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iiiSear
h for and Follow-up Imaging of Subparse
 A

retionDisks in AGNDissertation Advisor: Lin
oln Jared Greenhill Paul Thomas KondratkoAbstra
tWe report results of several large surveys for water maser emission amongA
tive Gala
ti
 Nu
lei with the 100-m Green Bank Teles
ope and the two NASADeep Spa
e Network 70-m antennas at Tidbinbilla, Australia and at Robledo,Spain. We dete
ted 23 new sour
es, whi
h resulted in a 60% in
rease in thenumber of then known nu
lear water maser sour
es. Eight new dete
tions showthe 
hara
teristi
 spe
tral signature of emission from an edge-on a

retion disk andtherefore 
onstitute good 
andidates for the determination of bla
k hole mass andgeometri
 distan
e. This in
rease in the number of known sour
es has enabled usto re
onsider statisti
al properties of the resulting sample. For the 30 water masersour
es with available hard X-ray data, we found a possible 
orrelation betweenunabsorbed X-ray luminosity (2� 10 keV) and total isotropi
 water maser luminosityof the form L2�10 / L0:5�0:1H2O , 
onsistent with the model proposed by Neufeld et al.(1994) in whi
h X-ray irradiation of mole
ular a

retion disk gas by the 
entralengine ex
ites the maser emission.We mapped for the �rst time with Very Long Baseline Interferomatey (VLBI)the full extent of the p
-s
ale a

retion disk in NGC3079 as tra
ed by water maseremission. Positions and line-of-sight velo
ities of maser emission are 
onsistentwith a nearly edge-on p
-s
ale disk and a 
entral mass of � 2 � 106M� en
losedwithin � 0:4 p
. Based on the kinemati
s of the system, we propose that the disk



ivis geometri
ally-thi
k, massive, subje
t to gravitational instabilities, and hen
emost likely 
lumpy and star-forming. The a

retion disk in NGC3079 is thusmarkedly di�erent from the 
ompa
t, thin, warped, di�erentially rotating disk in thear
hetypal maser galaxy NGC4258. We also dete
t maser emission at high latitudesabove the disk and suggest that it tra
es an inward extension of the kp
-s
ale bipolarwide-angle out
ow previously observed along the gala
ti
 minor axis.We also report the �rst VLBI map of the p
-s
ale a

retion disk in NGC3393.Water maser emission in this sour
e appears to follow Keplerian rotation and tra
esa linear stru
ture between disk radii of 0:36 and � 1 p
. Assuming an edge-on diskand Keplerian rotation, the inferred 
entral mass is (3:1� 0:2)� 107M� en
losedwithin 0:36� 0:02 p
, whi
h 
orresponds to a mean mass density of � 108:2M� p
�3.We also measured with the Green Bank Teles
ope 
entripetal a

eleration within thedisk, from whi
h we infer the disk radius of 0:17� 0:02 p
 for the maser feature thatis lo
ated along the line of sight to the dynami
al 
enter. This emission evidentlyo

urs mu
h 
loser to the 
enter than the emission from the disk midline (0:17 vs.0:36 p
), 
ontrary to the situation in the two ar
hetypal maser systems NGC4258and NGC1068.
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Chapter 1
Introdu
tion
1.1 Histori
al NoteThe water emission at 22.23508GHz is 
aused by a transition of ortho-water betweentwo rotationally ex
ited levels (616 ! 523) that lie approximately 600K above theground state. The extremely high brightness temperatures of the emission fromastrophysi
al sour
es are not 
onsistent with the 
onditions of thermal equilibriumand have led Cheung et al. (1969) to suggest that maser a
tion must play a role. The�rst water maser sour
e in an external galaxy was dis
overed by Chur
hwell et al.(1977) in M33. The emission was asso
iated in position with an HII region and itsisotropi
 luminosity (i.e., assuming uniform emission of radiation into a solid angleof 4� str) was 
omparable to the luminosities of the then known water maser sour
esin our own galaxy, whi
h by this time had been �rmly established to be asso
iatedwith star formation regions. It was thus immediately suggested that the M33 maseris related to star formation a
tivity. However, Dos Santos & Lepine (1979) reported1



CHAPTER 1. INTRODUCTION 2a dete
tion of a sour
e in an edge-on spiral galaxy NGC4945 with an apparentisotropi
 luminosity � 10 times greater than that of the strongest water maser sour
ein our own galaxy (W49). Shortly after, additional very luminous (> 10L�) masersour
es were dete
ted in Cir
inus (Gardner & Whiteoak 1982), NGC1068, NGC4258(Claussen et al. 1984), and NGC3079 (Henkel et al. 1984; Has
hi
k & Baan 1985).Their large luminosities were not 
onsistent with the established star formationparadigm. Very Large Array (VLA) observations of NGC1068 and NGC4258 alsorevealed that the maser emission is 
on�ned to very small regions of 1 � 4 p
 insize within the nu
leus (Claussen & Lo 1986). If the emission was powered by anu
lear starburst, then the inferred spa
e density of young massive stars would be> 20 p
�3, mu
h larger than the stellar density of < 3 p
�3 in prototypi
al starburstgalaxies su
h as M82 and NGC253. Thus, the newly dete
ted highly luminous maseremission 
ould not be explained by a very large 
olle
tion of star-forming masersour
es.
1.2 Hosts to Maser EmissionExtragala
ti
 water maser emission has been dete
ted by now from two distin
ttypes of astrophysi
al obje
ts: star-forming regions and a
tive gala
ti
 nu
lei (AGN).The distin
tion between these two 
lasses appears to be largely based on apparentisotropi
 luminosity: the sour
es asso
iated with AGN (thereafter, nu
lear watermasers) typi
ally have luminosities > L� while those asso
iated with star formationtend to have < L�. The water maser luminosity fun
tion (i.e., the number densityof obje
ts per luminosity interval) 
ompiled by Henkel et al. (2005) indeed shows



CHAPTER 1. INTRODUCTION 3a tentative eviden
e of a transition at � 1L�, whi
h takes the form of a lo
alminimum in the luminosity fun
tion in the 1� 10L� bin and whi
h gives 
reden
eto this luminosity-based 
lassi�
ation system. However, Henkel et al. (2005) resultdoes not a

ount for sour
e variability and beaming e�e
ts (whereby the emissionmight be radiated into a solid angle other than the assumed 4� str) and relieson small number of sour
es. In fa
t, the majority of individual data points that
onstitute the luminosity fun
tion are 
omputed from three or fewer number ofsour
es. Nevertheless, eviden
e for this luminosity-based 
lassi�
ation system also
omes from the 
onsideration of absorbing 
olumn densities. Zhang et al. (2006) �ndthat water maser systems with < 10L� tend to be Compton-thin (NH < 1024 
m�2)while those with > 10L� arise from heavily obs
ured sour
es (NH > 1023 
m�2),and su
h large 
olumn densities are 
onsidered to be an unambiguous signature ofnu
lear a
tivity. Although the existen
e of the two distin
t types of astrophysi
alobje
ts that give rise to extragala
ti
 water maser emission is now widely a

epted,the ability to di�erentiate between the two types on sour
e-to-sour
e basis usingonly spe
tros
opi
 data remains limited.This work is 
on
erned primarily with nu
lear water maser systems and itis unlikely that these sour
es are asso
iated with nu
lear starbursts. The peakluminosities of nu
lear masers are typi
ally > L�, mu
h greater than the typi
al peakluminosity of 0:05L� from W49N (Gwinn 1994), the most luminous maser in ourgalaxy asso
iated with a region of intense star formation. For instan
e, the isotropi
luminosity of the brightest, spatially unresolved spe
tral feature in NGC3079 is atleast two orders of magnitude greater than the isotropi
 luminosity 
orresponding tothe total integrated maser 
ux from other starburst galaxies su
h as M82 and NGC



