with a total of 15 simultaneous baselines.) The system temperatures
are typically 300 — 800 K in the double side band, corrected for antenna and atmospheric losses. Spectral
resolution was provided by a digital correlator (UWBC) configured with 128 x 8 MHz channels. The
velocity resolution is 20.8 ki s™! at 113.13 GHz. A full-track of ten hours was used to synthesize a
uniformly weighted 1”7.7 x 0”.8 beam. The total usable integration time on NGC 1275 is 7 hr. The
amplitude response of the bandpass was calibrated through observations of the compact bright continuum
source of 3C 454.3, 09234392, and 3C 273. Instrumental phase calibration is based on observations of 3C 84
itself. The absolute flux value was determined from the observations of Jupiter, and is good to = 10%.

The array involved the 45 m telescope with a large main reflector, therefore the pointing was checked
frequently on nearby Si0O maser sources at Q-band every 1.5 hrs to minimize the pointing errors. Due
to the uncertainty of baseline between the 45 m - 10 m telescope baselines, we required to do additional
baseline corrections. This will be discussed in the following section. The array configuration and resulting
(u,v) track are presented in Figure 3 and Figure 4, respectively., Observing parameters are listed in Table 2.
The data reduction process is briefly summarized in Fig. 6.

b. NMA-D observations

NMA was also used in its compact spatial-resolution configuration {D) on December 29 1997 at 113.14
GHz { CO (J =1 — 0} ) to image the extended CO emission within r = 20" in NGC 1275 and estimate
reliability of the Rainbow maps. The system temperatures are typically 500 — 800 K in the double side
band, corrected for antenna and atmospheric losses. Spectral resolution was provided by a digital correlator
(UWBC) configured with 128 x 8 MHz channels. The velocity resolution corresponds to 20.8 km s~ ! at
113.13 GHz. The data were obtained from about a 8 hr observation. The total usable integration time on
NGC1275 is 4.5 hr. The resulting synthesized beam size is 87.9 x 5.9 (natural weight) in P.A.= -20°.
The observing parameters are almost the same as those used in the Rainbow observations (see Table 3).
The bandpass calibration was conducted through observations of the compact, bright continuum scurce
of 3C 273. Phases were calibrated using 3C 84 (NGC 1275) itself. The absolute flux density of 3C 84 was
determined from Jupiter with an accuracy of 10 %. After the self-calibration using the AIPS task of
ASCAL, the calibrated continuum phases and gains were applied to the spectral line visibilities using the
task ASCOR. Then the spectral imaging was carried out.



—33-

Table 1. Summary of NGC1275.

Parameter Value
R.A. (1950) 2. .- 3% 16™ 29 557
Dec. (1950) 2 --. 41°19'51 794
Adopted distance P --. 70 Mpc
Systemic velocity (LSR) € --- 5273 + 18 km 5!
Morphological type
Magnitude 12 mag.
log P(0.4 GHz) ¢ --- 25.22 W Hz™!
Flux density (1.4 GHz) ®- .- 21.1 Jy
(8.3 GHz) --- 33.6 Jy
(22.2 GHz) --- 134 Jy
(1100 GHz) T ..~ 4.3 Jy
(IRAS 100 gm) - -- 6.98 Jy
(IRAS 60 pym) - 7.15 Jy
(IRAS 25 ym) - -- 3.54 Jy
Lig & 1.0 x109 L@

From the position of radio core determined by VLA
{Whiteoak et al. 1987)

b Assuming Ho= 75 km s~ Mpc !

“Systemic velocity referred from Inoue et al. 1996
dMirabel et al. 1989a

*White and Becker 1992

fNMA flux measurement (1997 Dec.)

8Kawara and Taniguchi 1993
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Fig. 1.— left: An optical broad-band image of NGC 1275, obtained by the Palomar 48 inch Sehmidt. The
image size is 11°.0 x 11'’.0. 1'.0 = 21 kpc (D = 70 Mpc). right: The MERLIN 73 cm image of the radio
structure of 3C 84 at the resolution 1”.2. The contour begins at = 12 mJy beam ! and intervals 12 mly

beam™! up to 238 mJy beam ' . The peak flux density is 8370 mJy beam~! (Pedlar et al. 1983).
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Fig. 2.— A velocity-integrated map of CO (J =1 — 0) emission in NGC 1275 using NMA-C,D, observed
by Inoue et al. (1996). The velocity range covers Vgg = 4971 — 5577 km s~ ' . The synthesized beam
size is 5”.1 x 3”.6 in P.A. = 5.6°. The rms noise level is 10 mJy beam™! . The contour interval is 10 mJy
beam™! and the lowest contour is 20 mJy beam™! . The map center {phase center) is marked by a cross.
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Table 2.

Observing parameters for the Rainbow

Parameter

Value

OCbaervation date

Array Configuration

Phase center position
Right Ascension (1950)
Declination (1950}

Total chservation time

Total on-scurce time

Number of correlationa

Primary beam of the 45 m teleacope (FWHP)

Synthesized beam (FWHM, uniform weight)

Line (transition)

Rest frequency

Velaeity center (LSR)

Chserving frequency

Bandpass Calibrator

Phane Calibrator

Bandwidth

Velocity covernge

Total number of the spectral channel

Velecity (frequency) resolution

1998 Jan. 28, 29
AB (Rainbow Mode)

3k 18™ 20787
41°19'51484

10 br

7 hr

15

18"

1.7 x 0.8
CO(S=1—0)
115.271204 GHz

5600 km 8™ !
113.139188 GHz

ac 273

3C B84 (4.3 Jy at ~ 110 GHz)
1024 MHz

2850 km s~}

128

20.8 ki s~ ! (8 MHz)

Table 3. Observing parameters for the NMA-D

Parameter

VYalue

Obgervation date

Array Configuration

Phrec cepter position
Right Ascension {1950)
Declination {1950)

Total observation time

Total on-source time

Number of correlations

Primary beam of the 1G m telescape (FWHP)

Synthesized beam (FWHM, natural weight}

Line (transition)

Rest frequency

Velocity center (LSR)

Observing frequency

Bandpass Calibrator

Phose Calibrator

Bandwidth

Velocity coverage

Total number of the apectral channe?

Velocity (frequency) resolution

1997 [Dec. 26
D (the most compact array)

3k 1™ 20%57
41°16'51!"'84

CO(J=1—=0)

115.271204 GHzx

5600 km »— !

113.139188 GHa

3C 273

3C 84 {4.3 Jy nt ~ 110 GHs)
1024 MHz

2650 km s~}

128

20.8 km s~ ! (8 MHz)
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Data Reduction for the Rainbow
a. Self-calibration

One of the purposes of this observation is to examine the imaging capabilities of the newly built-up
interferometer system. The problem is that there remains uncertainty of the 45 m baselines, introduced
by the homologous deformation of the 45 m main reflector, uneven surface of the AZ rail, and other
unidentified effects. The geometric delay in phase {Ag,) is related to the separation of the phase centers of

two antennas (b) as the following:
278, - b

Ay = Iy

, where 8¢ is a unit vector towards the center of the target and A is wavelength of the signal.

In conventional millimeter radio interferometric imaging we attempt to estimate and remove the phase
errors using phase-referencing method. Due to the variation of phase errors in observations, we use calibrator
observations to determine instrumental phase errors. We refer to this technique as phase-referencing. We
involve the regular observations of a nearby relatively bright objects such as quasars to use phase corrections
and the phase of the referenced point source is applied to the target visibility data. The effects of baseline
errors, however, relate to the angular separation between the target and reference source:

(3.1)

27 h- -
AQSE — ('2‘ Scal) (32)
, where s, is the calibrator source vector. The wider target-reference separation is, the larger the phase
error. This phase error will contribute to the position error in the image. In contrast, if we assume that
the target source is used as well as a phase calibrator, the phase errors would be negligible, even if large
baseline errors still remain.

Instead of using the calibrator source to estimate phase errors, it is possible to use the target source
itself to calibrate the phase data. This method is known as self-calibration. In this case the target source of
NGC 1275 is a bright continuum source with peak flux density of ~ 4 Jy at 2.6 mm, such that self-calibration
technique might be applicable to this object. In addition to it, the effect baseline errors are minimized in
the image quality.

b. Data Analysis

Data reduction of line emission based on self-calibration technique proceeded as diagrammed in
Figure 6.

"Sub-ref’ correction: What we should do first is to make corrections of a shift of focal point caused by
sub-reflectors and then we apply the solutions to the raw visibility data. The mean value of the shift is
given approximately by the phase-connection value as follows:

47 5(1-sinEL)

A¢)subr = by y (3.3)

where § = 23 mm, El is an elevation angle of the main reflector.
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Bandpass correction: Then we proceed to bandpass correction. The peak line flux with single-dish
observations is ~ 500 mJy at CO (1-0), and the flux with NMA-C,D configuration with the synthesized
beam of ~ 5"is ~ 80 mJy beam~! (Inoue et al. 1996). Then, the peak line-to-continuum emission ratio
(~2-12 %, assuming the continuum flux density to be 4 Jy) of the galaxy is expected to be so small
that it might be critical to obtain high spectral dynamic range. As mentioned above 3C 273 was used as a
bandpass calibrator by observing about 30 min. at the end of each observation period, resulting the rms
noise of 3 % per channel (8 MHz). Actually, we made bandpass tables by averaging the spectral channels
over 8§ channels (64 MHz) and attained the rms level being less than 1%.

Continuum baseline determination: The relative phases of 45 m — 10 m baselines over the whole
bandwidth vary slightly as a function of time during the observation period. This error caused a linear phase
slope (15 — 20°) seen over the passband of 1024 MHz and was removed by complex dividing using NGC 1275
itself in the visibility data in order that we might be able to obtain linear baseline over the passband.
The resultant rms sensitivity of the baseline error is estimated to be 30 ~ 40 mJy per one baseline. The
continuum baseline level was determined from averages of line-free frequency channels between 20 — 60
and 98 — 115 channels. The continuum was then subtracted from the spectral visibilities to produce
continuum-free visibilities. The continuum subtraction error introduced by baseline determination was
estimated to be 19 mJy beam™! | estimated from the cleaned continuum image.

Imaging: Phase calibrations were provided by observations of NGC 1275 itself. The absclute flux
calibration was determined from observations of planets with an error of typically 10 %. The phase solutions
obtained from the continuum data in self-calibration process using AIPS were, finally, applied to the line
data that does not contain continuum emission. The details will be discussed in the following sections.

Data Reduction for the NMA-D

The visibilities are divided into the continuum and spectral line visibilities after the removal of bad
data points. The continuum baseline was determined from an average of line-free frequency channels
between 20 — 60 th and 98 — 115 th channels and the continuum was then subtracted in the (u,v) plane.
The self-calibration process follows after that, using the continuum visibility set. After the self-calibration
using the AIPS task of ASCAL, the calibrated continuum phases and gains were applied to the spectral line
visibilities using ASCOR. Then the spectral imaging was carried out.

Results
The Rainbow
a. Continuum

Continuum emission visibilities were obtained from the 7 hr integration by averaging across the
continuum regions of spectra (69 spectral channels), excluding the line emission regions (32 channels) and
the edges of the observing band. The effective continuum bandwidth is about 450 MHz. The resuiting
images are shown in Figure 7. The rms noise is about 19.0 mJy beam ™! and the beam size is 17.7 x 0”.8
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(uniform weight) and P.A.= -73°. The measured total flux density of continuum emission is 4.3 + 0.5
Jy at ~ 110 GHz. The absolute flux measurements for 3C 84 were repeated for several times throughout
observing season of 1997 —~ 1998. Its variabilities had been within systematic errors that arise in data
reduction process of flux calibration observations. Using the above values, I proceeded the self-calibration
in both phases and amplitudes with the AIPS task ASCAL and the resultant peak flux density is 3.83 Jy
beam™! in the cleaned continuum image.

b. Velocity-integrated maps

The spectral visibilities obtained after continuum subtraction and self-calibration were averaged in
time about 7 hr. Figure & show the velocity-integrated maps (VLgg = 5030 - 5250 km s~! }. The rms noise
levels are ~ 19 mJy beam ™} in a uniformly weighted map and 12 mJy beam™! in a naturally weighted map.
The peak flux densities are 112 mJy beam~! and 84 mJy beam™' in a uniformly and naturally weighted
map, respectively. The CO emission in both images are observed at the center position higher than a 5 o
detection level. In the uniformly weighting map, a Rayleigh-Jeans brightness temperature averaged over
the beam area for the central CO peak is about 6 K at A =2.6 mm.

Figure 8 shows that the unresolved CO emission peak is detected only at the continuum center position.
This result should be compared to the previous observations as the followings: Reuter et al. (1993) found
the CO (1-0) emission peak at the position of continuum center with the 21" beam size of the IRAM 30
m. In the Inoue et al. (1996) map obtained from NMA-C,D configurations, the CO (1-0) peak is resolved
and split into the twin peaks with a separation of 7" and one can find no intense CO emission at the
center of the view field. In the Rainbow map, the central unresolved CO emission is prominent with an
angular size of about 2" x 1" (1" .0 corresponds to 330 pc at the distance of 70 Mpc), and therefore the CO
emission in the Rainbow map is seen concentrated r < 400 pc region. Thus, the results derived from the
previous NMA observations by Inoue et al. (1996) are inconsistent with those by the Rainbow observations.
This discrepancy will be discussed in the later section.

The total flux intensity estimated from the NMA spectrum in Fig 11 is 28.8 + 2.9 Jy km s~! . The
resultant uncertainty is due to absolute flux calibration error.

¢. Velocity channel maps and spectrum

In Figure 9 and Figure 10, the velocity channel maps with 82.8 km s~ velocity width in the range of
Visr = 4835 — 5515 km s~ ! are shown, whose visibilities are weighted uniformly and naturally, respectively.
The rms noise in each map is ~ 28 mJy beam™! (uniform) and 13 mJy beam ' (natural). The peak flux
density is 230 mJy beam™! at the Vigg = 5144 km s7! in the uniform-weight map and 180 mJy beam™! in
the natural-weight map. We must note that the CO line emission in the center of the field of view (r ¢ 1.5
arcsec.) is clearly detected at the three channels Vysg = 5060, 5144, and 5227 km s~ .

In Figure 11, the interferometric spectrum integrated over the 2 region centered on the continuum
point source at the NGC 1275 nucleus is shown { A v=20.8 km s~! | natural weight). The spectrum is
plotted together with that obtained using the IRAM 30 m telescope (Reuter et al. 1993).

In Fig 12, the interferometric spectrum made in the same manner as Figure 11, plotted together with
H; v =1-05(1) emission at 2.1 um {Inoue et al. 1996) is shown. Although in Figure 9 and Figure 10
negative contours are seen at the continuum center position, this might be due to the continuum subtraction
error. This trend is also found in the CO spectrum in Figure 11.
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The CO emission is seen at Vigg = 5020 - 5270 ki s~! and arises only from the continuum center
position likewise the velocity-integrated map. The velocity channel maps consist of eight velocity channels
in total and there are five line-free channels (corresponding to A V ~ 420 km s~! ) in which neither
continuum nar line emission is detected. The CO line spectrum in Figure 11 also shows that the CO
(1-0) emission is detected only in eleven velocity channels, which correspond to A V =~ 230 km s™* and no
emission is found in other channels. The existence of line-free channecls suggests that continuum subtraction
in the (u,v) plane worked well and there remains no continuum emission over the velocity range. The
weaker negative components offset from the center position in velocity-channel maps might be due to the
phase calibration or the continuum subtraction errors.

It should be noted that the CO {1-0) emission is seen only on the center and on the blue side of
the line, in contrast to the CO (1-0) spectrum obtained with the IRAM 30 m and the NMA reported by
Reuter et al. {1993) and Inoue et al. (1996), respectively. In order to check that the central CO peak and
asymmetry in velocity are real, I accessed the earlier NMA-D low spatial resolution (=~ 9") CO (1-0) data,

which were obtained on 28 - 29 December in 1997. The description related to that is in the following
sectiomn.

c. Achieved mapping performance of the Rainbow Array

The resulting synthesized beam of the Rainbow array and NMA in AB configuration made by
discarding only the 45m baselines are listed in Table 4. Thus, the continuous 7 hr track of NGC 1275
produced the synthesized beam size of 2", 2 x 1".1 for NMA-AB and 1.7 x 0”.8 for the Rainbow
(uniform weighting). To enhance the 45 m baseline sensitivity, the weighting factor of 4 is applied to the
45m-baselines, following the expecting baseline sensitivity. The Rainbow beam size is improved by ~ 20 %
better than that of NMA-AB, the highest resolution configuration consisting of only 10 m dishes. Rms noise
levels in velocity-channel maps are 46 mJy beam~! and 28 mJy beam~' with NMA-AB and the Rainbow,
respectively. The effect of the 45 m baselines resulted in improvement of relative sensitivity by a factor of
1.6. This is close to the estimated array sensitivity ratio (~ 2.5) between the Rainbow Array and NMA.
The absolute mapping sensitivity is larger by the factor of three than the calculated rms noise level.