CHAPTER 1. INTRODUCTION 4253 and from the W49N maser (Trotter et al. 1998; Ho et al. 1987; Baudry et al.1994; Gwinn 1994). As already mentioned, the starburst hypothesis is also reje
tedbased on the 
onsideration of the inferred stellar spa
e density.
1.3 AGNs and Maser EmissionA
tive Gala
ti
 Nu
lei are 
ompa
t 
entral regions (< 1 kp
) of galaxies 
hara
terizedby very large luminosities (bolometri
 luminosities of > 108 L�) that are variable andnon-thermal in origin. It is now widely believed that the ultimate sour
e of theseextreme luminosities is a

retion onto supermassive bla
k holes (e.g., Lynden-Bell1969). As the material 
ows towards the 
entral obje
t, it assumes | due to
onservation of angular momentum | a 
attened geometry su
h as a torus or a disk.In addition to a

retion stru
tures, the a
tive nu
lei also host out
ows su
h as jetsand winds. Although their matter 
ontent and the underlying pro
ess that generatesthese out
ows remain under investigation (e.g., Reynolds et al. 1996; Wardle et al.1998; Hirotani 2005), most proposed formation me
hanisms rely on the presen
e ofthe a

retion geometry and result in an out
ow axis perpendi
ular to this stru
tureon some 
hara
teristi
 s
ale (e.g., Blandford & Payne 1982; Lynden-Bell 1996; DeVilliers et al. 2003, and referen
es therein).A great majority of AGN that host maser emission are 
lassi�ed opti
ally asSeyfert 2 or LINER. In the 
ontext of the uni�ed model for AGN, Seyfert 1 and 2systems 
ontain a 
entral engine, powered by a

retion onto a supermassive bla
khole, and a p
-s
ale thi
k mole
ular torus or disk surrounding the 
entral engine(Lawren
e & Elvis 1982; Antonu

i 1993). The observed di�eren
e between the



CHAPTER 1. INTRODUCTION 5two types of AGN is primarily due to orientation e�e
ts: for Seyfert 1s, the 
entralengines are viewed unobstru
ted and fa
e-on while Seyfert 2 systems are edge-onAGN for whi
h the observer's line-of-sight to the 
entral engine passes through theobs
uring stru
ture. Although the uni�ed model remains the most widely a

eptedparadigm today, it fails to explain the wide range of apparent AGN luminosities, theexisten
e of two distin
t AGN 
lasses (i.e., radio-loud and radio-quiet systems), andthe preferen
e of radio loud AGN to o

ur in ellipti
al galaxies.Maser emission is also asso
iated with LINERs, whi
h might be present in asmany as 30% of lo
al galaxies (e.g., He
kman 1980; Ho et al. 1997a). Althoughtheir luminosities are typi
ally lower than that of Seyfert systems, there existsgood eviden
e of a relationship between the LINER and the AGN phenomena. Forinstan
e, LINERs are variable at radio (Nagar et al. 2002a), opti
al (Totani et al.2005), and UV wavelengths (Maoz et al. 2005), and variability is 
onsidered as oneof the de�ning properties of nu
lear a
tivity. Approximately half of the LINERsmapped with interferometry show unresolved radio 
ores, an unambigous signatureof a jet (Fal
ke & Biermann 1999; Fal
ke et al. 2000; Nagar et al. 2000, 2002a). Thesystems that 
ontain a 
ompa
t radio 
ore also tend to display an unresolved X-raynu
leus (Terashima & Wilson 2003). Approximately 10% of LINERs show broadH� wings in their spe
tra (Ho et al. 1997
), in analogy with Seyfert 1 systems, andseveral sour
es display broad permitted lines in polarized light (Barth et al. 1999a,b),as has also been observed in some Seyfert 2 galaxies (e.g., Antonu

i & Miller 1985;Tran 1995).Water maser emission 
urrently provides the only means of mapping via VeryLong Baseline Interferometry (VLBI) the morphology of warm dense mole
ular gas



CHAPTER 1. INTRODUCTION 6in the inner parse
 of Seyfert 2 and LINER AGN, and 
an therefore be used to studythe nu
lear region in theses sour
es. Su
h a tra
er is of parti
ular importan
e forSeyfert 2 and LINER2 systems, sin
e the presen
e of an edge-on obs
uring geometryhinders the study at other wavelengths.
1.4 High-velo
ity SystemsPrior to this work, water maser emission had been mapped with VLBI in eightAGN: NGC4258 (Miyoshi et al. 1995), NGC1386 (Braatz et al. 1997a), NGC4945(Greenhill et al. 1997b), NGC1068 (Greenhill & Gwinn 1997), NGC3079 (Trotteret al. 1998), IC 2560 (Ishihara et al. 2001), IRASF22265-1826 (Ball et al. 2005),and Cir
inus (Greenhill et al. 2003). In these systems, the maser emission | inthe form of numerous unresolved spots | appears to tra
e a nearly edge-on diskof mole
ular material 0:1 to 3 p
 from a 
entral obje
t. As a 
onsequen
e of thesestudies, it is now believed that nu
lear maser emission is dete
ted preferentiallyfrom edge-on disks along the diameter perpendi
ular to the line-of-sight (i.e., diskmidline) and along the line-of-sight to the dynami
al 
enter. These are lo
ationswithin an edge-on disk where the gradient in line-of-sight velo
ity vanishes and the
oherent paths for maser emission are maximized. It is possible to qualitativelydes
ribe a spe
trum that emerges from these spe
i�
 lo
i in an edge-on disk. Be
auseits velo
ity ve
tor is in the plane of the sky, emission that o

urs along the line ofsight to the dynami
al 
enter (thereafter, low-velo
ity or systemi
 emission) resultsin a spe
tral 
omplex at the systemi
 velo
ity of the galaxy. The emission thato

urs along the midline (thereafter, high-velo
ity emission) has a velo
ity ve
tor



CHAPTER 1. INTRODUCTION 7along the line of sight and yields a spe
tral 
omplex o�set from the systemi
 velo
ityby the orbital velo
ity of the a

retion disk. In parti
ular, if a high-velo
ity maserfeature is lo
ated at a disk radius r, it would appear in a spe
trum at velo
itiesvsys +pGM=r and vsys �pGM=r for re
eding and approa
hing sides of the disk,respe
tively (where we assumed an edge-on disk and Keplerian rotation arounda 
entral obje
t of mass M). If the maser emission tra
es a range of disk radii,then the dete
ted emission will o

upy the 
orresponding range of velo
ities in thespe
trum. In parti
ular, if the high-velo
ity emission o

upies a fra
tional rangeof disk radii �r=r, then it will extend over �v=v � �r=2r in velo
ity (where weassumed Keplerian rotation law, v / r�0:5, and di�erentiated it with respe
t to r).Water maser sour
es that display high-velo
ity spe
tral features are referred to hereas high-velo
ity systems and 
onstitute approximately 40% of known water masersour
es. In pra
ti
e, 
lassi�
ation of water maser systems as high-velo
ity is oftenhindered by the asymmetry of and irregularities in the a
tual spe
tra.The study of high-velo
ity systems has signi�
antly 
ontributed to ourunderstanding of the inner-parse
 of AGN. In three sour
es (e.g., Greenhill & Gwinn1997; Greenhill et al. 2003; Herrnstein et al. 2005), maps and spe
tra obtained withVLBI have been used to infer geometri
al shapes, sizes, and orientations of a

retiondisks as well as to determine masses of 
entral bla
k holes to better than 20%. Bla
khole masses in these three systems have been inferred to be (3:9 � 0:1) � 107M�,and (1:7 � 0:3) � 106M�, and (8:0 � 0:3) � 106M� for NGC4258 (Herrnstein etal. 2005), Cir
inus (Greenhill et al. 2003), and NGC1068 (Lodato & Bertin 2003,but � 1:5� 107M� under an alternative model presented in Greenhill et al. 1997),respe
tively. In NGC4258, maser emission 
losely follows the Keplerian rotation