NMA-D
a. Velocity-integrated map

Figure 15 shows a velocity-integrated map (Vogg = 5070 — 5190 km s~ ! ) obtained by NMA in D
configuration, plotted with the Rainbow map to compare difference in mapping scales. It is noteworthy that
the CO (1-0) emission peak is seen at the center of the nucleus with an extended linear structure in P.A.
~ —70°. The central CO emission peak in this map is consistent to the results obtained by the Rainbow in
contrast to the lack of the CO peak in published NMA images. The rms noise level is ~ 17 mJy beam™! .
No primary beam response was corrected, since the emission is seen only in the center. The peak flux
density is 129 mJy beam™! | so the intensity of CO in this map is higher than 5 ¢ detection level. The CQO
integrated intensity from the central 12" in Figure 15, measured by about 9" beam, is 16.6 & 2.3 Jy km
s7!, while the CO intensity from the central 65" with about 5" beam reported by Inoue et al. (1996) is
640 + 130 Jy km s~! . The explanation for differences between these values are as follows; 1) the follow-up

NMA-D observation does not pick up the extended weaker CO emission because of the poor sensitivity:
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The number of visibility in this observation is fewer than that in their map due to the shorter integration
time (4.5 hrs) compared with that they used {22.5 hr). The rms noise level of NMA-D data is calculated
poorer by ~ 2.2 than that of Incue et al. from the theoretical noise estimation, however, the resultant rms
noise in their map is 10 mJy beam™"' , whereas 16 mJy beam™} in this map. There must be some other
reasons to increase neise in this map such as weather conditions, data-calibration errors, and so on.

In Figure 17, the NMA-D CO (1-0) velocity-integrated map is shown superposed on the previous
NMA-C,D CO (1-0) image (Inoue et al. 1996). The CO distribution apparently seems to bridge between
CO twin peaks detected by them. However, CO twin peaks are not definitely detected in this observation.
The details for that will be discussed in the following section. Figure 77 shows the superimposed image
on the narrow band CCD image of Ha and [N II] emission at the systemic velocity, obtained at Lick
Observatory. The CO emission nearly coincides with the central emission.

b. Velocity channel maep and spectrum

In Figure 13, the velocity channel maps with 82.8 km s~! velocity width in the range of Vigg = 4855
- 5515 km s~! are shown (natural weight). The peak flux density is 114 mJy beam™! with the rms of 22
mJy beam™! . The CO emission is seen only at the Vigg = 5144 km s~ ! channel.

In Figure 14, the interferometric spectrum integrated over the 5" region centered on the continuum
point source is shown. The spectrum is plotted together with that obtained using the IRAM 30 m telescope.
The CO (J =1 — 0) emission is seen over Vigg = 5070 — 5190 km s~! . The integrated-velocity range in
Figure 15 is determined from this spectrum. The asymmetries in velocity structures are similar to those in
Figure 14.

Thus, the lower resolution NMA-D array data confirmed that the presence of the central CO peak in
the Rainbow map is real.

Discussion
Compact CO Emission at the Nucleus: Comparison with Inoue et al.

The most interesting result which these observations address is the discovery of the central CO peak
in the inner arcsecond of NGC 1275. The compact CO {1-0) line emission is found to be significantly
concentrated within r = 400 pc from the center. The total integrated intensity of 28.8 Jy km 57! is
about 4.5 % of that derived from an estimation in Tnoue et al. (1996). Assuming for a Galactic CO-to-H,
conversion factor of 2.8 x 10°® cm™* (K km s™' )~! (Bloeman et al. 1986), the total molecular mass (Mp,)
within 1 kpc from the center is calculated as follows:

Ico D \? .
My, = 1.4 9 LY 1.3 x 108 M, 3.4
My, = 1.4 x 10 (QS.SJykms—l) (70Mpc) lo:1.3x 107 Mo (34)

, where Ioo and D represent the total CO intensity in Jy km s™! and distance to the galaxy in Mpc,
respectively. The derived molecular mass is comparable to that in nearby Seyferts with gaseous nuclei,
such as NGC 1068 or NGC 3079 (e.g., Scoville et al. 1988b) and the far-infrared luminous galaxies in
merger /interacting process {e.g., Sanders et ol. 1988). The derived My, value can be compared to that
of Lazareff et al. (1989) and Reuter et al. (1993) who observed CO (1-0) with the IRAM 30 m with
21" beam and estimated My, = 2.7 - 6.0 x10% M, . Mirabel et al. (1989a) found the My, = 3.2 x10°
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M, within a beam area of 55" with the NRAO 12 m telescope. From the interferometric observations by
Incue et al. with a ~ 5" synthesized beam, the My, within the radius of 4" from the continuum center
is 8.6 x10° M, and the 3.0 x10'® M, over the primary beam of 72". Thus, the My, obtained with the
Rainbow Array within the radius of 1" from the center is smaller than that by any other previous CO
(1—0) measurements, suggesting that I observed the molecular gas arising from the very compact region in
the nucleus.

The determination of the My, strongly depends on the Galactic conversion factor. We must note that
the molecular gas condition in the cluster is different from that in the Galactic region.

Due to the narrower 16" field of view limited by the primary beam size of the 45 m telescope, the CO
emission extending up to 30" (~ 10 kpe) in the east-west direction seen in the published NMA image is
not detected in the Rainbow images, while the central CO emission (r < 400 pc) with high brightness was
identified in the Rainbow image. The IRAM single-dish observations identified the both CO (1-0) and
CO (2~1) peak at the nucleus with the beam size of 21”and 12", respectively (Reuter et al. 1993). Those
results are consistent to the maps imaged by both the Rainbow Array and NMA-D in that there found
the CO peak at the center, though the resolutions are larger. The failure to detect the CO emission at
the center position in the previously obtained NMA maps imaged by Inoue et al. seems to be due to the
continuum subtraction crror. It is plausible that they subtract the central line emission peak as well as the
continuum component at the center. This probably causes the relative weakness of the line emission at the
central a few arcsecond region. The total continuum bandwidth used for determination of the continuum
baseline is as much as 450 MHz in the Rainbow observation, while the bandwidth available for them is at
most 50 MHz (total bandwidth is 320 MHz). The accuracy of determination of the continuum baseline
must have been improved in my images, compared with that in their images. Considering these facts, I am
confident that the CO peak at the nucleus is real.

The smaller Rainbow synthesized beam determined by the 45 m telescope can explain that the
extended components which are visible in the previous maps are completely resolved out and only compact
component with the high brightness at the center remained unresolved in the image. The distribution of CO
line emission in NMA-D map (see Figure 17) is seen as an elongation from east-west to north-west direction
in P.A.= -70°, that is nearly consistent with the previous results. In the velocity-integrated maps, neither
the CO twin peaks nor molecular ring with a radius of 1.2 kpc around the center, reported by Inoue et al.
(1996}, was found. This discrepancy could be attributed $o the poor sensitivity due to shorter integration
time (4.5 hr) and spatial resolution (9”) of the NMA-D map. It is possible that the 9” beam size produced
by NMA-D was not sufficient to resolve the CO twin peaks with an only 7" separation. As a check that
the CO twin peaks are real in their map, the additional NMA observations at a higher angular resolution
should be conducted.

The extended CO compenent in NMA-D map looks like bar-like structure and the central peak emission
appears to be linked by the blue clusters seen in the center of the broad-band HST image (Holtzman et al.
1992), as displayed in Figure 16.

H; Emission at the Nucleus

According to Inoue et al. (1996}, they found the 2.1 pm Hj emission to be unresolved within r < 350 pc
at the continuum center position (see Figure 12) because of the instrumental limitation of 2 slit size. The
spatial distribution of Hs emission is roughly consistent with the CO (1—0) distribution detected within
T < 350 pc from the nucleus. They believe that Hq line is excited at ~ 1800 K, being possibly explained
by the shock induced by the collisions of gas clouds. According to the estimation of molecular gas density,
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N{Hz) = 8.4 x 10'" cm™2 (Inoue et al. 1996), this derived value is smaller by a magnitude of five than that
estimated from the CO (1-0) intensity. This implies that only a small fraction of molecular gas is excited
to such a high temperature at the nucleus.

Interpretation of the central CQ peak

The CO emission is seen only on the blue side of the line spectrum with respect to the systemic
velocity. The previous interferometric or single-dish observations show the quite good symmetrical CO
distribution to the systemic velocity of NGC 1275. There is conflict between those results. The explanation
for that is as follows. The CO emission on the red side of the line is mainly seen on the east of the
nucleus in the previcus map. where the line intensity is relatively weaker and CQ emission is extended, and
hence the smaller Rainbow synthesized beam (1") have resolved the CO emission at the east. As a result,
only the blue-shifted emission remains in the velocity maps. As far as the follow-up NMA-D results are
concerned, its poor sensitivity and low spatial resolution could not pick up the red-shifted features on the
cast. Alternatively, though less plausible, there happened the spectral variation during observing epochs.
Thus, the CO observations wish the Rainbow detected one of the velocity features reported in the previous
NMA maps.

If the molecular mass estimated in the previous section is uniformly distributed over a range of radius
400 pc, the mean gas density per volume (ny,) is estimated only ~ 300 cm~3. This value is too small
to form molecular torus at the nucleus. The gas must be confined to the smaller region , thin, dense gas
disk/torus with the density of ~ 10° em™* (Matsushita et al. 1998). The CO (1-0) molecular emission
at the nucleus in NGC 1068 is resolved into two peaks at r < 100 pc from the center (Tacconi et af.
1997) in CO (2—1) osbervations, which implies evidence for molecular torus. The further interferometric
investigation with the higher angular resolution would be crucial to discriminate the unresolved molecular
torus at the center of NGC1275.

Origin of Molecular Gas

The molecular mass concentration of ~ 10° M in circumnuclear region (< 1 kpc) is similar to that
in nearby Seyfert galaxy NGC 1068, while the asymmetric distribution of molecular gas in the published
single-dish or interferometric maps is unusual even in the gas-rich spirals and it seems to have relation with
the origin of the gas. The similarity between the distribution of Ha and CQ emission, extending nearly 10
kpc from the center, suggests the cooling flow motion of the cold material out of the galaxy as is proposed
in many published papers. However the cooling process of cold gas is not clear and it is hard to explain the
elongated CO distribution by use of the cooling flow model.

We can compare the integrated-intensity image of the central CO emission with the HST image,
involved with the previcusly published CO image in Figure 16, showing a morphological correlation
especially between the central CO emission in the blue cluster and the CO twin peaks associated with the
dark lanes. It should be noted that the detected CO peak in the center is located between twin peaks in
Figure 16. The spatial distribution of young clusters seems not to be so much different from the extended
CO emission (Holtzman et al. 1992, Richer et al. 1993, Norgaard ef al. 1993, Inoue et al. 1996). The
total mass of the young clusters is estimated to be 10° Mg (Richer et al. 1993), which is smaller by the
three order of magnitude than that derived from the central CO emission {r < 400 pc). This implies that
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only a small fraction of the molecular gas was used for production of stellar clusters in the central region.
Inoue et al. (1996) argues that their observed CO peaks are located where the extent of dark lanes
meets the ring-like orbit of molecular gas in Figure 16. This is suggestive that the observed CO ring-like
structure is very much like that seen in several barred spirals. The central CO emission peak and molecular
bar-like structure imply the similarity to the barred spirals where the non-axisymmetric potential is
considered to be the driving source of gas onto the nucleus (Ishizuki et al. 1990, Kenney et al. 1992).

Comparison with NGC 1068

In Table 5 are shown the physical parameters of NGC 1275 in comparison with those of NGC 1068. Tt is
very interesting that the nuclear mass to the inner ring (r < 1.2 kpc } mass ratio (My, (nucleus)/My, (ring))
in NGC 1275 is about 10 % and this trend is also common to the central 1.5 kpc in NGC 1068 (Table 5).
According to Shlosman et al. {1989), this percentage is a critical for a ring collapse in a two dimensional
simulation of self-gravitating gas. The fact that ratios of nuclear molecular gas to the total mass interior to
the ring or spiral arms are the same in both galaxies would prove the presence of similar physical process
which connects between the large-scale galactic disk and nuclear region.

Based on the morphological properties which I derived from the data both in this thesis and previous
results by Inoue et al., [ conclude that the circumnuclear region in NGC 1275 has striking similarities in
morphology with that in NGC 1068. Those two have following common molecular gas structures in their
circumnuclear regions: the ring-like or spiral arms structures at the radius 1.2 - 1.5 kpc from the nucleus,
the molecular bar-like structure which overlays the distribution of the voung stellar population, and the
nuclear gas concentration. The latter two common structures have become clear for the first time in this
thesis. The central continuous structure, nuclear bar, in NGC 1068 is detected in CO {(J = 1 - 0) with
BIMA (Helfer and Blitz 1995), of which extent is in good agreement with that of 2.1 ym stellar bar (Scoville
et al. 1988a, Helfer and Blitz 1995) where the young clusters exist. In NGC 1068, it is assumed that the
molecular bar plays an important role in driving non-circular motions to lead the molecular gas falling onto
the nucleus in the inner part of the galaxy (e.g., Combes and Gerin 1983). In the case of NGC 1275, the
bar-like structure between CO twin peaks in Figure 17 is found and its location can be overlaid with stellar
clusters optically identified at the systemic velocity of NGC 1275 (Shields and Filippenko 1990). HST
revealed the blue young clusters (Holtzman et al. 1992, Norgaard et al. 1993) at the central 8 kpc region.
By analogy with NGC 1068, here propose a model of gas transport mechanism in NGC 1275; the molecular
gas in the ring-like structure at r = 1.2 kpc is transported along the molecular bar-like structure into the
nuclear region abounding with molecular gas, which feeds the central engine: origin of its radio activity.
The schematic view for this explanation is shown in Figure 18.

It is likely that some fractions of molecular gas were consumed as a fuel for star formation undergoing
at the nucleus. The value of Lig / My, is used as an index to compare the starforming activity in galaxies.
Adopting Lig = 1.0 x 10 Ly, estimated from IRAS 100 pm flux (Kawara and Taniguchi 1993) and
My, = 1.4 x 10° M (r < 400 pc), Lig / My, will be ~ 70 Lo M, ~'. This value is larger than that
of the typical starburst nucleus (~ 20 Ly Mg, ™'), induced by the galaxy interaction/merger (Young and
Devereux 1991). This is suggestive of intense starburst in the nuclear region of NGC 1275.

It is noteworthy that the circumnuclear gas surrounding the radio-loud nucleus of NGC 1275 has a
similar structure with that around the radio-quiet nucleus of NGC 1068. I suggest, therefore, that what
determines the radio activity in NGC 1273 is not the circumnuclear gas around the nucleus, but it might
relate to the nature of the central engine which produces strong radio-jet.
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Summary

In this chapter, T have presented the high-resolution interferometric CO (J = 1 — 0) images of
radio-loud AGN, NGC1275. The data was obtained mainly from the Rainbow Array observations. The
additional data were also obtained by conventional NMA in D configuration. I discussed the relationship
between the extended structure of NGC 1275 on larger than 1 kpc scale and the CO concentration at the
nucleus of the galaxy on less than 1 kpc scale. The important results of this study are as follows:

1. The observations of NGC 1275 were made to examine the line-mapping performance as well as
pursuing the scientific outputs of the new Rainbow Array. The shift of the focal point of the 45m telescope
during observations causes uncertainty of the delay offset value between the 45 m - 10 m baselines, though
the self-calibration technique eliminated this effect in data reduction process. We must note that this kind
of calibration method can be available when the target source happens to be a strong radio continuum
source itself like NGC 1275 (3C 84). In order to carry out the imaging observation in any other objects,
we will have to establish a method for baseline calibration for the 45 m telescope baselines. In these
observations the expected relative mapping sensitivities at 2.6 mm were nearly achieved by addition of
the 45 m telescope to NMA. The absolute value of sensitivities were higher by a factor of five than the
value estimated from the thermal rms noise. This could not be due to the array performance, but to the
incompleteness of self-calibration. The successful line-mapping observations using the Rainbow proved its
imaging capabilities.

2. The CO (1-0) emission was found and unresolved at the radius r ~ 400 pc from the continuum
nucleus. The calculation of molecular mass (My, } within the central r < 400 pc region is estimated about
4.5% of the mass derived from the published interferometric CO (1-0) image integrated over 65" region
in the center. This is because 1) The narrow field of view that is determined by the 45 m primary beam
size of 16 " (FWHM)} does not pick up the extended CO emission in nearly 30 . 2) The synthesized beam
size produced from the Rainbow full-track observation is 1”.7 x 0".8. This finest beam size have resolved
out the extended CO (1-0) structure seen in the previously obtained single-dish or interferometric images.