CHAPTER 1. INTRODUCTION 8(v / r�0:5) and appears to tra
e a geometri
ally-thin, warped, and nearly edge-on(82Æ) a

retion disk between radii of 0:16 and 0:28 p
 (Herrnstein et al. 2005). Therotation 
urve in NGC1068 on the other hand is sub-Keplerian (v / r�0:31), whi
h issuggestive of a massive (� 9� 106M�) and hen
e self-gravitating a

retion disk ofsize 0:6� 1:3 p
 (Greenhill & Gwinn 1997; Lodato & Bertin 2003). Maser emissionin Cir
inus follows the Keplerian rotation and tra
es not only a warped, edge-on diskbetween radii of 0:11 and 0:40 p
 but also a p
-s
ale wide-angle out
ow (Greenhillet al. 2003).VLBI imaging experiments have been attempted on �ve additional high-velo
itysystems. Although these studies failed to 
onstrain the bla
k hole masses and diskgeometries as pre
isely, they nevertheless provided an invaluable insight into theinner-parse
 of these AGN. In NGC3079, the maser emission tra
es predominantlythe approa
hing side of the a

retion disk and is 
onsistent with a binding mass of� 106M� (Trotter et al. 1998). In this system, the emission appears disorganized andis therefore not 
onsistent with a thin di�erentially-rotating a

retion disk. Althoughthe emission is also not well ordered kinemati
ally in the 
ase of IRASF22265-1826,it has been interpreted in the 
ontext of a geometri
al stru
ture of radius � 3 p
in rotation about a 
entral obje
t of mass � 107M� (Ball et al. 2005). The maseremission in NGC1386 tra
es a linear stru
ture 1:2 p
 in extent but does not show anunambiguous signature of rotation (Braatz et al. 1997a). The eviden
e for rotationis stronger in the 
ase of NGC4945, where the red- and blue-shifted emission issymmetri
 on the sky about the systemi
 emission and the position-velo
ity diagramindi
ates a 
entral mass of � 106M� (Greenhill et al. 1997b). Although only thesystemi
 emission has been mapped with VLBI in IC 2560, the measured 
entripetal
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eleration and the total-power spe
tra are suggestive of a 3� 105M� binding mass(Ishihara et al. 2001).In addition to mapping p
-s
ale mole
ular disk stru
ture and a

uratelyweighing supermassive bla
k holes, nu
lear high-velo
ity water maser emissionhas also been used as a distan
e indi
ator. Distan
e determination is possible forsystems where a detailed model of the a

retion disk from VLBI is 
ombined witha measurement of either maser proper motions or drifts in line-of-sight velo
ity ofspe
tral features (i.e., 
entripetal a

eleration). A distan
e to NGC4258 obtainedin this manner is 
ompletely independent of standard 
andles like Cepheids and SNIa supernova, is the most pre
ise distan
e ever measured (Herrnstein et al. 1999),has provided the most stringent test of the revised Key Proje
t distan
e s
ale, andmight establish a new primary step in the extragala
ti
 distan
e ladder (Freedmanet al. 2001; Newman et al. 2001; Ma
ri et al. 2006).
1.5 Outstanding QuestionsAlthough the 
ausal relationship between a

retion onto supermassive bla
k holesand nu
lear a
tivity is widely a

epted, several outstanding questions remain.For instan
e, re
ent work has suggested that nu
lear starbursts might 
ontributesigni�
antly to AGN luminosity. Young massive stars with ages � 107 years haveindeed been dete
ted within � 200 p
 of 30% to 50% of nu
lei surveyed (Mas-Hesseet al. 1994, 1995; Cid Fernandes et al. 2001, and referen
es therein). Among theSeyfert galaxies studied with the Spitzer Spa
e Teles
ope, approximately half displaystrong poly
y
li
 aromati
 hydro
arbon features (Bu
hanan et al. 2006), whi
h are
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onsidered to be an unambiguous signature of starburst a
tivity (but see Krolik2001). As a result, it has been suggested that star formation and nu
lear a
tivityare likely to 
oexist in gala
ti
 nu
lei, either be
ause they are 
oupled throughevolutionary me
hanisms, or simply be
ause they both depend on gas in
ow anda

retion (Cid Fernandes et al. 2001, and referen
es therein). The relationshipbetween nu
lear star-formation and the 
entral bla
k hole is one of the most notablequestions within the �eld of AGN studies.The relationship between the 
entral supermassive bla
k hole and its host galaxyis an issue that is 
urrently most intensely investigated. The temporal evolutionof the 
entral bla
k hole and of the host galaxy might be 
losely 
oupled. Thisis supported by the M � � relationship, the 
orrelation between bla
k hole massand the 
entral stellar velo
ity dispersion, reported for broad samples of galaxies(Gebhardt et al. 2000a, 2000b; Ferrarese & Merritt 2000; Ferrarese et al. 2001).In its present form, the 
orrelation is based on bla
k hole mass estimates that areimpre
ise and might be sensitive to systemati
 errors. VLBI study of water maseremission 
urrently provides the most pre
ise method of determining bla
k holemasses in AGN. Su
h measurements 
ondu
ted for a large sample of water masersystems 
an provide a stringent test of other te
hniques for the determination ofbla
k hole masses and yield an independent estimate for the slope of the M � �relationship and one with mu
h lower un
ertainty.Another outstanding question 
on
erns the line-of-sight obs
uring 
olumndensity inferred from X-ray studies. As originally proposed in the uni�ed s
heme ofa
tive galaxies, this obs
uration is due to a dusty toroidal (i.e., doughnut-shaped)stru
ture in a hydrostati
 equilibrium with H � R (Lawren
e & Elvis 1982; Krolik &
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i 1993). However, be
ause water maser emission requireshigh densities, p
-s
ale a

retion disks that host the maser emission might alsoprovide the measured obs
uration (Greenhill et al. 2003; Herrnstein et al. 2005;Frus
ione et al. 2005; Madejski et al. 2006). The observed hydrogen 
olumndensities might also be due to a wind that 
onsists of dusty and opti
ally-thi
k
lumps hydromagneti
ally uplifted from the surfa
e of the p
-s
ale a

retion disk(Emmering et al. 1992; Kartje et al. 1999; Elitzur & Shlosman 2006). In this 
ontext,it has been suggested that H=R of the resulting hydromagneti
 disk wind de
reasesas the mass a

retion rate diminishes (Elitzur & Shlosman 2006), whi
h is 
onsistentwith the smaller obs
uration observed in lower luminosity AGN, the LINER systems(Maoz et al. 2005).The geometry and the orientation of the nu
lear region remain poorlyunderstood. Based on studies of water maser systems, the a

retion stru
tureso

upy regions from sub-parse
 to parse
 in extent, while the obs
uring torus, asimaged via interferometry in the infrared, appears only slightly larger (� 4 p
 inNGC1068; Ja�e et al. 2004). These dimensions and their dependen
e on 
entralengine parameters (i.e., luminosity, a