3. The lack of central CO peak emission in the CO map imaged by Inoue et al. (1996) is probably due
to the continuum subtraction error. It is likely that they subtracted the CO emission at the nucleus with
the continuum emission seen in the map center. The line-free velocity (frequency) channels available in their
observations are insufficient to determine the average continuum baseline level. Actually, the equivalent
CO (1-0) velocity width of NGC 1275 ranges nearly ~ 600 ki s™! | while the velocity coverage of the
correlator which they used was only ~ 800 km s™! . In the case of this thesis observation using UWBC, the
continuum reception bandwidth is wide (~ 2500 km s~! ) enough for us to allow continuum subtraction
with an accuracy of ~ 2%.

4. Inoue et al. (1996) reported the detection of 2.1 um hydrogen line emission at the nucleus using
3.0 m Infrared Telescope Facility and it was found spatially unresolved at r = 350 pc from the center.
The linear dimension of Hy peak emission nearly matches the unresolved size of CO peak emission at the
nucleus. The massive stellar bar observed at Hy 2.1 um along the molecular bar in NGC 1068 is not seen
NGC 1275 so far, but the HST observation discovered the young blue clusters in the central 8 kpc region



- 45 —

of NGC 1275 (Holtzman et al. 1992). This could be the presence of star formation along the molecutar
bar-like system.

5. The velocity structures obtained from Rainbow observations conflict with those in the published
results, while the follow-up NMA-D observations are consistent with Rainbow results. The observed
asymmetry in velocity shows that the red-shifted features are not completely detected, but only blue-shifted
features are visible in the maps. This discrepancy can be explained as follows; The extended red-shifted
features are resolved out with the small synthesized beam of the Rainbow, and therefore the only blue-shifted
features, which are relatively intense and compact, remain unresolved in the maps.

6. The derived mean gas density (ng,) in the central CO peak is estimated only ~ 300 cm 3. If the
central CO emission is the molecular torus, the gas interior to 400 pc must be clumpy or confined within a
more compact region.

7. The observed twin peaks structure forming the ring-like orbit with the 1.2 kpc radius which is
prominent in the published CO image and the CO central concentration seem to imply that the central CO
emission could be the results of gas fueling process from the outer CO ring-like structure onto the nucleus.
In addition, the detected molecular bar-like structure in the young stellar cluster optically identified between
the twin peaks are similarly seen in NGC 1068.

8. I discovered the morphological similarities between the molecular gas structure of NGC 1275 and
NGC1068. These suggest that the circumnuclear molecular gas (r < 1 kpc) surrounding its radio-loud
nucleus is very similar to that of Seyfert galaxy containing radio-quiet nucleus. The circumnuclear regions
of AGN on 100 pe < r < 1 kpc scales are fairly common each other observed regardless of the host galaxy
type, either spiral or elliptical. The origin of the radio-activity can be produced from the inner most region
— the central engine.




~ 46 -

Table 4. Comparison of the mapping parameter between NMA and the Rainbow

Rainbow NMA-AB
Synthesized beam size ®
- uniform weight 1.7 x 0".8 272 x1"38
- natural weight 212 x 1”1 2".5 x 1" 4
rms noise (1 o)
- uniform weight 28 mJy beam™! 46 mJy beam™!
- natural weight 13 mJy beam™! 32 mJy beam™!

*Beam position angles of the Rainbow and NMA-AB are -73 © and -78 °, respectively

Table 5. Nature of molecular gas in circumnuclear region

Parameter NGC 1068 @ NGC1275®
Distance 14 Mpc 70 Mpc
Radius of the nucleus (ring) 130 pe (1.5 kpe) 400 pc P (1.2 kpc 9
Velocity (veor) 100 km s} 130 km s™!
My, (nucleus) ~ 10° Mg ¢ 1.4 x 10° Mg
(inner ring ©) 1.4 x 10° Mg 3 x 101 Mg ©
Mayn (nucleus) 3.0 x 10* Mg, 1.5 x 10° Mg,
n(Hy) f (nucleus) 2 x 10? cm™3 3 x 10% em™—3
N(H;) & (nucleus) 5 x 10?2 ¢m~2 3 x 10 cm™2

2 Helfer et al. (1993)

b This thesis
¢ Inoue et al. (1996)

9 Individual clouds within spiral arms, of which typical size is ~ 500 pe

¢ Interior to the spiral arms (NGC 1068) or ring-like orbit (NGC 1275)

 mean number density per unit volume

£ column density
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Fig. 3.— An overview of the NMA configuration in the Rainbow experiments. The positions of each 10 m
telescope are denoted by filled circles. The C telescope did not work as the Rainbow Array at the time of
the experiments.
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Fig. 5.— The fringe amplitudes and phases of NGC 1275 on the shortest 45 m — NMA 10 m baseline are
shown as a function of time. (A) The measured fringe amplitude and phase (raw data; correlator outputs).
(B) The fringe phase after removal of the effect of the 45 m focal point shift. (C) The fringe phase after

self-calibration.

Fig. 6.— A schematic outline of the calibration procedure for CO in NGC 1275.
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Fig. 7.— A Rainbow cleaned continuum image of NGC1275 (3C84) at 113.13 GHz. The continuum
visibilities are made from the line emission-free frequency channels with the total bandwidth of about 600
MHz. The contour levels were -0.095, -0.057, 0.057, 0.095, 0.19, 0.38, 0.76, 1.5, 1.9, 3.8, and 3.9 Jy beam™! .
The peak flux density is 3.9 Jy beam~! and rms noise level is 19 mJy beam™! . The contours are plotted
clearly to show the dynamic range, of which 205. The synthesized beam (uniform weight) is plotted at the
left bottom corner. The resulting spatial resolution is 1.7 x 0”.8 and P.A.= -73.3°. The central cross mark
denotes the continuum peak position.
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Fig. 8— Velocity-integrated maps of NGC 1275, averaged from 5000 km s™! to 5310 km s=! (Visr ).
The field centers {continuum peak positions) are expressed by the crosses. Contour intervals are every 1 g,
plotted from the 3 & rms noise level. Both of them are imaged using the Rainbow. left: uniformly weighted
map with the peak flux is 112 mJy beam™! | right: naturally weighted map with the peak flux is 83.7 mlJy
beamn~! . The synthesized beams are plotted at the left bottom corner of each map.
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Fig. 11.— A CO (J =1 — 0) spectrum (A V = 20.8 km s~! ) obtained by the Rainbow (natural weight)
with error bars (black), plotted together with the single-dish (IRAM 30 m) spectrum, smoothed to a velocity
resolution of 30 km s~! , reported by Lazareff et al. (1989). The systemic velocity of the galaxy is 5250 km
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Fig. 12.— Spectrum of CO (1-0) (red line) with the Rainbow (uniform weight) overlaid with Hs (2 pm)
emission profile observed by Inoue et al. (1996). The velocity resolution is 20.8 and 30 km s~! for CO
(1-0) and H,, respectively. The systemic velocity of NGC 1275 is marked by an arrow.
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Fig. 13.— Velocity channel maps (natural weight) obtained with NMA in D configuration. The total velocity
range is Visp = 4855 — 5515 km s~! . Each channel has the velocity width of about 83 km s~! . The velocity
on each panel shows the center velocity. The center position of the galaxy is marked by a cross in each panel.
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Fig. 16.— The CO (1-0) emission contours superposed on the broad-band HST image obtained by Holtzman
et al. (1992). The contour level starts from 52 mJy beam™' with an interval of 20 mJy beam~! for the
twin peaks (Inoue et al. 1996), consist of red-shifted (thick red) and blue-shifted (thick blue) peak. upper:
The twin peaks contours superposed on the bar-like CO emission (thick green) obtained from NMA-D. The
contour level begins from 125 mJy beam™! with an 17 mJy beam~! contour spacing. Each peak appears
to be bridged by the extended CO ’bar’. lower: The fwin peaks contours superposed on the CO peak
emission obtained from Rainbow (thin black). The detected central CO emission is located between twin
peak structure. The peak contour is 84 mJy beam™! and the interval is 12 mJy beam™" .
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Fig. 17.— The obtained NMA-D CO velocity-integrated map (thick red) superposed on the map (thin black)
observed by Inoue et al. (1996). The contour intervals are 20 mJy and 10 mJy in the NMA-D and their
map, respectively. The lowest contour levels are 40 mJy and 20 mJy in the NMA-D and their map.
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Fig. 18.— The model for the circumnuclear molecular gas structure in the inner 3 kpe region of NGC 1275.
The dust lanes which are optically identified intersect the molecular ring at the CO twin peaks. The
molecular gas in the ring-like orbit at r=1.2 kpc falls along the CO bar-like structure, and then flows into
the nucleus in which CO is significantly concentrated within r=400 pc.



Chapter 4

WATER-VAPOUR MEGAMASER
IN RADIO-ACTIVE GALAXY
NGC 5793

The Host Galaxy

NGC 5793 is an edge-on spiral with dimensions of 3'x 1'(de Vaucouleurs ef al. 1976). HI and OH
absorptions against a compact radio nucleus were found (Jenkins 1983, Whiteoak et al. 1987, Gardner et
al. 1986). Both absorption lines obtained with VLA revealed plentiful absorbing material in front of the
active nucleus, and the velocity ranges of the two absorption lines nearly coincide with each other (Gardner
et al. 1986). The 21 cm continuum emission observed with the Gardner et al. (1992) showed that the
radio nucleus consists of a bright continuum source with a diameter is about 16 — 80 milliarcsecond (mas),
correspouding to 5 - 20 pc at a distance of 50 Mpc. The luminous and compact nucleus has a peak
brightness temperature of 10° K, giving evidence for the existence of an AGN at the center. The galaxy
which we selected comes from the IRAS Bright Galaxy Sample (Soifer 1987, Condon et ¢l. 1990, Condon
et al. 1991), which gives flux densities of Far-infrared and 21 ¢m radio continuum emission.

Summary of Observations

The radio synthesis observations presented in this Chapter were made using Very Large Array (VLA)
and Very Long Baseline Array (VLBA), operated by National Radio Astronomy Observatory (NRAO), as
well as single-dish telescope observations with the NRO 45-m and the Parkes 64-m radio telescope.

First, 1 present the detection of water vapour megamaser in NGC 5793 using the 45-m telescope.
The properties of megamaser in this galaxy, attempted to be imaged with VLA in A configuration, have
been studied with single-dish telescopes and its study extends a detailed, VLBI observations up to now.
The VLBA observations of maser is then presented. The sub-parsec scale OH absorption and continuum
structures at L- and C-Band in the nucleus of NGC 5793 are studied in next Chapter. Observation summary
is shown in Table 1.
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Detection of a Water-Vapor Megamaser
Introduction

Water-vapor megamasers, which have been found in the central regions of galaxies, are as much as
10% times more luminous than the masers found in galactic star-forming regions. These megamasers have
been found in the nuclei of galaxies which have some level of nuclear activity. Although almost all of the
megamasers exist in the Seyfert 2 galaxies or the LINERs, no HoO masers have been detected in galaxies
definitely classified as Seyfert 1’s. Also, no megamasers have been found in normal galaxies (e.g., Braatz et
al. 1994). These results suggest that megamasers are related to the nuclear activity of their host galaxies
and to the classification scheme of Seyfert galaxies. Much of the emphasis in recent research on active
galactic nuclei (AGNs) has been put in the area of unified models (Antonucci and Barvainis 1990). These
maodels try to explain the observational differences between broad and narrow optical emission-line active
galaxies by obscurity due mainly to a molecular disk around the central black hole and viewing-angle effects,
rather than intrinsic physical properties. In these models, a Type2 Seyfert galaxy is nearly edge-on to our
line of sight, and its broad-line region is shielded, being confined within an optically thick molecular disk
or torus. If this disk contains dense molecular gas (~ 10'°cm™?) including H,O molecules, and is strongly
illuminated by the continuum background, the molecules could be amplified and maser emission would be
observed. This could explain why HoO megamasers have been found in Type2 Seyfert galaxies or LINERs
which have an edge-on molecular disk.

Recent VLBI observations tell us that megamaser emission is a useful tool for studying the nuclear
structure and dynamics within the sub-parsec region from the center of AGNs. For example, VLBA
observations of the H;O megamaser in NGC 4258 have revealed evidence of a massive black hole and a
molecular disk rotating around it (Miyoshi et al. 1995). We report here on the first detection of HyO
megamaser emission from NGC 5793 and discuss the structure of the HoO masing region. The parameters
of the galaxy are listed in Table 3.

NRO 45 m Observations

Observations of the 6;4— 523 transition of water-vapour emission at a rest frequency of 22.23508 GHz
were made with the 45-m telescope at the Nobeyama Radio Observatory on 1996 January 29, February
25, and March 4. The telescope beam (HPBW = 74") was pointed toward the nucleus of the galaxy. The
position-switching mode with the reference position offset by 6 “from the galaxy center was used. The
telescope pointing was checked by observing a Si0 maser star, R Hya; and its accuracy was estimated to be
better than 10 ”. We used a K-band cooled HEMT amplifier as a front-end receiver equipped with a linear
polarization feed. The system noise temperature, including atmospheric effects and the antenna ohmic
loss, was 170 — 260 K, depending on the weather conditions. The receiver back-ends were 2048-channel
high-resolution acousto-optical spectrometers (AQSs). Each AOS provides a total bandwidth of 40 MHz,
corresponding to 540 km s™! with a velocity resolution of 0.50 km s~ . We used a series of seven AQSs, each
overlapping by 5 MHz, resulting in a total velocity range of Vpgg = 1750 — 4710 km s~! . The calibration
of the line intensity was performed by chopping the sky and a reference load at room temperature. The
flux density of HyO maser emission was calculated from the measured antenna temperature, T4 ", and the
telescope sensitivity, S/TA", 2.76 + 0.22 Jy.
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Results of 45-m OBSERVATIONS

Figure 1 shows the H;O maser spectra of NGC 5793 at three different epochs in the velocity range of
Visr = 2800 — 4200 km s~ ! in the radiodefinition. The variability of the maser emission over a period of
about 60 days is clearly seen. Figure 2a presents the spectrum obtained by averaging the spectra over the
three observations shown in Figure 1. Two distinct maser emission lines were found, at Vigg = 3190 and
3677 km s™! . The 3190 km s™! feature is blue-shifted by 252 km s~! with respect to the systemic velocity,
Viys = 3442 km s ! | with a peak flux density of Speak = 0.24 Jy and a width of AV = 14.0 km s™! . The
3677 km s' feature is red-shifted by 235 km s7! for Vi,s with Speax = 0.54 Jy and AV = 1.3 km s~ .
The flux density of this feature was S,eax = 0.54 Jy on January 29, but decreased to Speax = 0.26 Jy on
February 25, and became unvisible on March 4. The strength of the 3190 km s—! feature, however, was not
as variable as that of the 3677 km s~! feature throughout the observing period. The apparent isotropic
luminosities of the blue- and red-shifted features on January 29 were L = 81 + 4 L, and 44 + 4 Lo ,
respectively, and the total luminosity was 125 = 8 Ly, . In addition to these strong high-velocity features,
weaker emission around Vi, was found at Vigg = 3449 km s7! and 3519 km s ! , which were three times
the rms noise level (Figure 2b). These had peak flux densities of 25 + 8 and 28 £+ 8 mJy, respectively. The
total luminosity of all features derived from Figure 2b is more than 230 Lg - Detailed spectral properties
of the HyO emission lines are listed in Table 3.

Discussion

We will consider the origin of the symmetric H,»O emission and a model for explaining how the maser
emission arises from the galaxy center in terms of the geometry of a circumnuclear disk. The velocity range
of the H,O maser emission encompasses that of the CO (J = 1 — 0) emission (Vsg = 3305 — 3661
km s~! ) obtained by recent observations with the Nobeyama Millimeter Array (Hagiwara and Kawabe,
in preparation, see Figure 2a). Therefore, since the distribution of CO, which extends up to 0.8 kpc from
the center, reveals the distribution of gas in the galactic disk, the inner H,O masing region seems to be
rotating faster than the outer CO gas disk. The H»O maser emission shows two distinct high-velocity
features which are symmetrically red- and blue-shifted by about + 245 kms with respect to the systemic
velocity of the galaxy, Vi, , and weak broad features nearby Vi, . The velocity range of the latter systemic
features nearly coincide with those of the HI and OH absorption spectra (Figure 2b) obtained by a previous
observation with VLA (Gardner et al. 1986) and by other observations (e.g., Jenkins 1983). The peak
velocities of the systemic features at Visg = 3449 km 57! and 3519 km s~} are close to those of the HI
and OH absorptions, while no absorption is seen at the velocities of the high-velocity features (Figure 2b).
VLBI observations have revealed that the HI absorption is seen against the bright compact nucleus of the
galaxy (Gardner et al. 1992}). These results indicate that both HI and OH absorbing clouds and the masing
region responsible for the systemic features are located in front of the central continuum socurce, which
would amplify HI and OH clouds toward our line of sight, while the high-velocity features of HyO maser
arise off the direction of the central continuum source.

In order to explain the HoO emission, we propose a model in which high-velocity features symmetrically
offset from Vi, originate from the rotating disk or torus arcund the nucleus of the galaxy. This geometrical
interpretation is derived by analogy with NGC 4258 {Watson and Wallin 1994, Miyoshi et al. 1995,
Greenhill et al. 1995). The HyO maser emission in NGC 4258 consists of features around the systemic
velocity and high-velocity features that are quite symmetrically offset from V;,s (Nakai et al. 1993, Nakai
et al. 1995a). These maser features are emitted from a circumnuclear disk showing a Keplerian rotation;



the systemic features arise from the inner edge of the disk in the line of sight toward the nucleus, and
high-velocity features from the tangential points of the disk (Miyoshi et al. 1995). The similarity of the
maser features between the two galaxies gives the geometrical model shown in figure 3. In the model the
systemic and high-velocity features originate from a circumnuclear disk or 0,016 “torus with the rotational
velocity, vror = U}y, / sin i = 245 km s™! / sin 4, (where v}, = |Visp — Viysl, 1.e., the line of sight velocity
of vro¢ and i is the inclination angle of the galaxy), which is determined by the velocity offsets of the
high-velocity features with respect to the systemic velocity. Masers in the systemic velocity group are
amplified in the line of sight toward the central continuum source. The upper limit of the diameter of the
radio continuum nucleus can be inferred from the published VLBI image of Gardner et al {(1992). The
VLBI core has an angular size of 16 mas, equivalent to a linear size of ~ 4 pc at a distance of 50 Mpc.
Alternatively, adopting the 1% level of the peak flux density, the distribution of the 21 ¢m continuum
emission extends to 80 mas, or 20 pc in linear size. Thus the diameter of the maser disk surrounding the
nuclear region can be estimated to be at least larger than 4 — 20 pc. The lower limit of the diameter of the
disk or torus would be one to two orders of magnitude greater than that of NGC 4258 (~ 0.26 pc; Miyoshi
et al. 1995). We can estimate the mass confined within the lower limit of the inner radius of the disk or
torus, based on our model. Adopting an inner radius of r = 10 pc, and a rotation velocity of ve, = v,/
sin i (i = 73°; Roth (1994), the lower limit of the nuclear mass confined within the gas disk is

1.5 x 10° { — U " (0956)7 M (4.1)
e 10pc/ \ 245 kims—1 sini © ‘

where we assumed the inclination angle of the maser disk, ¢, to be equivalent to that of the galactic disk.
The calculated mass is more than four-times larger than that of NGC 4238, 3.7 x 107 Mg (Miyoshi et
al. 1995). Thus, the physical parameters of the nuclear region of NGC 5793 proved to be quite different
from those of NGC 4258. The intensity of the systemic features is also much different between the two
galaxies. The relatively weaker systemic features and intense high-velocity features in NGC 5793 have an
opposite relationship to those of the maser features in NGC 4258. This may be because the inclination of
the inner maser disk of NGC 5793 is smaller than that which we estimated from the outer galactic disk.
The inclinatien angle of a molecular gas disk or torus in the nuclear region does not always coincide with
that of the galactic disk. Therefore, only a small part of the inner edge of the disk, whose inclination is
less than 73°, would be amplified by the continuum radiation, which results in the weaker systemic features
and the strong high-velocity features in NGC5793. A further investigation to confirm the systemic features
should be carried out. .

Moreover, we need VLBI obscrvations to establish the validity of the model discussed above. Because the
disk diameter of 20 pc corresponds to an angular size of 80 mas at a distance of 50 Mpc, it would be easy to
determine the relative position of each maser feature, especially of the high-velocity features with respect
to the systemic features.

CO (1-0) Distribution in NGC 5793
NMA Results

[ could detect significant CO {J = 1 — 0) emission toward the center of NGC 5793 for the first time
using NMA. In Figure 4, the velocity channel maps at 3 arcsec. resolution {750 pc} are shown. The velocity
resolution is 65 km s™! . The velocity range in which CO (J = 1 — 0) emission is significantly detected is
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Table 1. Observation summary of NGC 5793

Telescope Observing Obs. Line Observing Comments
Date Band transition Time (hrs)
NRO 45-m* Jan. 29 1996 K H,O 5
NMA Mar. 8,9 1996 2.6 mm CO (1-0) 12 C config.
VLBA Sep. 16 1996 K H,0O 8 Failed
VLBA Nov. 30 1996 L OH (1665 8
/1667 MHz)
VLA Jan. 10 1997 K H20 8
VLBA Mar. 2 1997 K H,O 8 No detection
Parkes 64-m Aug. 18 1997 K H2O 16
VLBA Oct. 12 1997 C Continnum 8
VLBA May 10 1998 K H,O 8 phase-
reference

*The spectra have been actually monitoring.

Table 2: Parameters of NGC 5793

R.A.{1950} V
Decl.(1950) )
Distance 2
Morphological type
Magnitude (V) ¥
Inclination angle
Viys (LSR)®

Flux density "%

Spectral index @

14" 56™ 3770
—16 °29 '0 4970
50 Mpc

Sb

13.3 (mag)

73°

3442 £ 72 km s~!

1.05 Jy at 1.404 GHz

0.51 Jy at 4.860 GHz

0.15 Jy at 14.940 GHz

0.45 Jy at 25 pm

6.36 Jy at 60 pm

8.65 Jy at 100 pm

0.59 (80 MHz — 1500 MHz)

1) Whiteoak et al. 1987

2) Assuming Hy = 75 km s~* Mpc™ L.

3) de Vaucouleurs et al. 1976

4) Longo and de Vaucouleurs 1989

5) Roth 1994

6) Palumbo et al. 1983 (Converted to LSR, radio definition.)
7) Adopted from Whiteoak, Gardner (1987).

8) From IRAS Point Source Catalog {1985)
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Fig. 1.— H2O0 maser spectra of NGC 5793 measured with the NRQO 45 m tele scope, observed on 1996
January 29, February 26, and March 4. The arrow denotes the systemic velocity of the galaxy.
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Fig. 2.— (a) Averaged maser spectrum of NGC 5793 over three sessions, from 1996 January 29 to March 4.
An arrow at the bottom denotes the velocity range of CO (J = 1 — 0) emission. (b) A comparison of HI
(unbroken line) and OH (1667 MHz, dashed line) line with maser spectrum.
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Fig. 3.— A cartoon of the geometry for the H»O maser emission in the nuclear region of NGC 5793



Table 3: Monitoring results of HzO
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megamaser emissions in NGC 5793.

parameters red-shifted  systemic  systemic blue-shifted
1 2
Velocity center* (km s™! ) 3677 3519 3449 3190
Velocity width’ (km s™! ) 1.3 48 45 14
Peak flux density (mJy)
January 29 540 + 47 240 + 47
February 25 260 + 55 260 + 61
March 4 < 182 210 =+ 41
Averaged! 55 + 8 28 + 8 25+ 8 99 + 8
Luminosity (L )
January 29 44 £ 4 81+ 4
February 25 20 + 4 76 + 11
March 4 < 20 56 + 8
Averaged } 33+3 51 % 4 49 + 4 80+ 4

*Velocities are written in LSR definition. To convert to heliocentric velocities 8 km s~! should be added to LSR

velocities.

tVelocity widths of systemic features are derived from the averaged spectrum shown in Figure 2b.

! Values are derived from figure 2b.

Visr = 3190 — 3634 km s~! . The compact CO emission is seen in maps with the radius of about 5"(1.2
kpc) from the field center. From the velocity channel maps, there are position shifts of CO emission peak
in each velocity channel seen in the NW —~ SE direction (P.A. ~ 40°). This is nearly consistent with the
major axis of the galaxy's disk in larger scale. The derived parameters by NMA observations are listed in

Table 4.

Table 4. Parameters derived from CO (1-0) observations with NMA

Derived papameters

CO radius
Line width
Mgy,
Mdyﬂ.

1.2 kpe
445 km s~1
7.9 x 10° Mg
3.7x10°% Mg
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High-Resolution Study of Water-Vapor Maser

VLA Observations
Observations and Results

Observations of the maser emission with the VLA-A were made in 1997 January for 6 hours with
27 antennas. The sources were observed alternating frequency, centered on 21.948, 21.965, 21.982, and
22.001 GHz, respectively, every 90 minutes, in order to cover four detected maser features with a 6.25 MHz
bandwidth. The resultant effective velocity resolution using 64 spectral channels was 1.32 km s™! and
velocity coverage was 85 km s=! . A bright radio source of 1507-168 was observed for both gain and phase
calibrations, while 3C 268 was used to calibrate the bandpass shape of the NGC 5793 data and to scale the
absolute flux density of the maser.

The continuum data was cbtained by averaging the line-free channels. Phase corrections derived from
the continuum data were obtained using self-calibration procedure and the resulting phase corrections were
then applied to the line data. Continunm emission superimposed on the maser line emission was subtracted
in the UV plane. The line spectra and CLEANed images were then made from these calibrated data with a
synthesized beam of 0.13"x 0.08". The only Visg = 3190 km s ! featurc was detected with a peak flux
density of 64.9 + 4.0 mJy beam ! , while other velocity features were not detected at all. It is likely that
these features became weaker bellow the detection limit of . The detected maser spectrum over Visp =
3160 — 3230 km s~ and unresolved continuum image are shown in Figure 5. The continuum map has a
thermal noise of about 0.135 mJy beam™1! .

The continuum is not. resolved by the 130 x 80 mas beam, implying that the radio continuum source
has a structure that is less than ~ 30 pc. The position of blue-shifted maser emission, obtained by
integrating the line emission range from Visg = 3190 — 3220 km s~! | coincides with that of continuum
peak within 10 mas.

The summary of the VLA observations is the following.

o The systemic and red-shifted features were not detected. It is likely that maser emission has become
quiet after the first discovery on January 29 in 1996.

¢ Only a blue-shited feature was detected. The feature seems to contain at least three velocity
components.

s The position between the blue-shifted maser spot and K-band continuum source is consistent within
10 mas, or 3 pc.

Further VLBI investigations on milliarcsecond scale resolution should be conducted in order to search
distribution of maser spots and continuum emission.

VLBA Observations
Observations

Observations were performed in three sessions during 1996 — 1998 (sce Table 1). In each epoch, the
VLA was phased to VLBA to improve sensitivity. In the first two epochs, due to relatively poor baseline
sensitivity of ~ 10 mJy, neither any continuum nor maser emission was detected. The peak flux density
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of maser features is becoming weak, < 100 mJy in single-dish observations, while the maser intensity

in the galaxy has a trend of decreasing since the first discovery on 1996 December {(Hagiwara et al.
1997). To detect maser features with VLBA, special care for observations was required. On the third
epoch on 1998 May 10, a phase-referencing mode observation was employed at K-band. In order to detect
both weak continuum and maser emission expected for K-band, phase-referencing was carried out to the
nearby compact radio source PKS 1504-166, whose position (a; 15 07 04.7869, 6; -16 52 30.267; J(2000)
(Moellenbrock et al. 1996)) is accurately determined within 2 degrees of NGC 5793. The rms noise in final
images is expected to be ~ 0.1 mJy beam~! .

In the third session, four 8 MHz IF bands were employed; two of which were dedicated to observing
blue- and red-shifted features centered on Viggr =3190 and 3677 km s™! , respectively and the remained
bands were positioned to the centroids of systemic features of Vigy =3449 and 3519 km s~ . The
observations of bandpass and phase calibrators of 4C 39.25 were interleaved during the session in addition to
the phase-referencing observations. The resultant total on-source time was about 4 hours. The continuum
image was produced from the single channel centered on Vigp =3677 km s~ that is devoid of maser line.

Results and Discussion

The cross-correlation maser spectrum (blue-shifted feature) taken with the VLA-Pietown baseline
is plotted in Figure 6. The peak flux density is 37 + 2 mJy and the rms noise level is ~ 5 mJy. Each
velocity channel is integrated over 500 kHz (6.7 km s~* ) wide to obtain spectral sensitivity. The spectra of
maser emission is seen between shortest baselines. The calibration of flux density is accurate to about 5%.
Figure 7 shows continuum emission image at 22 GHz obtained from the single IF channel devoid of maser
emission with rms noise level of 1.5 mJy beam™! . The continuum emission is detected with a peak flux
density of 9.0 mJy above 5 ¢ detection limit and its peak position roughly coincides with those at lower
frequencies. The velocity-channel maps (A V = 13.4 km s~! ) are shown in Figure 8, where maser emission
is seen split into two parts with the peak flux density of 24 mJy beam™' . The rms noise in channel maps
is about 4.3 mJy beam~! .

The measured position of the brightest maser spot (a; 14 59 24.76085, §; —16 41 36.2667; J(2000))
is offset from the position of 22 GHz continuum emission peak {c; 14 59 24.76154, §; —16 41 36.2543;
J(2000) ) by 13 mas (ARA = 7mas, ADec= 12 mas), or 3 pc. The relative position error between the
maser and continuum is quite small, depending mainly on the residual phase slope due to any error we
made in estimating the group delay and the error in the absolute position of the calibrator source. These
will be second order effects and will be of the order of hundreds of micro-arcseconds. In this case, the
position errors would be much smaller since we applied the same calibration to both emission. The obtained
H3O maser emission is unambiguously associated with central eontinuum source (C1(C)) at 1.6 and 5 GHz
source (see Figure 9). The distribution of maser spots linearly elongated almost north-east direction, at
a position angle of 40°, that is consistent with 1.6, 5.0 and, 22 GHz continuum emission. The emission
subtends 3.6 mas (0.83 pc) or about three beamwidths, assuming that the fainter north-west spot is real.

The masers in NGC 5793 is very similar to those in NGC 1052 and NGC 1068 in that velocities of
masers are offset from the systemic velocity of the galaxy and maser spots are displaced from the nucleus
and coincident with radio continuum component (Gallimore et al. 1996a, Claussen ef al. 1998). Based on
the past and present observations, the simplest explanations for maser spots are broken down as follows.

¢ The water maser spots lie in a rotating molecular disk around the nucleus of NGC 5793. Taking the
distance to the brightest maser spot from the continuum peak (C1{C)) to be a radius of rotation,
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the gravitationally bounded mass within the radius will be 4.5 »x 107 Mg . This is as much as the
enclosed mass derived from NGC 4258 (Miyoshi ef al. 1995). Theoretically these masers are in the
Keplerian part of the velocity curve. It is noteworthy that we, here, supposed that a central engine or
possibly a black hole exists, in the the continuum peak (C1(C)).

s The maser spots superposed on the continuum emission could arise from a dense molecular cloud or
disk foreground to the jet. The maser amplifies the background radio continuum, as is not the case
with results of NGC4258. Similarly, it is likely that the masers lie in dense molecular gas in the jet.

If we assume that the "true’ core of the galaxy lie in nearby the component C4, the kinematical interpretation
of maser emission would be even more complicated. In order to study the velocity gradients and
relative positions of systemic and red-shifted features detected by the 45m, further VLBA observations and
single-dish monitoring of maser to find the opportunity of observation will be crucial.
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Fig. 7.— A 22 GHz continuum image obtained with VLBA.

Fig. 8.— Velocity channel maps of NGC 5793. The maser feature is seen around at 3197.2 km s~ . (The
position of the images wrt the L and C-band images are uncertain.)
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Chapter 5

HIGH-RESOLUTION OH
ABSORPTION STUDY OF NGC
5793

Introduction

The discovery and sub-parsec scale studies of H»O maser emission toward the nuclei of several galaxies
have greatly improved our understanding of the circumnuclear regions of active galactic nuclei (AGN).
Intense interferometric studies of the maser in the Seyfert/LINER galaxy NGC 4258 mainly using VLBI
provided a detailed description of a rotating circutnnuclear disk in Keplerian motion with a radius of 0.13
pc, bound by a super massive black hole with a mass of 3.7 10”7 M, (Miyoshi et al. 1995; Greenhill et al.
1995; Nakai et al. 1993). Similar H,O masing disks as those found in NGC 4258 have been identified in
other AGN: NGC 1068 (Greenhill et al. 1996), NGC 3079 (; Satoh et al. 1998) and NGC 4945 (Greenhill
et al. 1997). These results imply that a sub-parsec or parsec-scale molecular disk/torus surrounding the
nucleus is common to some narrow-line AGN and that their existence agrees well with the scheme which
describes the unification of different types of AGN, originally proposed by Autonucci (1993).