retion rate, 
entral mass, et
.) are of greatinterest. For instan
e, if both tori and disks are present (as in the parti
ular 
ase ofNGC1068; Greenhill & Gwinn 1997; Lodato & Bertin 2003; Ja�e, W., et al. 2004),do they overlap at a range of radii as in the hydromagneti
 wind s
enario (Emmeringet al. 1992; Kartje et al. 1999; Elitzur & Shlosman 2006) or is there a well-de�nedtransition from one stru
ture to the other (e.g., Gallimore et al. 2004)? In addition,is the p
-s
ale a

retion stru
ture typi
ally in the form of a geometri
ally-thi
kmassive disk as in NGC3079 or a geometri
ally-thin di�erentially-rotating disk
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retion geometry prevalent? What is theorientation of the p
-s
ale a

retion geometry relative to the out
ow axis and themu
h larger kp
-s
ale stellar disk? As a tra
er of p
-s
ale stru
tures surrounding thesupermassive bla
k holes | both out
ows and a

retion geometries | water maseremission 
an be used to address some of these questions.
1.6 Models for Nu
lear Maser EmissionBe
ause of the asso
iation of maser emission with nu
lear a
tivity, it has beensuggested that the two phenomena are 
ausally related. Irradiation of mole
ulargas by X-rays from the 
entral engine is indeed a plausible means of ex
iting maseremission. Detailed modelling work by Neufeld et al. (1994) suggests that a slabdire
tly illuminated by a 
entral X-ray power-law sour
e gives rise to a mole
ularlayer in whi
h physi
al 
onditions are 
ondu
ive to maser a
tion (i.e., temperaturesof 250 � 1000K and H2 number densities of 108�10 
m�3). For a wide range ofgas pressure and in
ident X-ray 
ux, Neufeld et al. (1994) 
ompute luminositiesof 102�0:5 L� per p
2 of irradiated area. These luminosity surfa
e densities aresuÆ
ient to explain the large apparent isotropi
 luminosities of nu
lear water masersour
es, whi
h o

upy regions roughly 1 p
 in extent. For instan
e, assuming aninner disk radius of 0:1 p
, the model yields apparent luminosities of 4�40L�, whi
his 
onsistent with luminosities observed for most nu
lear water maser systems. Ifabsorption of infrared radiation by dust grains is in
luded, the model 
an produ
emaser luminosities more than an order of magnitude larger (3800L� p
�2; Collison& Watson 1995). These 
al
ulations assume small velo
ity dispersions (1 km s�1,
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onsistent with NGC4258) and X-ray irradiation of only the inner surfa
e of thedisk. A larger velo
ity dispersion in the gas and irradiation of the upper and lowersurfa
es of the disk (due to s
attering or disk warp) would further in
rease the
al
ulated luminosities, whi
h might make the model 
onsistent with brighter watermaser sour
es su
h as IRASF22265-1826 (� 6000L�; Koekemoer et al. 1995).The Neufeld et al. (1994) model and its extension by Collison & Watson (1995)explains the asso
iation of maser emission with nu
lear a
tivity. Maser emissionmight be asso
iated with Seyfert 2 systems in parti
ular perhaps be
ause the longgain paths for maser emission provided by the edge-on obs
uring geometry arene
essary to generate emission bright enough for us to dete
t. The importan
eof the obs
uring geometry is indeed supported by an empiri
al observation thatnu
lear water maser sour
es are found preferentially in AGN with large hydrogen
olumn densities (NH > 1024 
m�2; Braatz et al. 1997b; Madejski et al. 2006;Zhang et al. 2006). In parti
ular, � 50% of nu
lear water maser sour
es arise fromCompton-thi
k AGN (NH > 1024 
m�2) and � 85% from heavily obs
ured systems(NH > 1023 
m�2; Zhang et al. 2006). Among 11 a
tive nu
lei that host high-velo
itywater maser emission and with available 
olumn density measurements, eight areCompton-thi
k (Madejski et al. 2006). The asso
iation of maser emission withLINER systems is more diÆ
ult to understand. As already mentioned, the LINERand AGN phenomena might be 
losely related and it is possible that a large fra
tionof LINERs 
orrespond to low-luminosity analogues of Seyfert 2 systems (e.g., Hoet al. 1997b; Ho 1999a; Ho et al. 2003; Kewley et al. 2006). Thus, the distin
tionbetween these two types of a
tivity in the 
ontext of maser emission might simplybe one of luminosity.
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lear maser emission has also been asso
iated with jets arising from 
entralengines. For instan
e, the maser emission in MRK348 displays variability 
orrelatedwith the radio 
ontinuum 
ux and arises from a region also o

upied by a radio
ontinuum 
omponent that is believed to be a part of a re
eding jet (Pe
k et al.2003). VLBI study of the water maser in NGC1052 established that the emission liesalong the radio jet (Claussen et al. 1998) and is therefore most likely asso
iated withit. In both of these sour
es, the emission lines appear relatively broad (> 90 km s�1),whi
h is in 
ontrast to � 1 km s�1 spe
tral line widths found in most other nu
learwater maser systems. It is possible that the radio 
ontinuum emission from the jetis ampli�ed by foreground mole
ular 
louds, whi
h results in the observed maseremission. However, it is also likely that the maser emission a
tually arises in sho
ks
reated by a jet as it impa
ts the interstellar medium. In this 
ontext, numeri
al
al
ulations by Elitzur et al. (1989) showed that water is indeed abundant in long�lamentary stru
tures behind disso
iative, high-velo
ity (� 50 km s�1), interstellarsho
ks. The predi
ted water 
olumn densities in the resulting warm post-sho
k gasare high enough to a

ount for luminosities of brightest gala
ti
 sour
es. The modelmight also explain the unusually high luminosities of jet masers but only if magneti
�elds in these sour
es are enhan
ed (& 50mG) or for extreme �lament elongations(i.e., ratio of length to width of > 70).Regardless of the a
tual model for maser emission, beaming e�e
ts most likelyplay an important role in the produ
tion of the observed radiation. For instan
e, theapparent luminosities in Neufeld et al. (1994) model are 
omputed by integrating theluminosity surfa
e density over the illuminated inner edge of the disk, whi
h ignoresthe manifest spot-like nature of water maser emission. Taking under 
onsideration
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lumpiness of the medium, it be
omes diÆ
ult to explain with single isolated
lumps the unusually large isotropi
 luminosities of nu
lear maser sour
es. Inparti
ular, an isolated 
lump of size 0:005 p
 (expe
ted 
lump size in NGC3079and NGC4258; Kondratko et al. 2005; Yamau
hi et al. 2005) irradiated by X-rayemission from one side 
an produ
e an isotropi
 luminosity of 0:3L� (Neufeld et al.1994; Collison & Watson 1995). However, a maser whose emission is beamed into asolid angle 
 has a true luminosity less than the isotropi
 luminosity by a fa
tor of
=4�. The dete
tion rates of water maser emission among a
tive galaxies (� 5%)have been interpreted as suggesting 4�=
 � 20 (Braatz et al. 1994). The beam anglein NGC4258 has been inferred to be � 7Æ (Miyoshi et al. 1995) and, as a result, thea
tual luminosity in this system is a fa
tor of 4�=
 = 4�=(2� � 7Æ) � 16 smallerthan isotropi
. Small beaming angles are a natural 
onsequen
e of ampli�
ation ofemission from 
ompa
t ba
kground 
ontinuum sour
es or of overlap on the sky oftwo or more 
lumps or �laments (Degu
hi & Watson 1989; Kartje, K�onigl, & Elitzur1999).
1.7 Past Surveys in Sear
h of Maser EmissionBefore this work, nu
lear water maser emission had been dete
ted in approximately40 sour
es (Fig. 1.1). The �rst large s
ale attempt to dete
t emission among AGNwas the seminal survey by Braatz et al. (1996) using Parkes and E�elsberg radioantennas. That work with 1� � 60mJy sensitivity (in � 1 km s�1 spe
tral 
hannels)yielded a dete
tion of ten new sour
es and an in
iden
e rates of water maser emissionamong nearby (vsys < 7000 km s�1) Seyfert 2 and LINER systems of � 7%. A sear
h