VLBI observation of nuclear absorption lines is another method of studying kinematics of the innermost
region of circumnuclear gas. Gallimore et al. (1996a) found that the spectral profile and location of the HI
absorption on 100 pe scales in NGC 1068 are consistent with those of Hy(} masers which are seen around
the nucleus and 30 pe further out along the jet. VLBI observations of NGC 1068 with sub-milliaresecond
angular resolution showed that nuclear H;O masers are distributed with a radius of 0.65 pc showing
sub-Keplerian rotation (Greenhill et al. 1996). These observational facts strongly suggest that the structure
and kinematics of the circumnuclear gas might be traced by absorption-lines as well as water masers.

NGC 5793 is an edge-on disk galaxy with a bright compact nucleus in radio continuum emission. Baan
et al. (1998) classified the optical emission of NGC 5793 as being Seyfert type 2, which implies AGN
activity. The galaxy lies at a distance of 46 Mpc and assuming Hy = 75 km s~! Mpc~!, 1 milliarcsecond
(mas) corresponds to 0.23 pc. Gardner et al. (1992) made a VLBI image of the 21 ¢cm continuum emission
and found that the radio nuclens of NGC 5793 is unresolved with a radius of 16 mas, or about 4 pc on
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a linear scale. The NRAO Very Large Array {VLA)! observations of the intense HI and OH absorption
toward the nucleus demonstrated that the absorbing gas is located in a compact region around the nucleus
(Gardner et al. 1986) and the wide velocity range of the HI and OH absorption profiles, ~ 200 km s~!
is interpreted as the result of a number of clouds of dense gas along the line of sight. Gardner et al.
(1992) also performed HI absorption-line imaging with VLBI and concluded that three absorbing systems
with different velocities are present, two of which are associated with the nucleus, while the third may be
associated with gas flowing away from the nuclear region. However, insufficient spatial resolution made it
difficult to determine whether or not the absorption really arises from the nucleus itself.

Single-dish observations detected intense H,O maser emission from NGC 5793 (Hagiwara et al. 1997).
The spectrum shows strong high-velocity features displaced by ~ 245 km s~! on either side of the
systemic velocity of the galaxy (Visr = 3442 km s~ ! ), accompanying weaker features that are observed
near the systemic velocity. Hagiwara et al. (1997) showed that the two velocity peaks of the H,Q systemic
features seem to correspond to those of the OH absorption line peaks (Gardner et al. 1986), indicating a
similar distribution of the Ho(b and OH molecular gas in the galaxy. The parsec scale molecular absorption
associated with AGN is a powerful tool for probing a inner layer of circumnuclear molecular gas which is
considered as an energy source in the vicinity of a central engine. The nucleus of NGC 5793 also contains
large opacity (7 > 2) HI absorption covering a wide velocity range. According to the most recent HI
absorption observation with VLBI, Pihlstrém et al. (in press) find that the atomic HI gas is not associated
with the < 10 pc region close to the nucleus and suggest that it is probably associated with the outer
galactic disk imaged using CO emission by Hagiwara (1998). In contrast, the OH molecular gas on parsec
scales could trace a compact molecular gas disk/torus surrounding nucleus.

In this paper we describe the VLBI observations in Sect. 2, present the results of both continuum and
OH absorption imaging in Sect. 3, and discuss the structure and kinematics of the nuclear region in Sect.
4.

2

Observations

Observations of NGC 5793 at both 18 ¢m continuum and OH spectral line were made with the Very
Long Baseline Array (VLBA) and Very Large Array (VLA) operated as a phased array of the National
Radio Astronomy Observatory (NRAQ) on 1996 November 30. Observations of 6 cmn continuum emission
with the VLBA alone were carried out on 1997 October 15. In the session of the OH line at 18 em,
we observed the 1665 and 1667 MHz main line transitions of the *[], 20 =3/2 ground-state of OH in
absorption toward the background radio continuum source. A continuous full track observation of 7.3 hours
was performed, of which about 4 hours were spent on NGC 5793.

At 6 cm we observed in a phase-referencing mode, using the calibration source 1507-168 about 2 degrees
away from NGC 5793, although we later found that NGC 5793 could be detected without phase-referencing.
The total time of one cycle was 6 minutes; 4 minutes for NGC 5793 and 2 minutes for 1507-168. The
resulting total integration time spent on NGC 5793 was about 4 hours. At 18 cm the data were recorded in
left circular polarization in four 8 MHz bands. At 6 cm data were recorded in dual circular polarization in
four 8 MHz bands. At both wavelengths, the data were taken with 2-bit sampling.

At 18 cm each baseband channel was divided into 512 spectral points, yielding a frequency resolution
of 15.6 kHz, which corresponds to a velocity resolution of 2.81 km s™! . The total velocity coverage for

'The National Radio Observatory is a facility of the National Science Foundation operated under cooperative agreement
with Associated Universities, Inc.
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each intermediate frequency band (IF) was 1440.5 km s~' . In order to cover two OH absorption lines at
1665 and 1667 MHz plus the continuum we centered three IF bands on 3449, 3519, 3637 and one on 3190
km s™! | respectively (hereafter, all velocities are in the radio definition and with respect to LSR). These
four Doppler velocity centers were referenced to the 1667 MHz line. The first three IFs were calibrated
separately and only one IF was used for absorption line imaging. The fourth IF was used for the continuum
imaging since no absorption line or emission was present in the passband. At 6 cm, individual IFs with 16
spectral channels were combined into one continuum channel after phase and gain calibrations.

The system temperature and antenna sensitivity for each VLBA antenna over the observing frequency
are 30 — 100 K and 11 Jy K~!, respectively. The data were calibrated using the NRAQ AIPS package. The
delay and delay rate calibration was determined throughout the observation using 4C39.25 and 1507-168
as calibration sources. The absolute flux calibration was determined by observations of 3C 286. After
the initial cleaned maps were obtained, self-calibration on the continuum source was employed, initially
assuming a peint source model, to refine the phase solutions,

Results
Continuum

The continuum image of NGC 5793 at 18 cm obtained from the OH absorption free IF channel is shown
in Figure 1. The restoring heam size is 12.3 x 4.4 milliarcsecond (mas) in P.A. = —7.5°. The rms noise in
this image is 0.21 mJy beam ~'. The map shows that the twisted radio structure is split into two parts:
a central bright component [C1(C)] with accompanying minor components [C1{NE) and C1(SW)] and a
western elongated feature in P.A. ~ —70 °{C2), connecting knots C2 and C3. The subcomponents C1(NE)
and C1(SW) are almost symmetrically extended along a P.A. of 40°around the central peak of the C1(C).
The knots C1{NE), C2, and C3 may compose a bending jet extending over nearly 18 pc across the C. The
peak flux density of 308 mJy bearn~! at C1(C) corresponds to a brightness temperature of 8.0 x 10* K.

Figure 2 shows the 6 cm map with a restoring beam size of 3.7 x 1.4 mas in P.A. —4.7°. The rms
noise in the image is 0.043 mJy beam™! . Intensity of the central component C1(C) is the strongest also
at this wavelength and its peak flux density is 91 mJy beam™' corresponding to a brightness temperature
of 2.6 x 10° K. The twisted curvature of the structure is consistent with that of the 18 cm image. The
component extends towards northeast and southwest, bending symmetry, and is connected with C1(NE).
However, the component C1(SW) seen at 18 cm is not detected at 6 ¢cm at all. The major axis of the
overall distribution of the component C1 has a position angle of about 40° that is almost consistent with
that previously obtained at 21 cm with the HPBW of 30 mas synthesized beam (Gardner ef al. 1992}, In
the western elongation, we can clearly identify a new hright component C4 at its eastern edge, lying at a
distance of 32 mas (7.4 pc) from the peak C1{C). The length of the western elongation is approximately 7.4
pc at 18 cm and 5.5 pe at 6 cm. The peak position of the component C2 at 6 cm is offset northward by ~ 5
mas from that at 18 ¢m.

The total flux density at 18 cm is 647 + 9 mJy in figure 1, while 191 + 3 mJy at 6 cm in figure 2.
Based on a comparison with the VLA in B-configuration data (Gardner et al. 1986), we estimate that our
images recover ~ 65 % of the total flux in the 18 ¢cm map, but only ~ 30 % in the 6 cm map. Brightness
temperatures (T}) and Spectral indices at each component that are measured between two wavelengths with
the same beam size are summarized in Table 2, using the 6 cm flux densities obtained from deconvolved
beam size of 18 ecm. The measured brightness temperatures of 108 ~ 10? K is three to four orders of
magnitude higher than the limit of Ty of ~ 10% K for starburst related thermal plus synchrotron emission
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. Adopted parameters of NGC5793.

R.A. (J2000} @ ---

Decl. (J2000) 2. .-

Distance - -

Systemic Velocity(LSR) © - - -

Type

Position angle of the major axis { ---
Inclination angle of the galactic disk & - -

14859™24 5030 £ 03001
—16°41'36'12 + 0 702
46 Mpe

3442 + 72 km s~!
$bd Seyfert 2 ©

150°

730

&Position of a radio core determined by VLA (Whiteoak et al. 1987). The coordinates are converted from those of B1950

b Assuming Hop= 75 km 5~! Mpc ~!
“Hagiwara et al. {1997)

dde Vaucouleurs et al. (1976)
®Baan et al. {1998)

fWhiteoak, Gardner (1987)

ERoth (1994)

Table 2. VLBI Components In NGC 5793

Component Speak® {mJy heam~!) Ty (K) Spectral index

18 cm

6-cm 18 cm 6-cm Qe6—18 em

(Bhearn = B]Scm) ¢

d

ClHC) 308 £ 19
CI{NE) .- 80.1 = 9.0
CI{SW)  --- 12.8 & 6.4

C2 18.0 + 0.9
<3 283 + 1.4
C4 (16.1)

91.1 + 4.6 8.0 %109 2.6 %109 —0.70 £ 0.11
(139 + 7.0)
13.8 & 3.0 2.1 x10? 4.0 x108 —1.0+0.16
(25.0 £ 1.3)
—r 3.4 x10° —e -
{-)
5.1+ 0.3 4.7 %108 1.5 x108 —0.46 £ 0.09
(10.6 £ 0.5)
53+ 03 7.4 %108 1.6 x 108 —0.72 £ 0.10
(12.2 + 0.6)
11.1 £ 0.6 (4.2 x10%) 3.2 x10% (0.13)
(18.5 £ 0.6)

2Peak flux density

YBrightness temperature

“From image convolved to the resolution at 18 cm

4, 8, = vo

*The component is not detected in 6 cm image
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(Lonsdale et al. 1993), strongly suggesting that the nucleus of NGC 5793 contains AGN.

The OH Absorptions

The phase and gain solutions obtained with one absorption-free IF channel were applied to the IF
channel which contains both absorption and continuum emission. The continuum level was determined
by averaging all channels. The continuum emission was then subtracted from the spectral line visibility
cubes. Figure 3 shows the 18 cm VLBA spectrum with a spectral resolution of 5.6 km s~! | associated
with C1(C); the two main OH transitions at 1665 and 1667 MHz are clearly seen in absorption. The 1667
MHz absorption spectra was also previously detected with VLA (Gardner et al. 1986). After continuum
subtraction the spectrum has been converted to optical depth using the above continuum level. At both
transitions, several velocity features are detected, although some with poor signal-to-noise ratio. We fitted a
single Gaussian component to the spectrum shown in Figure 3 in order to determine the optical depth and
velocity width. The quality of the data did not warrant using additional components. The resultant opacity,
integrated intensity and column density are listed in Table 3. The absorption velocity center {Gaussian
fitted) is 3454 = 9 km s~! | while the center velocity derived by Gardner, Whiteoak (1986) is 3462 km s~! .
This difference between them can be explained by systematic errors. There is also weak evidence for the OH
absorption of 1665 and 1667 MHz against components C1{NE) and C3, similar to that against the C1{C),
while the absorption against C1(SW) and C2 are too weak to estimate optical depths. However, the optical
depths, line shapes, and velocity widths of the OH towards both C2 and C3 do not show any significant
difference from those towards C1(C). Figure 4 shows the total OH absorption integrated intensity image
over 10 velocity channels or 56 km s~! at 1667 MHz. The integrated absorption flux density is —158 mJy
km s~! . Significant OH absorption is detected mainly around the position of C1(C) as seen in Figure 4.
The absorption is apparently concentrated mostly around position of C1{C) indicating that the absorption
traces the background continuum emission there. In figure 5, channel maps of the 1667 MHz OH absorption
integrated every 5.6 km s~! are shown; nine channel maps covering a velocity range —29 to 17 km s~! are
displayed. The absorption shows a velocity gradient from north to south, starting approximately at 3420
km s~! at 5 mas north of C1 and moving to 3460 km s~! at 3 mas south of C1. In figure 6, position-velocity
diagrams of the 1667 MHz absorption are displayed. Cuts were made through component C1 along axes
of P.A.= 60° (NE — 5W) and P.A.= 150° (NW — SE) in Figure 1. A velocity shift of 40 km s™! is seen
over a distance of 10 mas or 2.3 pc in the velocity range 3425 < v < 3465 km s™! . This velocity range
symmetrically spans to the systemic velocity of NGC 5793, 3442 km s~' . The velocity gradient in the
1665 MHz line does not clearly have the trend as that seen in the 1667 MHz. This is mainly due to low
signal-to-noise ratio of 1665 MHz line data. From Figure 7 showing the mean velocity field, we measure a
kinematic major axis across C1{C). The position angle of the axis is estimated about 150°.

Discussions
The Continuum Structures

We derive basic morphological and spectral properties of the parsec-scale radio structure of NGC 5793
from the 18 cm and 6 cm continuum maps and discuss the implications of these results. The continuum
radio source has a core-jet structure that is typical for those seen in Seyfert galaxies and radio active
galaxies. The VLBA data at both wavelengths suggest that the three components C1(C), C1{(NE), and C3
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Table 3. Parameters of the OH absorption feature.

VLA® VLBA
1667 MHz 1665 MHz 1667 MHz
Optical depth (1)
Peak value ... 0.065 £ 0.006 0.086 £ 0.015 0.085 £ 0.013
Gaussian fitted value — 0.066 £+ 0.016 0.080 £ 0.012
Center Velocity (LSR)"... 3462 km sl © 3445 + 3 km s~! 3454 + 4 km s~
AV (FWHM) - 39.4 km s~ ! 18 & 0.4 km s~ 28.4 + 0.5 km 5~}
f‘rdv - 1.53 km s~! 3.75 km s~
2Gardner et al. 1986; No published data for 1665 MHz
bVelocity center is referenced to the 1667 MHz OH absorption
®Converted to Radio LSR definition; V(radio heliocentric) — 8.0 km s~!
T T ,F 3 T
100 - VLBA 18cm | 100 T T i T
: NW VLBA 6em
5o
St | 50 - R -
g CliNE)
s ClO)
gor ] ol : -
o c2
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Fig. 1.— Fig. 1 (left}: A cleaned VLBA map at 18 cm. The contour levels are

—1%(dashed}, 1%, 2%, 3%, 4%, 5%, 7%, 10%, 14%, 20%, 25%, 40%, 50%, 70%, and 100% of the
peak surface brightness of 308.4 mJy beam™! .
in P.A. = -7.5°. is shown in the left-hand corner. Fig. 2 (right): A clcaned 6 cm map. Contours are
plotted at —1 (dashed}, 1,2,3,4,6,8,10, 15, 20,40, 60,80, and 100% of the peak surface brightness of 91.1

mJy beam™

1

The center position is the same as that in Fig.1.