CHAPTER 1. INTRODUCTION 16for water emission among 29 AGN with the NASA Deep Spa
e Network (DSN)70-m antenna at Goldstone (Greenhill et al. 1997a) and a survey among 131 AGNand star-forming galaxies with the Parkes 64-m radio teles
ope at Parkes, Australia(Greenhill et al. 2002) ea
h resulted in only one new dete
tion. As these past resultssuggest, ea
h maser dis
overy has been 
hallenging and hard won. Be
ause theextragala
ti
 maser emission is weak, typi
ally � 1 Jy, a su

essful dete
tion hasrequired long integration times (� 1 hour per target) and most sensitive apertureslike the DSN and E�elsberg teles
opes. Moreover, be
ause the velo
ity extent ofemission is determined by the Keplerian velo
ity of the masing a

retion disk (� 100km s�1) and the maser emission lines in AGN are typi
ally very narrow (� 1 km s�1),spe
trometers 
apable of both wide bandwidth and high resolution are ne
essary to
ondu
t the surveys. Until 2001, observing systems that 
ombined large apertures,wide-bandwidth re
eivers, and wide-bandwidth, high resolution spe
trometers werelargely unavailable. Consequently, nearly all maser surveys to that point were biasedagainst the dete
tion of the high-velo
ity systems, whi
h are the most astrophysi
allyinteresting sour
es. This bias is 
ertainly plausible 
onsidering the statisti
s of
urrently known nu
lear water maser sour
es: approximately half of high-velo
itysystems (10 out of 20) display high-velo
ity emission weaker than systemi
 emission,although the un
ertainty due to 
ounting statisti
s is large (11%).To dis
over more high-velo
ity systems and in response to in
ompletenessof previous surveys, we assembled a 
ustom-built spe
trometer with 5300 km s�1bandwidth and began an all-sky survey with the two NASA DSN 70-m antennas atTidbinbilla, Australia and at Robledo, Spain. We have also used the 100-m GreenBank Teles
ope (GBT), the most sensitive radio teles
ope 
urrently in operation at
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Figure 1.1.| Figure, reprodu
ed from Greenhill (2004), shows the in
rease over timein the number of known nu
lear water maser sour
es (shaded region) and of high-velo
ity systems (white line), the 
orresponding de
rease in the peak 
ux densityfor the weakest sour
e at ea
h epo
h (bla
k line), and the in
rease in the maximumdistan
e at whi
h maser emission has been dete
ted (text labels).1:3 
m, to 
ondu
t a sear
h for water maser emission in distant sour
es (vsys > 104km s�1) and in edge-on systems (galaxy in
lination > 70Æ), and to sear
h for weakhigh-velo
ity emission in previously known sour
es. We have dis
overed a total of23 new water maser sour
es, thereby in
reasing the number of known nu
lear watermasers by 60% to � 60. Among the new dis
overies, eight are high-velo
ity systemsand therefore 
onstitute good 
andidates for the determination of bla
k hole massand geometri
 distan
e. We also dete
ted with the GBT weak high-velo
ity emissionfrom as many as four previously known water maser sour
es, whi
h is 
onsistentwith the existen
e of the aforementioned bias.



CHAPTER 1. INTRODUCTION 181.8 Outline of ThesisThis work has been divided into two parts e�e
tively by subje
t matter. The �rstpart, 
hapters 1-3, 
ontains the results obtained with single-dish teles
opes. Inparti
ular, in 
hapter one, we present the dis
overy spe
tra of eight nu
lear watermaser sour
es obtained with the two NASA DSN antennas. The remaining sevenDSN dis
overies are reported in Greenhill et al. (2003). Chapter two presents thedis
overy of water maser emission in �ve a
tive gala
ti
 nu
lei (AGN) with the GBTand a possible 
orrelation between water maser and nu
lear 2� 10 keV luminosities.Finally, in 
hapter three, we report the dis
overy of three nu
lear water masersour
es with the GBT, present sensitive maser spe
tra of nine previously knownsour
es, and des
ribe monitoring results of three others. In this 
hapter, we alsoreport the la
k of statisti
al eviden
e for the preferen
e of maser emission to o

urin edge-on galaxies.The se
ond part of the thesis, 
hapters four and �ve, 
ontain follow-up VLBIimaging studies of two nu
lear water maser systems. In these 
hapters, we usethe position and line-of-sight velo
ity of nu
lear water maser emission from VLBIto determine the masses of the 
entral obje
ts as well as the geometries and theorientations of the a

reting stru
tures. In parti
ular, in 
hapter four, we report theeviden
e for a geometri
ally thi
k self-gravitating and possibly star-forming a

retiondisk in NGC3079. In 
hapter �ve, we present the VLBI map of nu
lear water maserin NGC3393 and interpret the results in terms of a p
-s
ale di�erentially-rotatingedge-on a

retion disk. All �ve 
hapters are in a format appropriate for paperssubmitted to the Astrophysi
al Journal.
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CHAPTER 2. DISCOVERY OF MASER EMISSION IN 8 AGNWITH THE DSN20Abstra
tWe report the dis
overy of water maser emission in eight a
tive gala
ti
 nu
lei(AGN) with the 70-m NASA Deep Spa
e Network (DSN) antennas at Tidbinbilla,Australia and Robledo, Spain. The positions of the newly dis
overed masers,measured with the VLA, are 
onsistent with the opti
al positions of the host nu
leito within 1� (0.003 radio and 1.003 opti
al) and most likely mark the lo
ations of theembedded 
entral engines. The spe
tra of two sour
es, NGC3393 and NGC5495,display the 
hara
teristi
 spe
tral signature of emission from an edge-on a

retiondisk, with orbital velo
ities of � 600 and � 400 km s�1, respe
tively. In a surveywith DSN fa
ilities of 630 AGN sele
ted from the NASA Extragala
ti
 Database,we have dis
overed a total of 15 water maser sour
es. The resulting in
iden
e rateof maser emission among nearby (vsys < 7000 km s�1) Seyfert 1:8 � 2:0 and LINERsystems is � 10% for a typi
al rms noise level of � 14mJy over 1:3 km s�1 spe
tral
hannels. As a result of this work, the number of nearby AGN (vsys < 7000 km s�1)observed with < 20mJy rms noise has in
reased from 130 to 449.
2.1 Introdu
tionWater maser emission (� = 1:3 
m) is 
urrently the only resolvable tra
er ofwarm dense mole
ular gas in the inner parse
 of a
tive gala
ti
 nu
lei (AGN)and has been dete
ted to-date in approximately 60 nu
lei. In eight water masersystems that have been studied with sub-milliar
se
ond resolution using Very LongBaseline Interferometry (VLBI), the mapped emission appears to tra
e stru
ture
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s of mole
ular disks 0:1 to 1 p
 from supermassive bla
k holes: Cir
inus(Greenhill et al. 2003), NGC1068 (Greenhill & Gwinn 1997), NGC4258 (Miyoshiet al. 1995), NGC3079 (Trotter et al. 1998), IC 2560 (Ishihara et al. 2001), NGC5793(Hagiwara et al. 2001a), NGC4945 (Greenhill et al. 1997b), NGC1386 (Braatzet al. 1997a). Due to spatial 
oheren
e in line-of-sight velo
ity within the rotatingstru
tures, maser emission is dete
ted preferentially in edge-on disks along themidline (i.e., the diameter perpendi
ular to the line of sight) and 
lose to the lineof sight towards the 
enter. A 
hara
teristi
 spe
tral signature of emission from anedge-on disk thus 
onsists of a spe
tral-line 
omplex in the vi
inity of the systemi
velo
ity (low-velo
ity emission) and two spe
tral-line 
omplexes symmetri
ally o�setfrom the systemi
 velo
ity by the orbital velo
ity of the disk (high-velo
ity emission).Sour
es that display su
h spe
tra are referred to here as high-velo
ity systems and
onstitute � 40% of the known nu
lear water masers.The study of high-velo
ity systems with VLBI has signi�
antly 
ontributed toour understanding of the immediate vi
inity (i.e., . 1 p
) of supermassive bla
kholes. In three of these systems | NGC4258 (Miyoshi et al. 1995), NGC1068(Greenhill & Gwinn 1997), and the Cir
inus Galaxy (Greenhill et al. 2003) |resolved position and line-of-sight velo
ity data provided eviden
e for di�erentialrotation and enabled a

urate estimation of bla
k hole mass and p
-s
ale mole
ulardisk stru
ture. Another system, NGC3079, in whi
h the rotation 
urve tra
edby the maser emission appears 
at, was interpreted in the 
ontext of a p
-s
ale,thi
k, edge-on, self-gravitating, and possibly star forming mole
ular disk (Kondratkoet al. 2005; Yamau
hi et al. 2004). In addition to mapping p
-s
ale mole
ular diskstru
ture and a

urately weighing supermassive bla
k holes, nu
lear water maser



CHAPTER 2. DISCOVERY OF MASER EMISSION IN 8 AGNWITH THE DSN22emission has also been used as a distan
e indi
ator. Distan
e determination ispossible for systems where a robust p
-s
ale disk model from VLBI maps is 
ombinedwith a measurement of either maser proper motions or drifts in line-of-sight velo
ityof spe
tral features (i.e., 
entripetal a

eleration). The distan
e to NGC4258obtained in this manner is the most a

urate extragala
ti
 distan
e thus far, isindependent of standard 
andle 
alibrators su
h as Cepheids (Herrnstein et al.1999), and it has 
ontributed to analysis of the Cepheid period-luminosity relation(Freedman et al. 2001; Newman et al. 2001).The � 60 known nu
lear water masers are in the great majority of 
asesasso
iated with Seyfert 1:8 � 2:0 or LINER nu
lei; only �ve systems are ex
eptions:NGC5506 (NLSy1 from Nagar et al. 2002b; Braatz et al. 1996), NGC4051 (Sy1.5from the NED; Hagiwara et al. 2003b), NGC2782 (Sy1, starburst from the NED;Braatz et al. 2004), NGC4151 (Sy1.5 from the NED; Braatz et al. 2004), and3C403 (FRII; Tar
hi et al. 2003). In the 
ontext of the uni�ed AGN model,Seyfert 1:8� 2:0 systems 
ontain an a
tive nu
leus and an obs
uring stru
ture alongthe line of sight to the 
entral engine (Lawren
e & Elvis 1982; Antonu