The synthesized beam of 12.3 x 4.4 milliarcsecond (mas)

. The synthesized beam of 3.7 x 1.4 mas in P.A. = -4.7°. is shown in the left-hand corner.
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Fig. 2.— The OH absorption spectra of 1667 (left) and 1665 MHz (right) with a spectral resolution of
31.3 kHz, or 5.6 km s~! . The absorption intensities are shown as to the flux density and optical depth. The
relative LSR velocities are referred to the rest frequency of each OH transition at 1665.402 and 1667.359
MHz, or Visr = 3445 and 3454 km s~! . The peak velocities (Visr = 3190, 3449, 3519, and 3677 km s~1 )
and velocity ranges of the H;O maser emission are indicated in the 1667 MHz frame by downward-pointing
arrows and thick lines. The systemic velocity (Vyys) of 3442 km s~ is denoted by an upward-pointing arrow.
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Fig. 3.— An integrated intensity map of 1667 MHz OH absorption, integated over the velocity width of 44.8
km s™! . The integrated velocity range is from Vigr = 3422 — 3467 km s—! . Dashed contour levels are 98,
80, 60, 40, 20, and 10% of the peak intensity of -158 mJy km s~! beam™! . The synthesized beam is shown
in the left-hand corner. Significant absorption intensity is seen only around C1{C}.
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Fig. 4.— Velocity channel maps of the 1667 MHz OH absorption, each integrated over 5.6 km s~! intervals.
The contour levels are at -25, -20, -15, -10, -5 (1) (dashed), 5, and 10 (solid) mJy beam™! . Each map is
labeled in the upper right hand corner with the velocity (Visg ) at the center of each channel. The cross in
each panel denotes the position of the phase center. The synthesized beam is shown in the upper-left corner
panel.
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Fig. 5.— Position-Velocity diagrams of the OH absorption(1667 MHz) against the continuum center are
shown with the velocity resolution of 5.6 km s~' . In each diagram both the velocity and position are
displayed by their offset values. The velocities are centered on 3459 km s~ and the positions are measured
from the continuum center, C1. A cut in each diagram shows that there exists a clear velocity gradient
across the axis. upper; Sliced with P.A.= 140° neary along the optical axis{150 deg.) across the C1(C).
lower; Sliced with P.A. of 50° across the C1(C}, taken perpendicularly to that of the upper diagram. The
contour intervals are at 10%, 9%, 8%,7%, 6%, 5%, 4%, 3%, -3%, -4 % of the peak flux density of —32 mJy
beam™! , plotted from —9.6 mJy beam ™' . The rms noise level is 4.5 mJy beam~! in both images.
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have steep spectra of —1.0 < @ < —0.7 (see Table 2). The component C4 in the § cm map could not be
clearly identified in the 18 cm map. Adopting the 18 ¢ flux density at the C4 position in 6 cm image to
be 16.1 mJy, the spectral index of a would be 0.13. Only the spectrum at the C4 is definitely inverted (o >
0) and flat between these two wavelengths. The C3 shows relatively flat spectram among these four peaks,
but it is safely to be said that the spectrum at C3 is also steep. One might ask which component is the
‘true’ radio core of the galaxy 7 If we assume that the continuum peak C1(C) is the core, it follows that the
steep spectrum of C1(C) is due to mixture of spectra from several components including a flat-spectrum
radio core, suggesting that the continuum structure is not still resolved on a few parsee from the center.
Steep spectra in the range —1.3 £ a g —0.5 are generally observed in extragalactic extended radio sources
{Barvainis and Lonsdale 1998), as those in the components in NGC 5793.

The other plausible candidate for the ’true’ core is the C4 in the 6 cm image. In contrast to the
structure at 6 cm, the 18 cm image at the position of C4 shows weak extended radio emission. There are
two possible explanations for this. We can account for the relative faintness of C4 at 18 cm by invoking a
model of free-free absorption by the optically thick inervening gas, which is highly inclined to the line of
sight. In this case, the relative flatness of the C4 spectrum can be explained by a radio continuum core
lying inside the obscuring gas in our line of sight. Both the central continuum structure cotaining C1{C)
and the western extended emission containing C2 and C3 could be interpreted as jets that are directed from
the highly inclined disk/torus, whose major axis lies at P.A. of ~ 140°. Alternatively, our failure to detect
the component C4 in 18 cm map could be explained by the time variability of the flux density between the
two observing epochs and due to the relative faintness of 18 cm flux density, the spectrum at C4 apparently
shows flat, positive spectral index (see Table 2). In this case, the real spectrum at the C4 might be as steep
as other components,

Uncertainty of the C4 position and spectrum in both images makes us difficult to conclude that the C4
is the nucleus. It is likely that C1(C), the most intense contunuum peak, might be a position of the 'true’
radio nucleus. The C1{SE}, C2, C3, and C4 are the continuous chain of jet ejected from the nucleus, while
the C1{NE) is the counter jet extending toward north-east. The bending structure of the jet nearly at the
C4 could be explained by deflection by gas clouds and the collimation axis of the jet is forced to be changed
there.

Properties of the OH Absorption

Table 3 lists the single-Gaussian fitted parameters derived at C1(C) from the observed spectra in Fig. 3.
The optical depth in the OH line at 1667 MHz, derived with the VLA in A-configuration was 0.065 + 0.006
(Gardner et al. 1986), while that derived from our VLBA data is 0.080 £ 0.012 at the Gaussian peak. The
optical depth obtained by the smaller VLBA synthesized beam (HPBW = 0.012") is consistent with that
observed with the VLA (HPBW = 4") within the errors. As mentioned in the previous section, we found
no significant absorption at other positions in the continuum emission image, implying the possibility that
the foreground absorbing gas is spatially confined. The coincidence of these optical depth values within the
errors does not contradict the above description. The velocity widths of the absorption line in the 1667 MHz
transition obtained with the VLBA (28.4 £ 0.5 km s~! ) is narrower by ~ 30% than that observed with the
VLA (39.4 km s~' ). This is attributed to the ~ 35% missing flux density of the background continuum
emission (which is resolved on parsec scales in our VLBA image). The extended radio continuum emission
imaged by the VLA-A array, which is resolved in the 18 cm VLBA continuum image, seems to contribute
several weaker OH velocity components which we cannot see in the VLBA profiles. It is interesting that
compared with the HI absorption line widths from < 100 pc scale circumnuclear gas in Seyfert nuclei such
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as NGC4151 (Mundell et al. 1995; Dickey 1986), the OH absorption of NGC 5793 is much narrower.
Assuming the gas to be optically thin (The optical depth of 0.08 supports the fact that the OH absorbing
layer is not optically thick.), we can estimate the OH column density along the line of sight. The OH
column density at 1667 MHz is as the following:

N(OH) = 2.2 x 10" Tex [ 7dv [molecules cm™2], (5.1)

where Tex is the OH excitation temperature (Elitzur 1992). Adopting the value for the absorption intensity
from Table 4 the column density is ~ 8.4 x 10’ T,, molecules cm~2, which is in the range of the OH
column densities found in molecular disks of galaxies (Baan et al. 1984, Baan et al. 1992).

The absorption profiles in Fig. 3 show that the 1667 MHz feature is as deep as the 1665 MHz feature.
For local thermodynamic equilibrium (LTE), the OH line ratio of the 1667/1665 MHz transition is expected
to be 1.8 (Elitzur 1992). The hyperfine ratios of the peak OH optical depths and the OH opacity intensity
derived by single Gaussian-fitting of the absorption line of each transition is 1.3 £ 0.1 and 2.5 + 0.2 (see
Table 3), showing significant deviation from the theoretical LTE ratio of 1.8 seen in galactic objects (; Lucas
et al. 1996). However, deviation from the LTE value is not unusual in extra-galactic objects (e.g., Baan et
al. 1995). Low signal-to-noise ratios in the absorption profiles prevent us from a detailed discussion of the
line ratio. Since the absorbing gas is probably spatially extended with respect to the synthesized beam, the
effect of a beam-filling factor cannot be ruled out.

Distributions and Kinematics of Molecular Gas

The most intriguing result derived from our observations is that an OH velocity gradient symmetrically
spanning the systemic velocity in the central region was detected. We determined a value of ~ 8.7 km 5!
pc~! for the velocity gradient across C1(C). Since the intensity distribution of the OH absorption {Fig. 4)
{although it is difficult to make a map of OH optical depth because of the weakness of the continuum
except at C1{C)) is well correlated with that of the background continuum emission (Fig. 1), the column
density of OH does not vary across the continuum, suggesting that OH gas is distributed over a wider area
than the continuum. Because the OH absorption is not seen in the outer region due to a lack of background
continuum emission, it might be difficult to determine if the OH velocity field around C1(C) is caused
by molecular gas associated with the nucleus. Nevertheless, in this section we examine the kinematical
properties of the OH gas, making use of the results of HoO maser and CO molecular gas observations.

High-resolution millimeter observations of CO (J = 1-0) with the Nobeyama Millimeter Array (NMA)
found a rotating molecular gas structure in the central region of the galaxy with a radius of ~ 1 kpc along
P.A. = ~ 140 deg., spanning Vpsg = 3305 - 3661 km s~! (Hagiwara et al. 1997, Hagiwara et al. 1998a). In
this paper, the OH velocity gradient shows a reversal of the sense of rotation observed in the central region
of ~ 10 pc. This suggests that the OH absorbing gas that we detected with the VLBA is kinematically
distinct from the outer disk observed in CO. This kind of compact gaseous subsystem which is kinematically
independent from the larger scale galactic molecular gas disk has been observed in other galaxies, such as,
NGC 4826 (Braun et al. 1992), NGC 253 (Anantharamaiah and Goss 1996), and NGC 3079 (Satoh et al.
1998).

In the following we consider that the velocity gradient observed around C1 might arise from a rotating
molecular disk with a radius (r) centered on the nuclens. In order to explain the H;O spectrum showing
systemic and red- and blue-shifted features in NGC 5793, Hagiwara et al. (1997) proposed a nearly edge-on
circumnuclear molecular disk/torus with a radius of r > 4 — 20 pc and a rotation velocity of Vi, = 245 km
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, where [ is the projected distance from the source center, { = 73° is an inclination of the molecular rotating
disk, and sinf ~ 8 is adopted (Nakai 1995b). We adopt the inclination of the OH disk is to be 73° that of
galaxy’s optical disk. For Vi, = 245 km s7! and dV/dl = 8.7 km s~ ' pc~!, r is estimated to be about 28
pc. Using this value for the radius of a molecular disk/torus around C1(C), the mass confined within the
disk is 4.2 x 108 Mg, This estimate is larger by approximately a factor of three than the mass previously
derived from water maser profiles (Hagiwara et al. 1997), because they adopted r = 10 pe. We must note,
however, that the mass estimate will depend on the assumed inclination angle of the rotating gas disk. The
fact that HyO maser features were preferentially observed in the edge-on molecular disks supports our
assumption (e.g., Miyoshi et al. 1995). On the other hand, the gas mass of molecular hydrogen that is
determined from the CO intensity in the outer disk is 7.9 x 10M, (Hagiwara et al. 1998a). The OH gas
mass within a radius of 10 mas or 23 pc from the continuum peak corresponds to about 5% of that in the
CO disk with a radius of ~ 1 kpc, implying that the density of observed OH gas is significantly greater
than that of the outer molecular gas disk.

(5.2)

Relation to H»O Maser Emission and HI Absorption

One of our motivations for this observation was to investigate whether or not the OH absorption in
NGC 5793 rakes place in the same molecular cloud that contains the Ho) maser. The centroid velocities of
the HyO emission peaks at Vigr = 3449 and 3519 + 5 km s™! are close to those of the OH absorption
lines observed with the VLA {Gardner ef al. 1986), although only the OH feature at 3449 km s—! was
detected in our VLBA observation (the 1667 MHz spectrum of Fig. 3). The 3519 km s~! absorption
feature, which is weaker than that at 3449 km s~} | was not clearly detected, probably because the extended
background continuum necessary to observe it in absorption is resolved with the VLBA. Another OH
velocity component was found in the velocity range of the HoO maser feature at 3449 km s~! , however
there is no clear evidence for a rotating OH molecular disk/torus around the nucleus or a relationship with
the proposed water maser disk proposed in Hagiwara et al. (1997). The large value of the OH column
density along the line of sight, the high mass density of the observed absorbing cloud and the existence
of the velocity gradient around the nuclear region, dynamically independent from the outer galactic disk,
demonstrate that the observed OH absorption probably arises through the dense molecular gas in the
circumnuclear region of NGC 5793. On the other hand, according to the most recent HI absorption studies
with VLBA| no significant velocity field similar to the OH field (this paper) is not detected (Pihlstrém et
al., in press). The HI absorbing clouds might trace the region in physically different condition, where OH
gas distributes, because the HI absorption line features show optically thick (v = 2.0 ~ 2.5) properties.

Summary

We have mapped the distribution of continuum emission and of the OH absorption at 1667 MHz in
the Seyfert galaxy NGC 5793 on parsec scale with VLBIL. The observed structure of the OH absorption
shows a velocity gradient across the continuum structure of C1, symmetrically spanning with respect to
the systemic velocity. The direction of the OH velocity gradient is inconsistent with that of rotation of the
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kiloparsec scale CO disk of the galaxy, though the P.A. of these two axes are nearly aligned: we discovered
a counter-rotating gaseous component in the inner region on 10 parsec scale. If circular rotation across
C1(C) is assumed to explain the velocity gradient, based on analogy with the H,O maser emission in the
galaxy, the binding mass is 4.210® Mg, . This value corresponds to nearly 5% of the molecular gas mass
existing in the kiloparsec-scale galactic disk. The interpretation of the observed OH absorption distribution
is not unique. The OH absorption could arise from dense molecular gas in the 10 parsec scale circumnuclear
disk/torus or from spatially extended diffuse molecular gas on kiloparsec scales in the galactic disk. The
structure and spectra of the continnum components are difficult to interpret. However, C1(C) is the
strongest component and is that against which its strongest OH absorption occurs, suggesting that C1(C)
is the core. More data are required to resolve this issue.

VLBA observations at 1.3 cm on smaller than parsec scale, already underway, will hopefully be able to
reveal the relationship between the distribution of H,O masers and molecular absorptions.




Chapter 6

SUMMARY

The construction of the Rainbow Array system; NMA - NRO 45 m telescope interferometer was successfully
conducted. After the verification of mapping performance of the Rainbow Array system, spectral line
observations of peculiar, radio-loud galaxy NGC 1275 have been carried out using this new facility. The
data presented here represent the first attempt to combine the high resolutions and sensitivities of NRQ
telescopes to give more detailed astronomical images. The synthesized beam attained, roughly, 17.0 at A 2.6
mm, which corresponds to ~ 400 pc at the distance to NGC 1275, 70 Mpc. This beamn size is appropriate
for investigating the molecular torus/disk in the circumnuclear region of AGN, because the spatial extent of
the circumnuclear torus/disk is believed to be sufficiently smaller than 1 kpc scale from the nucleus, which
is inferred from the molecular torus found in M 51 and NGC 1068.

Rainbow observations of NGC 1275 revealed that the molecular gas of ~ 10 M, is concentrated within
r = 400 pc from the nucicus. The discovery of this CO emission peak is confirmed by the following NMA
observations at the 9" resolution. Then, I found that the lack of CO peak at the nucleus in the published
image obtained by Inoue et al. (1996) is due to the error in their analysis when determining the continuum
baseline. The distribution of 2.1 ym Hs emission which they also reported the detection nearly matches
the unresolved size of CO peak ernission at the nucleus. Therefore, 1 am confident that the high-resolution
CO images obtained by the Rainbow Array are reliable. When combined the observational results with
those obtained from Inoue et af. (1996) and broad-band HST images, it will be clear that the circumnuclear
region traced by molecular gas shows the characteristic structure; the ring-like structures at the radius
1.2 kpc from the nucleus, the molecular bar-like structure intermediates between the CO twin peaks and
the nuclear gas concentration. This is quite similar to that in Seyfert galaxy NGC 1068 with a radio-quiet
nucleus. These similarities in morphology suggest that the detected CO peak emission could be interpreted
as a result of gas fueling phenomenon along the molecular bar from the crowding of gas in the ring-like
orbitral structure.

It is very interesting that a scenario for the energy transport mechanism into the radio-loud nucleus is
similar to that for the radio-quiet nucleus. I conclude that what determines the radio activity in NGC 1275
is not the circumnuclear gas extending on 100 pc — 1 kpc scales, but it might relate to the activity in the
central engine on less than sub-parsec scales.

The search for circumnuclear region in the radio-active galaxy, NGC 5793 began with the detection of
high-velocity water maser features in the galaxy. VLBI investigations of its circumnuclear region were then
conducted using VLBA at a milli-arcsecond resolution, which enables the sub-parsec scale maser mapping
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in NGC5793. The VLBA observations detected only the blue-shifted velocity features. The maser spots
were found to be offset from the continuum peak by about 3 pc in good alignment with a position angle of
nuclear continuum jet-like structure. The maser emission could arise in a molecular cloud foreground to the
jet, and be amplifying the radio jet in the background, unlike the situation found in NGC 4258. Intense
research for the kinematics of masers should be made to find for velocity structures or maser distribution
to refine our understanding on the nuclear region of AGN,

High-resolution imaging of OH absorption with VLBA revealed that there exists compact OH gas
distribution on about 5 pc from the radio nucleus in NGC5793. The OH molecular absorption shows
the velocity gradient along the axis of the galactic disk in larger scale. The sense of velocity gradient is
inconsistent with that of the CO disk with a radius of about 600 pc, which was obtained from the NMA
observation. The OH absorbing gas might trace the parsec scale molecular gas in the dusty tours in the
circumnuclear region of this galaxy.