i 1993).Irradiation of mole
ular gas by X-rays from the 
entral engine is a plausible meansof ex
iting maser emission (e.g., Neufeld, Maloney, & Conger 1994), whi
h mightexplain the asso
iation of maser emission with nu
lear a
tivity in general. Maseremission might be asso
iated with Seyfert 1:8 � 2:0 systems in parti
ular be
ause,over a range of AGN luminosity, the shielding 
olumn density that provides theobs
uring geometry maintains not only a reservoir of mole
ular gas but also physi
al
onditions 
ondu
ive to maser a
tion, whi
h are temperatures of 250� 1000K andH2 number densities of 108�10 
m�3 (e.g., Des
h, Wallin, & Watson 1998). Sin
e
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e for a physi
al relationship between LINER systems and theAGN phenomenon (e.g., Ho et al. 1997b; Ho 1999a; Ho et al. 2003), the distin
tionbetween these two types of a
tivity in the 
ontext of maser emission might simply beone of luminosity, whereby a large fra
tion of LINERs 
orrespond to low-luminosityanalogues of Seyfert 1:8� 2:0 systems.Sin
e water maser emission is typi
ally weak (� 0:1 Jy) and the velo
ityrange of emission is determined by the orbital velo
ity of the mole
ular disk(� 100 km s�1), surveys designed to dete
t new water maser sour
es require bothlarge, sensitive apertures and wide bandwidth spe
trometers. The dete
tion rate ofwater maser emission among Seyfert 2 and LINER galaxies with vsys < 7000 km s�1is � 4% for surveys with a typi
al rms noise level on ea
h sour
e of � 60mJy(thereafter, sensitivity; Braatz et al. 1996). This low dete
tion rate, the weakness ofthe emission, and its potential wide velo
ity range make the dis
overy of new watermaser sour
es 
hallenging. Most past survey work has been 
hara
terized by limitedsensitivity (� 60mJy) and narrow bandwidths (� 700 km s�1) and thus might havemissed new maser sour
es be
ause the emission was either too weak or outsidethe observing bands. These limitations of the previous surveys provide the majorimpetus for the present work. We note that a re
ent survey with � 3mJy sensitivity(
onverted to 1:3 km s�1 spe
tral 
hannels) using the Green Bank Teles
ope (GBT)has yielded a dete
tion rate of � 20% among Seyfert 2 and LINER systems withvsys < 7500 km s�1, though it was limited to just 145 sour
es (Braatz et al. 2004).In order to dis
over more high-velo
ity systems, we pro
ured a 
ustom-built4096-
hannel spe
trometer with 5300 km s�1 bandwidth and are 
ondu
ting asurvey with the 70-m NASA Deep Spa
e Network (DSN) antennas at Tidbinbilla,
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ted our sample from among 1150AGNwith vsys < 14600 km s�1 listed in the NASA Extragala
ti
 Database (NED), withpreferen
e for Seyfert 1:8 � 2:0 and LINER systems at lower re
essional velo
ities.Thus far, we have dis
overed water maser emission in 15 AGN. The �rst sevendis
overies were reported in Greenhill et al. (2003); here, we present spe
tra of eightmost re
ent dete
tions.
2.2 ObservationsThe dis
overies reported here were obtained during the 2004-2005 northern winterwith the Robledo 70-m antenna and during the 2003 and 2005 southern winterswith the Tidbinbilla 70-m antenna. The observing system at Tidbinbilla and its
alibration was des
ribed in Greenhill et al. (2003). The observing system setupat Robledo was identi
al to that at Tidbinbilla. We estimated the gain 
urve andaperture eÆ
ien
y of the Robledo antenna through measurement of opa
ity 
orre
tedantenna temperature of 3C 147, for whi
h we adopted a 
ux density of 1:82 Jy at22:175GHz (Baars et al. 1977). The resulting peak eÆ
ien
y was 0:43 � 0:09 at43Æ � 5Æ elevation, whi
h yields a sensitivity of 1:7� 0:3 JyK�1.To obtain single-polarization total-power spe
tra of ea
h sour
e, we moved theteles
ope every 30 or 45 s between the target sour
e and a referen
e position onthe sky � 0:2Æ away. Antenna rms pointing errors were typi
ally 700 and systemtemperatures ranged from 40 to 75K depending on elevation and weather. Typi
al1 � noise levels attained in an integration time (on+o� sour
e) of one hour were� 8� 17mJy in a 1:3 km s�1 
hannel. The spe
tra reported here have been Hanning
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tive resolution of 3:5 km s�1 and 
orre
ted for atmospheri
opa
ity estimated from tipping s
ans.
2.3 ResultsDuring the 2003 and 2005 southern winters, we dete
ted maser emission in sixAGN with the Tidbinbilla antenna: AM2158-380NED02, IC 0184, NGC0235A,NGC0613, NGC3393, and NGC5495 (Fig. 2.1 and Table 2.1). Maser emission fromNGC4293 and VII ZW073 was dete
ted during the 2004-2005 northern winter withthe Robledo antenna. Ea
h dis
overy was 
on�rmed by at least one observationwith another instrument (Table 2.1). Positions of the maser emission measured withthe Very Large Array (VLA) of the NRAO1 are 
onsistent with opti
al positions ofthe AGN to within 1� (0.003 radio and 1.003 opti
al; Table 2.1), whi
h 
on�rms theasso
iation of the dis
overed emission with nu
lear a
tivity.The nu
lei that are host to the dete
ted maser emission are spe
tros
opi
ally
lassi�ed as Seyfert 2 or LINER in all but two 
ases (Table 2.1). Ambiguity remainsin the 
ase of NGC0613, whi
h is listed as a possible Seyfert by Veron-Cetty &Veron (1986), and in the 
ase of NGC0235A, whi
h is 
lassi�ed as Seyfert 2 byMonk et al. (1986) but as Seyfert 1 by Maia et al. (1987). There is some indi
ationof a broad 
omponent in H� in the opti
al spe
trum presented by Maia et al. (1987)(the Monk et al. (1986) spe
trum does not 
over the wavelength of H�). However,1The National Radio Astronomy Observatory is operated by Asso
iated Universities, In
., under
ooperative agreement with the National S
ien
e Foundation
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Table 2.1. Newly Dis
overed Nu
lear Masers.Galaxy Type(a) �2000(b) Æ2000(b) vsys(
) log10 LH2O(d) Date(e) T (f) 1�(g) Mis
(h)(hhmmss) (ddmmss) (km s�1) (log10 L�) (ddd-yy) (s) (mJy)NGC0235A Sy2 00 42 52.81 �23 32 27.7 6519 2.0 214-03 2280 15 TV00 42 52.81 �23 32 27.8 BnANGC0613 Sy 01 34 18.23 �29 25 06.6 1468 1.2 174-03 1680 16 TV01 34 18.18 �29 25 06.5 BnAIC0184 Sy2 01 59 51.23 �06 50 25.4 5287 1.4 183-05 8760 7 GV01 59 51.23 �06 50 25.4 CnBVIIZW073 Sy2 06 30 25.57 +63 40 41.2 11899 2.2 337-04 19560 6 GRV06 30 25.54 +63 40 41.3 353-04 BNGC3393 Sy2 10 48 23.46 �25 09 43.4 3704 2.4 167-03 6120 8 GTV10 48 23.45 �25 09 43.6 174-03 BnANGC4293 LINER 12 21 12.89 +18 22 56.6 890 0.1-0.7 056-04 15420 5 RV12 21 12.82 +18 22 57.4 063-04 BNGC5495 Sy2 14 12 23.35 �27 06 28.9 6589 2.3 215-03 2820 10 GV14 12 23.35 �27 06 29.2 BnAAM2158-380 NED02 Sy2 22 01 17.07 �37 46 24.0 9661 2.7 175-05 11460 7 GTV22 01 17.10 �37 46 23.0 178-05 CnB(a)A
tivity type. NGC5495 is 
lassi�ed as Seyfert 2 by Kirhakos & Steiner (1990b), NGC3393, IC 0184, VIIZW073, and AM2158-380 NED02are listed as Seyfert 2 in the Veron-Cetty 
atalogue (V�eron-Cetty & V�eron 2003), NGC0613 is 
lassi�ed as a possible Seyfert by Veron-Cetty &Veron (1986), NGC4293 is listed as LINER by Ho et al. (1997a), while NGC0235A is 
lassi�ed as Seyfert 1 by Maia et al. (1987) but as Seyfert 2by Monk et al. (1986). Refer to the text for the dis
ussion of the ambiguity in NGC0235A spe
tral 
lassi�
ation.(b)First line: opti
al positions from the NED with un
ertainties of �1.003. Se
ond line: maser positions measured with a VLA snapshot withtypi
al un
ertainties of �0.003. In an e�ort to test for systemati
 errors in the derived maser positions, we imaged disjoint segments of the VLAdata and 
on�rmed that they yield 
onsistent maser positions (that is, within 0.003).(
)Helio
entri
 systemi
 velo
ity 
omputed assuming the radio de�nition of Doppler shift.(d)Total water maser luminosity assuming isotropi
 emission of radiation and distan
es based onHo = 75 km s�1 Mp
�1, ex
ept for for NGC0613and NGC4293, whose distan
es were adopted to be 17:9Mp
 (Jungwiert et al. 1997) and 17Mp
 (Tully 1988), respe
tively.(e)Data obtained at listed epo
hs were 
ombined to form a single spe
trum.(f)Total integration time on+o� sour
e.(g)Rms noise in a 1:3 km s�1 spe
tral 
hannel, 
orre
ted for atmospheri
 opa
ity (typi
ally � 0:07) and for the dependen
e of antenna gain onelevation.(h)First line: Instruments used to 
on�rm the initial dete
tions: G=GBT, R=Robledo, T=Tidbinbilla, V=VLA. The velo
ities and 
ux densitiesof the narrow spe
tral peaks in AM2158-380 NED02, NGC0235A, NGC3393, NGC5495, and NGC 4293 dete
ted with the VLA agree with thosemeasured using the Tidbinbilla antenna to within 1.3 km s�1 and 30%, respe
tively. On the other hand, a 6 km s�1 dis
repan
y in the velo
ity
entroid of the NGC0613 spe
tral-line likely re
e
ts un
ertainty due to noise in the Tidbinbilla spe
trum. Although the peak 
ux densities of theIC 0184 maser agree to within 20%, the velo
ity 
entroids are in disagreement by 5 km s�1, whi
h is again most likely due to low signal-to-noiseratio in the Tidbinbilla spe
trum. The strengths of the VII ZW073 maser measured with the VLA and the Robledo antenna di�er by a fa
tor of2:5 (time baseline of 5months), whi
h 
ould be due to either maser variability or low signal-to-noise ratio in both spe
tra. We note that su
hvariability is not unusual (e.g., Baan & Has
hi
k 1996). The 
ux densities of AM2158-380 NED02, IC 0184, NGC3393, NGC5495, and VII ZW073measured with the DSN and the GBT antennae agree to within 25%. (The GBT spe
tra will be presented in a follow-up arti
le.) Se
ond line:Con�guration of the VLA. The VLA bandwidth was 6:25MHz (
hannel spa
ing of 1.3 km s�1) for all imaged sour
es ex
ept NGC0613, where awider bandwidth of 25MHz (
hannel spa
ing of 11 km s�1) was ne
essary in order to in
lude all the emission.
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Figure 2.1.| Spe
tra of NGC3393, NGC5495, NGC0235A, NGC0613, VII ZW073,NGC4293, AM2158-380NED02, and IC 0184 obtained with the 70-m Deep Spa
eNetwork antennas at Tidbinbilla, Australia and Robledo, Spain. The arrows indi
ateNGC5495 high-velo
ity features 
on�rmed with the GBT. The velo
ity was 
omputedin a

ordan
e with the radio de�nition of Doppler Shift and in the helio
entri
 refer-en
e frame. Verti
al bars depi
t systemi
 velo
ities of the host galaxies and respe
tiveun
ertainties.