This thesis pursued the investigation of two radio-active galaxies, NGC 1275 and NGC5793. 1
researched the circumnuclear region in radio-active AGN by means of molecular gas (CO, OH, H,0 )
on different scales from 1 pc to 1 kpc relative to the nucleus in hoping that I will be able to find the
characteristic mechanism which provides the energy into the active nucleus, however, no significant
differences between radio-quiet and radio-active nucleus in both of galaxies are found. This type of research
should be conducted until we can measure a larger sample of sources.
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Appendix. Parameters in the Optics

X --— Relative distance from the sub-reflector of the 45m telescope
to feed horns, measured from the beam waist of the 4bm optics.

W --- Beam radius at 1/e value

B -—— Beam radius at - 30 dB level

R --- Beam curvature

Al1l lengths in mm,

Parameters at 3 mm

NUMBER OF LENSES= 6

LENS= 1 FL= 6296, 000 XL= 0.000

LENS= 2 FL= 6296.000 XL= 17000.000

LENS= 3 FL= 1633.000 KL= 24800.000

LENS= 4 FL= 1633.000 XL= 27200.000

LENS= 5 FL= 209.460 XL= 29400.000

LENS= 6 FL= 81.050 XL= 29928.000

FREQUENCY= 100.000 GHz WAVELENGTH= 2.998 mm
EDGE-LEVEL= - 30.00 dB  B/W= 1.858

REFRACTIVE INDEX= 1.0
START FROM A SPHERICAL WAVEFRONT
XST=  -26812.000 WS= 1477.000 RS=  -20489.000

BEAM-WAISTS

WAIST= Q X= -6324.646 W= 13.237 B= 24.600
WAIST= 1 X= 39175.305 W= 448.456 B= 833.438
WAIST= 2 X= 23271.047 W= 13.277 B= 24.674
WAIST= 3 X= 20259.713 W= 102.265 B= 190.056
WAIST= 4 X= 28928.449 W= 13.714 B= 25.488
WAIST= 5 X= 29716.387 W= 8.760 B= 16.280
WAIST= € X= 30045.527 W= 4.630 B= 8.60b

BEAM AT LENSES

LENS= 1 W= 456.138 B= 847.715
RI= 6329.977 RO= -1172967.500
LENS= 2 W= 450,932 B= 838.039
RI= -2025153.2b0 RO= =-6276.487

LENS= 3 W= 116.694 B= 205.720



RI=
LENS=
RI=
LENS=
RI=
LENS=

-26812
-26810

29386.
29388.
29380.
29392,
29394.
29396.
29398.
29400.
29402,

29404
29406
29408
29410
29412

29630.
29632.
. 0000
.0000
.0000
29640,
29642,
29644.
29646.
.0000
.0000
.0000
29654.
29656.
29658.
29660.

29634
29636
29638

29648
29650
29652

1551.

24246,
5 W=
553.
6 W=
242.
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.0000

0000
0000
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0000
0000
0000
0000
0000
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.0000
.0000
.0000
. 0000
.0000

0000
0000

0000
0000
0000
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0000
0000

269

471

935

169

RO= 30994.537
121.046 B= 224,960
RO= -1750.925
35.562 B= 66.090
RO= -336.823
24.661 B= 45.831
RO= -121.822
W B
1477.000 2744.947
1476.856 2744.679
34.665 64.424
34.793 64.661
34.921 64.899
35.049 65.137
35.177 65.375
35.305 65.613
35.433 65.852
35.562 66.090
35.351 65.698
35.140 65.306
34.929 64.914
34.718 64.522
34,507 64.130
34.296 63.739
12.857 23.894
12.698 23.599
12.541 23.307
12.386 23.019
12.233 22.735
12.082 22.454
11.933 22.177
11.786 21.904
11.642 21.635
11.499 21.371
11.359 2t.111
11.222 20.855
11.087 20.605
10.955 20.359
10.825 20.119
10.699 19.883
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544.
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550.
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bb3.
-334.
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-160
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-161
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3572
9972
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2864
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.08556
.2189
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-4909
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.2366
.0106
.8707
.8233
.8756
.0354
.3113
L7130
.2511
.9378
.7862
8117
.0311
.4638
1317
.0697

-~—- Sub-reflector

--—- Mirror #2

~~—— Mirror #3
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.0000
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. 0000
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.154
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.940
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.787
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.764
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.781
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.822
.851
.884
.923
. 967
. 017
071
.130
.193
.262
.335
412
. 494

444
610
777
946
116
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460
634
809
986
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341
521
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16.
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16.
16.
16.
16.
16.
16.
16.
16.
16.
16.
16.
16.
16.
16.
16.
16.
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16.
16.
17.
17.
17.
.493
17.

16
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24.
25.
25.
.918
.234
.553
26.
27.
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26
26

27

28

134
012
899
7956
700
614
538
472
415
368
331
304
287
280
283
296
319
353
396
449
511
584
666

858
967
086
213
349

645

984

293
604

874
197

.523
27.
28.
.511
28.

850
180

845
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-271
-289
-311
=337
-370
~-410
-463
-534
-832
=779
-1018
-1478

.4356
.5324
.2202
5557
.0555
L9767
.8315
.4003
. 9158
.3718
.8057
.3893

6 e o e e ke ol sk ok ok

ELELES T2 8 T

He e e ok o o oK ok ok ok

1793
1157
856
682
568
488
429

384.

349
320
297
278
261
247

236.

225

162
183
163

164.

165
166
166
167
168
169
170

171.

172

.1321
.5304
.9231
.2280
. 3926
.5932
L7501
7246
. 2896
.7828
.4438
.0618
L7773
.9624
1487
.9788

.6851
.2402
. 8546
5247
L2470
.0188
.8370
.6991
.6028
.5458
.5260
5414
.5904

---- Wire grid



29836

29866
29868
29870

29920.
29922,

29924

30000.
30002.
30004.
30006.
30008.
30010.
30012,
30014.
30016.
30018,
30020.
.0000
.0000
.0000
.0000

30022
30024
30026
30028

L0000
29838.
29840.
29842.
29844,
29846.
29848.
29850.
29852.
29854.
29856.
29858.
29860.
29862,
29864.

0000
0000
0000
00060
0000
00060
00060
0000
0000
0000
0000
0000
0000
0000

.0000
.0000
.0000

0000
0000

. 0000
29926.
29928.
29930.
29932.
29934.
29936.
29938.

0000
0000
0000
0000
0000
0000
0000

0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000

16
15
16

16

16

23.
24,
24,
24,
24.
24.
23.
. 447
23.
22,

23

-
o o

[S 0 e R e B = R B e B B v - B v - B L o B {0

.701
.882
.064
16.
.431
16.
16.
.988
17.
17.
17.
17.
17.
18.
18.
18.
18.
18.

248

616
802

175
363
551
740
930
121
312
503
6395
888

848
051
254
457
661
256
851

043
640

.463
.095
.731
.370
.014
.663
.318
.979
.647
.323
.008
.705%
.413
.135
.873

29.
29.
.855
30.
30.
.881
.22%
.572
.918
32.
32.
.970
33.
33.
34.
34.
34.
35.

29

30
31
31
31

32

44.
.697
.075
.453
.831
.079
.327
.676
.826
42,

45
45
45
45

43
42

19.
.762
.084
.414
.753
16.
15.
14.
14,
.605
.025
. 460
.918
.401
.914

18
18
17
16

i3
13
12
11
11
10

180
517

195
537

268
618

323
676
031
388
745
103

321

075

446

100
458
828
211
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173.
174,
175.
.0890
178.
179.
180.
182,
183.
184.
.9272
187.
.6372
190,

177

185

188

191

194

235.
.0608

238.

240.

242,
-119.
-117.
-116.
-114.
-112.

237

6711
7821
9219

2823
5004
7423
0069
2932
6003

2731

0188

.4172
192.

8316

.2615
195.

7062

3697

7579
4607
1692
8961
9730
0528
1354
2211

.6132
.1226
.6810
. 2960
. 9765
.7336
.5810
.5360
.6203
.8622
. 2987
.9794
.9724
.3736
. 3229

—--—- Mirror #5

—---- Teflon lens
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30030.0000 5.628 10.460 ~-48.0319
30032.0000 5.405 10.044 -50.8377
30034 .0000 £.204 9.672 -55.3110
30036.0000 5.029 9,347 -62.5022
30038.0000 4,883 9.075 -74.5775
Parameters at 2 mm

NUMBER OF LENSES= 6

LENS= 1 FL= 6296.000 XL= 0.000

LENS= 2 FL= 6296.000 XL= 17000.000

LENS= 3 FL= 1633.000 XL= 24800. 000

LENS= 4 FL= 1633.000 XL= 27200.000

LENS= & FL= 209.460 XL= 29400, 000

LENS= 6 FL= 69.650 XL= 29928, 000

FREQUENCY= 150.000 GHz WAVELENGTH= 1.999 mm

EDGE~-LEVEL= - 30.00 dB B/W= 1.8568

REFRACTIVE INDEX= 1.0

START FROM A SPHERICAL WAVEFRONT

X8T= -26812.000 WS= 1477.000 RS= -20489.000

BEAM-WAISTS

WAIST= Q X= -6323.730 W= 8.825 B= 16.401

WAIST= 1 X= T6066.961 W= 442 656 B= 822.658

WAIST= 2 X= 23269.867 W= 8.8b1 B= 16.450

WAIST= 3 X= 15779.238 W= 90.079 B= 167 .408

WAIST= 4 X= 28933.979 W= 9.149 B= 17.004

WAIST= 5 X= 29744 852 W= 6.646 B= 12.352

WAIST= 6 X= 30028.750 w= 3.479 B= 6.466

BEAM AT LENSES

LENS= 1 W= 455.955 B= B847.375

RI= 6326.101 RO= -1323207.875

LENS= 2 W= 450.722 B= 837.649

RI= -1665146.125 RO= -6272.285

LENS= 3 W= 110.331 B= 205.046

RI= 1540.045 RO= 27054.869

LENS= 4 W= 120.913 B= 224.712

RI= 2b665.123 RO= -1743.964

LENS= b W= 33.670 B= 62.575

RI= 503.177 RO= -358.834

LENS= 6 W= 18.748 B= 34.842

--—-- feed horn
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BEAM AT LENSES

LENS= 1 W= 455.955 B= B847.375
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RI= -1665146.125 RO= -6272.285
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LENS= b W= 33.670 B= 62.575

RI= 503.177 RO= -358.834
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--—-- feed horn
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RI= 209.476 RO= -104.344
X W B R

-26812.0000 1477.000 2744.947 -20489.0000 —--—- Sub-reflector
-26810.0000 1476.856 2744.679 -20487.0020
—-26808.0000 1476.712 2744.411 -20485.0020
-26806.0000 1476.568 2744.144 -20483.0020
-26804.0000 1476.423 2743.875 -20481,0020
29400. 0000 33.670 62.575 503.1765 —--- Mirror #2
25402.0000 33.483 62.226 -356.9157
29404.0000 33.295 61.877 -354.9982
29406, 0000 33.107 61.529 -353.0817
29408.0000 32.920 61.180 -351.1662
24410.0000 32,732 60.832 -349.2517
25590. 0000 16.244 30.188 —-185.9905
29592. 0000 16.069 29.864 -184.3980
29594.0000 15.896 25.541 -182.8162
29596.0000 156.721 25.218 ~181.2457
295698.0000 15.5648 28.896 ~179.6869
28600.0000 15.375 28.575 -178.1402
29602.0000 15.203 28.254 -176.6063
29604.0000 15.031 27.935 -175.0856
29606. 0000 14.860 27.616 -173.5787
29608 . 0000 14.689 27.298 -172.0862
29640.0000 12.037 22.371 -160.8396
29642.0000 11.878 22.075 -149.7339
25644 .0000 11.720 21.781 -148.6636 2 @ --—————- Mirror #3
29646. 0000 11.563 21.4889 -147.6309
29648.0000 11.407 21.19%9 -146.6382
29650. 0000 11.252 20.911 -145.8880
29652.0000 11.098 20.625 -144.7830
29654.0000 10.945 20.341 -143.9262
29656.0000 10.794 20.060 -143.1209
29658 . 0000 10.643 19.780 -142.3706
29660.0000 10.495 19.504 -141.6792
29720.0000 7.059 13.119 -218.8803
29722.0000 6.997 13.004 -233.8620
29724.0000 6.940 12.897 -262.1013
29726.0000 6.887 12.799 -274.6350
29728.0000 6.835 12.711 -302.9922



29730.
29732,
29734.
29736.
209738.

29740
29742

29746
29748
29750
29752

29760

29764
29766
29768

29910.

29912
29914

29922

29960
29962

29966
29968
29670

30000
30002
30004
30006
30008
30010

0000
0000
0000
0000
0000

.0000
.0000
29744.

0000

.0000
.0000
.0000
.0000
29754.
29756.
29758.

0000
0000
0000

.0000
29762,

0000

.0000
.0000
.0000

0000

.0000
.0000
20616.
29918.
29920.

0000
0000
0000

.0000
29924,
29926.
29928,
29930.

0000
0000
0000
0000

.0000
. 0000
29964.

0000

.0000
.0000
. 0000

.Q000
.0000
.0000
.0000
.0000
. 0000

i B> B v I R e - R e - N e - B e s B o LR SR R o o R R e B o e R - R R

17.
17.
17.
.679
17,
.034
18.
18.
. 569
18.
18.

17

18

18

13.
12.
12.
11.
.640
.292

11
11

N

797
.759
727
. 700
.679
.663
.652
.647
.647
.653
.665
.682
704
.732
. 765
.803
.846
.895
.948
.006

148
324
501

856

212
390

748
389

044
691
340
990

.304
.002
.708
.423
.148
.88%

12.
12.
12,
.452
12,
.382
.363
.353
.3b4
. 365
.386
.418
.459
.510
12.
12.

12

12
12
12
12
12
12
12
12
12

12

31.
32.
32.
32.
33.
33.
33.
34.
34.
34.
34.

24.
.587
.934
.282
.633
.985

23
22
22
21
20

11

10

632
562
502

412

572
643

723
12.
12,
13.

813
912
021

868
197
526
855
185
515
846
178
510
842
174

241

.716
11.

155

.609
10.
.567
.078

078

- 100 -

-338
-388
-455
-553
=710
-998
-1693

. 5256
.0524
.2039
. 6048
.6205
. 7410
.8253

S o e e ok

e 2k ok 2 ok 2k b ok ok ok ok

1534.

941
681

536.
443.
379,
333.
298.
270.
249.

231

194
185
197
199
200
202

204.

206

207.

209

-102.

-74.
-72.
-70.
-68.

6755
L7271
.6899
2240
6680
8777
4597
3354
9662
1519
.4526

. 3459
.9966
.6555
.3223
. 9969
.6789
3681
.0642
7670
.4764
4164

0162
1740
3415
5197
L7097
L9126

.3431
.2846
.3784
.6644
. 1983
.0594

---- Teflon lens



30012.0000
30014.0000
30016.0000
30018.0000

W o B

NUMBER OF LENSES= 6

LENS= 1 FL=
LENS= 2 FL=
LENS= 3 FlL=
LENS= 4 FL=
LENS= 5 FL=
LENS= 6 FL=
FREQUENCY=

6296.
6296.
1633,
1633.

209.

41

.635
.402
.188
.996

000 XL=
000 XL=
000 L=
000 XL=
460 XL=
.320 XL=

EDGE-LEVEL= - 30.00 dB B/W=
REFRACTIVE INDEX= 1.0
START FROM A SPHERICAL WAVEFRONT
XST=  -26812.000 WS=

BEAM-WAISTS

WAIST= 0 X= -6323.
WAIST= 1 X= 63190.
WAIST= 2 X= 23270,
WAIST= 3 X= 17119.
WAIST= 4 X= 28932,
WAIST= 5 X= 29738.
WAIST= 6 X= 29910.
BEAM AT LENSES

LENS= 1 W= 364.
RI= 6326.861 RO=
LENS= 2 W= 360
RI= -1725545.500 RO=
LENS= 3 W= 88.
RI= 1542.250 RO=
LENS= 4 W= 96.
RI= 25373.209 RO=
LENS= & W= 27.
RI= 513.2568 RO=
LENS= 6 W= 11.
RI= 164.710 RO=

- 101 -~

8.614
g.181
7.783
7.427

-38.3650
-39.2958
-41.1462
44,4292

—---- feed horn

Parameters at 1.3 mm

0.000
17000.000
24800.000
27200.000
29400.000
29858.000

210.000 GHz WAVELENGTH=

1.868
1181.600 RS=
910 W= 7.879 B
020 W= 355.751 B
098 W= 7.903 B
730 W= 75.113 B
880 W= 8.168 B
002 W= 5.769 B
945 W= 2.218 B
793 B= 677.953
-1290749.000
.611 B= 670.181
-6273.111
322 B= 164.143
27752.080
751 B= 179.809
-1745.328
240 B= 50.625
-353.876
073 B= 20.579
-55.1567

1.428 mm

-20489.000

14.
661,
14.

139

10

643
150
687

.594
15.
722
.121

180



30012.0000
30014.0000
30016.0000
30018.0000

W o B

NUMBER OF LENSES= 6

LENS= 1 FL=
LENS= 2 FL=
LENS= 3 FlL=
LENS= 4 FL=
LENS= 5 FL=
LENS= 6 FL=
FREQUENCY=

6296.
6296.
1633,
1633.

209.

41

.635
.402
.188
.996

000 XL=
000 XL=
000 L=
000 XL=
460 XL=
.320 XL=

EDGE-LEVEL= - 30.00 dB B/W=
REFRACTIVE INDEX= 1.0
START FROM A SPHERICAL WAVEFRONT
XST=  -26812.000 WS=

BEAM-WAISTS

WAIST= 0 X= -6323.
WAIST= 1 X= 63190.
WAIST= 2 X= 23270,
WAIST= 3 X= 17119.
WAIST= 4 X= 28932,
WAIST= 5 X= 29738.
WAIST= 6 X= 29910.
BEAM AT LENSES

LENS= 1 W= 364.
RI= 6326.861 RO=
LENS= 2 W= 360
RI= -1725545.500 RO=
LENS= 3 W= 88.
RI= 1542.250 RO=
LENS= 4 W= 96.
RI= 25373.209 RO=
LENS= & W= 27.
RI= 513.2568 RO=
LENS= 6 W= 11.
RI= 164.710 RO=

- 101 -~

8.614
g.181
7.783
7.427

-38.3650
-39.2958
-41.1462
44,4292

—---- feed horn

Parameters at 1.3 mm

0.000
17000.000
24800.000
27200.000
29400.000
29858.000

210.000 GHz WAVELENGTH=

1.868
1181.600 RS=
910 W= 7.879 B
020 W= 355.751 B
098 W= 7.903 B
730 W= 75.113 B
880 W= 8.168 B
002 W= 5.769 B
945 W= 2.218 B
793 B= 677.953
-1290749.000
.611 B= 670.181
-6273.111
322 B= 164.143
27752.080
751 B= 179.809
-1745.328
240 B= 50.625
-353.876
073 B= 20.579
-55.1567

1.428 mm

-20489.000

14.
661,
14.

139

10

643
150
687

.594
15.
722
.121

180



- 102 -

X W B R
-26812,0000 1181.600 2195.958 -20489.0000 ===-- Sub-reflector
-26811.0000 1181.542 2195.851 -20488.0000
—-26810.0000 1181.4856 2195.743 -20487.0000
—-26809.0000 1181.427 2195.637 -20486.0000
-26808.0000 1181.370 2195.529 -20485.0000
~-26807.0000 1181.312 2195.422 -20484.0000
—-26806. 0000 1181.254 2195.315 -20483.0000
-26805.0000 1181.196 2195.208 -20482.0000

29400.0000 27.240 50.625 513.2583 --=-= Mirror #2
29401.0000 27.163 50.482 -352.98227
29402.0000 27.086 50.339 -351.9701
29403.0000 27.009 50.196 -351.0177
29404.0000 26.932 50.053 -350.0657
29405.0000 26.855 49.910 -349.1139
29406.0000 26.77% 49.767 -348.1624
29407.0000 26.702 49.624 -347.2113
29408.0000 26.625 49.481 -346.2604
29408. 0000 26.548 49.338 -345.3098
28410.0000 26.471 49,195 —-344.3585
29411.0000 26.394 49.062 -343.4095
209412.0000 26.317 48.910 ~342.4599
29413.0000 26.240 48.767 -341.5106
29414.0000 26.164 48.624 -340.5615
29415.0000 26.087 48.481 -339.6127
29416.0000 26.010 48.338 -338.6643
29417.0000 25.933 48.196 -337.7162
29418.0000 25.856 48.053 -336.7685
29419.0000 25.780 47.910 -335.8210
29420.0000 25.703 47.768 -334.8739
29421.0000 25.626 47.625 -333.9272
29641.0000 9.574 17.793 -152.3134
29642,0000 9.511 17.676 -151.8895
29643.0000 9.449 17.560 -151.4778
29644.0000 9.386 17.444 -151.0788 =~=- Wire grid
29645, 0000 9.324 17.329 -150.6923
29646.0000 9.263 17.214 -150.3194
29647.0000 9.201 17.100 ~149.9602
29648.0000 9.140 16.986 ~149.6153
29649.0000 9.079 16.873 -149.2861
29650. 0000 9.018 16.760 -148.9701
28651.0000 8.958 16.648 -148.6709



29652
29653
29654
29655

29731.
29732,
.0000
29734.
. 0000
29736.
29737.
29738.
29739.
29740,
29741,
29742,
29743,
29744.
29745.
. 0000
29747.
29748.
29749,
29750.

29733

297356

29746

29751

29850
29861
29852
29853

.0000
.0000
.0000
.0000
29656.
29657.
29658.
29659,

0000
0000
0000
G000

0000
0000

0000

0000
0000
0000
0000
0000
0000
0000
6000
0000
0000

0000
0000
0000
0000

.0000
29752,
29753.
29754.
29755,
29756.
29757.
29758.
29759.

0000
0000
0000
06000
0000
0000
600G
0000

-(000
.0000
. 0000
.0000
29854.
29856.

0000
0000

Q® o 0 0 0 00 W

Ot TNt nnn Ottt An

10
10

10
10

.898
.838
.778
.7T19
.660
.602
.543
. 486

. 796
.789
.783
.778
774
.T71
T70
. 769
LT70
LT71
774
778
.783
.789
.796
.804
.813
.823
.834
.846
. 859
.874
.889
.905
.923
.941
. 960
.980
.002

. 540
.606
10.
10.
.806
.872

673
739

16.
16.
16.
16.
18.
15.
15.
15.

10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
.731

10

1¢.
.T47

10

10.
10.
.786
10.
10.
.842

10

10

10.
10.
.916
.944
.975
.007
.041
077

10
10
10
11
11
11

11.
11.

19.
712
.835

19
19

19.
20.
.206

20

536
425
314
204
095
986
878
770

771
758
74T
738
731
726
723
722
723
726

738

758
771

803
821

865
890

114
154

589

958
082

- 103 -

-148

-147
-147
-147
-147
-147
-146

-773
-899
-1077

-1344.
.2766

-1790

. 3879
-148.
.8733
.6428
4311
.2388
.0668
.9158

1219

2616
.9301
.6460

6761

LES L ES S $ 44

LR L ER LTS 2

LEEEE L LS

% o o 3 3 % ok k ok

3 3k ok 3k 3 3 3k 3 ok %k K

1792.
1345.
1078.
200.
773.
678.
605.
546.
498.
459,
425.
397.
372.
351.
332.
3186.

301
288
276

159
160
181
161
162
162

6017
9818
4803
5086
6855
8262
2736
6343
8405
1804
7766
2883
7322
3712
6411
1035

.4121
.2900
.5130

.9035
.4785
.0630
.6537
.2b15
.8562



29856. 0000
29857.0000
29858.0000
29859.0000

29896 .0000
29897.0000
29868.0000
29899.0000
29900.0000
29901.0000
29902.0000
29903.0000
28904.0000
29905.0000
29906.0000
28907.0000
29908.0000

10
11

11.
10.

BN N NN NN WWW W W w

NUMBER OF LENSES= 7

LENS= 1 FL=
LENS= 2 FL=
LENS= 3 FL=
LENS= 4 FL=
LENS= B FL=
LENS= 6 FL=
LENS= 7 FL=
FREQUENCY=

65.

149
209

1633.
1633.
6296.
6296.

X5T= -50.000 Ws=
BEAM-WAISTS

WAIST= 0 X= -53

WAIST= 1 X= -115

WAIST= 2 X= 249.
WAIST= 3 X= 662.
WAIST= 4 X= 7793

WAIST= & X= 6333.

.939
.006
073
873

.781
.617
.457
.303
.154
.012
.877
.751
.635
.530
.438
.360
.298

20.

20
20
20

Lo R S S S LI T LIt o I I PR |

33
.45
.57
.20

.02
.72
.42
.13
.86
.59
.34
.11
.89
.70
.53
.38
.27

- 104 -

0
4
9
6

7
2
6
8
2
7
7
3
7
2
1
7
1

163.
164.
164.
-54.

4676
0855
7097 ---- Teflon lens
2001

.7823
.3443
.9931
.TH0b
.6464
L7224
.0389
.6869
.8094
. 6460
.6297
.6328
7124 -——— feed horn

Parameters at 1.3 mm (half illumination mode)

000 XL=
.000 XL=
.460 XL=
000 XL=
000 XL=
000 XL=
000 XL=

.468 W=
.159 W=

927 W=
889 W=

.849 W=

769 W=

7
45
265
505

0.000
5.000
8.000
8.000
8.000

12858, 000
29858, 000
230.000 GHz WAVELENGTH=

EDGE-LEVEL= - 30.00 dB B/W=
REFRACTIVE INDEX= 1.0
START FROM A SPHERICAL WAVEFRONT

2.300

1

RS

o«

12,
39.
11

.858

.206 B=
.718 B=
.919 B=

560 B=
063 B=

.170 B=

1.303 mm

43.100

4.099
16.201
12.858
23.341
72.597
20.759



29856. 0000
29857.0000
29858.0000
29859.0000

29896 .0000
29897.0000
29868.0000
29899.0000
29900.0000
29901.0000
29902.0000
29903.0000
28904.0000
29905.0000
29906.0000
28907.0000
29908.0000

10
11

11.
10.

BN N NN NN WWW W W w

NUMBER OF LENSES= 7

LENS= 1 FL=
LENS= 2 FL=
LENS= 3 FL=
LENS= 4 FL=
LENS= B FL=
LENS= 6 FL=
LENS= 7 FL=
FREQUENCY=

65.

149
209

1633.
1633.
6296.
6296.

X5T= -50.000 Ws=
BEAM-WAISTS

WAIST= 0 X= -53

WAIST= 1 X= -115

WAIST= 2 X= 249.
WAIST= 3 X= 662.
WAIST= 4 X= 7793

WAIST= & X= 6333.

.939
.006
073
873

.781
.617
.457
.303
.154
.012
.877
.751
.635
.530
.438
.360
.298

20.

20
20
20

Lo R S S S LI T LIt o I I PR |

33
.45
.57
.20

.02
.72
.42
.13
.86
.59
.34
.11
.89
.70
.53
.38
.27

- 104 -

0
4
9
6

7
2
6
8
2
7
7
3
7
2
1
7
1

163.
164.
164.
-54.

4676
0855
7097 ---- Teflon lens
2001

.7823
.3443
.9931
.TH0b
.6464
L7224
.0389
.6869
.8094
. 6460
.6297
.6328
7124 -——— feed horn

Parameters at 1.3 mm (half illumination mode)

000 XL=
.000 XL=
.460 XL=
000 XL=
000 XL=
000 XL=
000 XL=

.468 W=
.159 W=

927 W=
889 W=

.849 W=

769 W=

7
45
265
505

0.000
5.000
8.000
8.000
8.000

12858, 000
29858, 000
230.000 GHz WAVELENGTH=

EDGE-LEVEL= - 30.00 dB B/W=
REFRACTIVE INDEX= 1.0
START FROM A SPHERICAL WAVEFRONT

2.300

1

RS

o«

12,
39.
11

.858

.206 B=
.718 B=
.919 B=

560 B=
063 B=

.170 B=

1.303 mm

43.100

4.099
16.201
12.858
23.341
72.597
20.759



- 105 -

WAIST= 6 X= 82630.719 W= 186.283 B= 346.200
WAIST= 7 X= 36930.676 W 11.454 B= 21.287

BEAM AT LENSES

LENS= 1 W= 10.297 B= 19.137

RI= 56.039 RO= 406.494

LENS= 2 W= 12.566 B= 23.353

RI= 366.589 RO= -251.032

LENS= 3 W= 14.267 B= 26.515

RI= 272.054 RO= -910.380

LENS= 4 W= 67.093 B= 124.690

RI= 2067.562 RD= -7769.506

LENS= 5§ W= 48.685 B= 90.480

RI= -7679.858 RO= -1346.655

LENS= 6 W= 242,592 B= 450.847

RI= 6538.092 RO= -170033.734

LENS= 7 W= 220.265 B= 409.353

RI= -185331.438 RO= -6089.143

X W B R
-50.0000 2.300 4.274 43.1000 --—— feed horn
-40.0000 3.35% 6.243 23.6742
-30.0000 4.935 9.172 29.3254
=-20.0000 6.671 12.398 37.5754
-10.0000 8.469 15.740 46.6305b
0.0000 10.297 19.137 56.0391 -—-- Teflon lemns

10.00060 10.5568 19.622 393.21867
20.0000 10.834 20.134 383.3839
30.0000 11.123 20.672 376.2838
40.0000 11.425 21.233 371.3878
50.0000 11.738 21.815 368.2856
60.00Q00 12.062 22.417 366.6983
70.0000 12.396 23.037 366.3537 ---- Teflon lens
80.0000 12.317 22.890 -248.2710
90.0000 11.825 21.977 ~-243.1697
100.0000 11.345 21.083 -238.7219
110.0000 10.876 20.212 -235.0677
120.0000 10.420 19.365 -232.3903
136.0000 9.979 18.546 -230.9341
146.0000 9.556 17.760 -231.0324
150.0000 9.153 17.011 -233.1517
160.0000 8.772 16.303 -237.9665
17G.0000 8.417 15.642 -246.4883
180.0000 8.090 15.036 -260.3076
190.0000 7.796 14.489 -282.0763




200
210
220
230
240
250
260

270.

280

290.
300.
310.
320.

330

340.
350.
360.

370

380.
390.
400.

410

420.
430.
440.

450

460.
470.
480.
490.
500.

510
520
530
540
550
560

2600
2610
2620
2630
2640
2650
2660

. 0000
.0000
.0000
. 0000
. 0000
. 0000
.0000
0000
.0000
0000
0000
0000
0000
.0000
0000
0000
0000
.0000
0000
0000
0000
.0000
0000
0000
0000
.0000

0000
0000
0000
0000
0000
.0000
.0000
.0000
.0000
.0000
.0000

.0000C
. 0000
.0000
. 0000
.0000
.0000
-0000

O © O 0 WO NN NN

O = 2
[V S I N R S R =]

14.
14.
.937
L7197
.664
.B37
13.
13.
13.
13.

13
13
13
13

13

65
65
65

66
66

.b39
.321
.148
.021
.944
.919
.945
.023
.150
.324
.542
.800
.095
422
.T78
.159
.562
.986
.426
.882
.362
.833
. 324
.825
.333
.850

236
083

417
305
199
101

.011

.212
.536
.861
66.
.509
.834
67.

185

076

14,
.607
.284
.049
.906
.858
.907
.062
.288
13.
14.
14,
.044
15.
.313
17.
771
.558
19.
20.
.096
21.
22,
23.
24.
25.

13
13
13
12
12
12
13
13

15

16

17

18

21

26.
26.
25.
25.
25.
25.
24,
24.
24,
24,
24.

121.

121
122
123
123

011

612
017
497

652

021

377
224

990
904
834
780
739

487
174
902
641
393
158
8358
726
530
349
181

194

797
400
.002
.60%
124.
124,

208
658

- 106 -

-316.5711
-373.3540
-474.7672
-688.0014
-1350.9857
e ook K o
1331.7062
683.2912
472.7547
372.2858
315.9401
281.6827
260.05671
246.3307
237.8726
233.1034
231.0178
230.9452
232.4213
235.1145
238.7815
243.2397
248.3497
254.0027
260.1132
266.6125

-915.3348

-942.2703

-973.2449
-1008.9595
-1050.2869
-1098.3286
-1154.4946
-1220.6183
-1299.1311
-1383.3252
-1507.7732

2011.7308
2021.3475
2030.9683
2040.5929
2050.2212
2059.8533
-7768.5312

-=-~ Mirror #2




2670.0000

56600.
56610.
56620.
.0000
56640.

56630

56650
56660
56670

0000
0000
0000

0000

.0000
.0000
.0000

66.990

748

749
749
750
750
750
751

779
749.
.b03
.B65
.228
.590
.952
.314

141

124,498

1391
1392
1392
1383
1394

1385

.576
.249
.922
.5b85
.269
1394.
.615
1386.

942

288

- 107 -

20674.
20684.
20694,
20704,
20714.
20724.
20734,
20744,

7763.6733

1602
1602
1582
15662
1523
1504
1484
1445

——-— Sub-reflector