CHAPTER 2. DISCOVERY OF MASER EMISSION IN 8 AGNWITH THE DSN28opti
al spe
tra presented by Monk et al. (1986) and Maia et al. (1987) exhibit anarrow H� line and a strong [O III℄� 5007 line relative to H�. A

ording to thequantitative 
lassi�
ation s
heme of Winkler (1992) (see also Osterbro
k 1977, 1981),NGC0235A thus harbors either a Seyfert 1:9 or a Seyfert 2 nu
leus. A spe
trumobtained independently by J. Hu
hra (2004, private 
ommuni
ation) 
on�rms this
lassi�
ation. It is thus likely that NGC0235A was mis
lassi�ed based on the hintof broad H� reported by Maia et al. (1987).The maser spe
trum of NGC3393 shows a 
hara
teristi
 spe
tral signatureof emission from an edge-on disk: two high-velo
ity 
omplexes (� 70mJy)symmetri
ally o�set by � 600 km s�1 from the systemi
 velo
ity and a single spe
tral
omplex (� 28mJy) within 120 km s�1 of the systemi
 velo
ity. We have 
on�rmedthe weak systemi
 feature with the Tidbinbilla antenna (1� = 7mJy) and with theGBT (1� = 2mJy in a 0:33 km s�1 spe
tral 
hannel). If the high-velo
ity emissionindeed originates from the midline of an edge-on disk, then the orbital velo
ity ofthe disk as tra
ed by the maser emission is � 600 km s�1, making NGC3393 thethird fastest known rotator after NGC4258 (� 1200 km s�1; Miyoshi et al. 1995)and ESO269-G012 (� 650 km s�1; Greenhill et al. 2003). Be
ause the high-velo
ityemission extends over �v � 200 km s�1, it must o

upy a fra
tional range of radii�r=R � 2�v=v = 2=3, whi
h yields �r � 0:15 � 0:57 p
, assuming Keplerianrotation (v / r�0:5) and a range in disk sizes from that of NGC4258 (0:16� 0:28 p
)to NGC1068 (0:6� 1:1 p
). The 
orresponding 
entral mass would be on the orderof 5 � 107M� and the anti
ipated 
entripetal a

eleration | that is the se
ularvelo
ity drift of the systemi
 feature | would be on the order of 1 km s�1 yr�1, whi
hshould be readily dete
table within one year using single dish monitoring.
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on�rmed the dete
tion of high-velo
ity lines in NGC5495 (refer to Fig.2.1) with the GBT (1� = 5mJy in a 0:33 km s�1 spe
tral 
hannel). If we againassume that the high-velo
ity emission originates from the midline of an edge-ondisk, then the orbital velo
ity of the a

retion disk is � 400 km s�1 while the
orresponding 
entral mass and 
entripetal a

eleration are on the order of 107M�and 0:5 km s�1 yr�1, respe
tively, assuming disk sizes as in NGC4258 and NGC1068.Ea
h of the remaining six dete
tions | AM2158-380NED02, IC 0184,NGC0235A, NGC0613, NGC4293, and VII ZW073 | displays only a single
omplex of spe
tral features. In parti
ular, the spe
trum of NGC0613 reveals avery broad emission feature (full width at half-maximum of � 87 km s�1) and su
hbroad lines have been typi
ally asso
iated with radio jets rather than mole
ulardisks (e.g., Pe
k et al. 2003; Claussen et al. 1998). The spe
tral lines in NGC0235A,VII ZW073, and IC 0184 are signi�
antly displa
ed from systemi
 velo
ities of thehost galaxies (by � 380, � 180, and � 220 km s�1, respe
tively) and thus might beeither emission features asso
iated with radio jets (e.g., Pe
k et al. 2003; Claussenet al. 1998) or high-velo
ity emission lines from only a single side of an edge-ona

retion disk. NGC0613, NGC3393, NGC4293, and IC 0184 have been targetedbut not dete
ted in previous surveys for maser emission. For NGC0613, Braatzet al. (1996) and Henkel et al. (1984) report 1� noise levels of 364mJy and 70mJyin 1:7 and 1:3 km s�1 spe
tral 
hannels, respe
tively, 
orresponding to signal-to-noiseratios of . 1 at the 
urrent line strength (peak 
ux of � 70mJy in a 1:3 km s�1spe
tral 
hannel). Considering the large line-width, broader spe
tral averaging 
ouldhave been applied to Henkel et al. (1984) data to a
hieve a marginal dete
tion, andit is thus un
lear whether this observation indi
ates line variability analogous to
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iated with jet a
tivity (e.g., Pe
k et al. 2003).For NGC3393, Braatz et al. (1996) report 1� noise level of 11mJy in 0:66 km s�1
hannels, whi
h should have been suÆ
ient to dete
t the maser emission at itspresent strength of � 80mJy (in a 1:3 km s�1 
hannel). In the 
ase of NGC4293,J.A.Braatz (private 
ommuni
ation) obtained in 1998 a 1� noise level in a 1:3 km s�1
hannel of 35mJy, whi
h would not have been suÆ
ient to dete
t the weak emission(peak of � 40mJy in a 1:3 km s�1 
hannel). For IC 0184, Braatz et al. (1996) report1� noise level of 63mJy in 0:66 km s�1 
hannels, again not suÆ
ient to dete
t themaser at present line strength (peak of � 27mJy in a 1:3 km s�1 
hannel).In a survey with the Tidbinbilla and Robledo antennas of 630 AGN withvsys < 14600 km s�1 sele
ted from the NED (Table 2.2), we have dete
ted to-date15 new water maser sour
es (this paper and Greenhill et al. 2003). Sin
e previoussear
hes for water maser emission reported dete
tions mostly in Seyfert 1:8 � 2:0or LINER systems (e.g., Braatz et al. 1996), we have fo
used our survey primarilyon obs
ured nu
lei (488 Seyfert 1:8� 2:0 or LINER systems, among whi
h there arethe 15 new maser sour
es, and 143 Seyfert 1:0� 1:5 systems, for whi
h we report nonew dete
tions). Our survey in
ludes 55% of known AGN with vsys < 14600 km s�1(630 out of 1150) and is nearly 
omplete to 7000 km s�1 with 82% of Seyfert 1:8� 2:0and LINER systems (325 out of 398) already observed, although AGN 
atalogs
onsolidated by the NED may themselves be in
omplete. The dete
tion rateamong nearby (vsys < 7000 km s�1) Seyfert 1:8 � 2:0 and LINER galaxies is 4%.The dete
tion rate among nearby Seyfert 1:8 � 2:0 and LINER galaxies thathave been observed with absolute sensitivity (i.e., 1� noise level in 
ux densityunits multiplied by the spe
tral 
hannel width and 
onverted to luminosity using
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) of better than 2L� is 4%, 
onsistent with the analogousdete
tion rate of 6% reported by Braatz et al. (1996). However, taking into a

ountall known maser sour
es with peak 
ux densities above four times the typi
al rmsa
hieved in this survey (4� = 56mJy or 15L� in a 1:3 km s�1 spe
tral 
hannel atvsys = 7000 km s�1), the resulting in
iden
e rate of maser emission among nearbySeyfert 1:8 � 2:0 and LINER systems is � 10%, whi
h should be 
ompared to theanalogous in
iden
e rates of � 7% and � 20% for surveys with � 60mJy (� 1 km s�1spe
tral 
hannels; Braatz et al. 1996) and � 3mJy (
onverted to 1:3 km s�1 spe
tral
hannels; Braatz et al. 2004) sensitivities, respe
tively. Six of the dete
tions obtainedwith DSN (NGC0613, NGC3393, NGC4293, NGC5643, NGC6300, and IC 0184)lie in nu
lei that had been targeted in previous surveys, whi
h demonstrates theimportan
e of either survey sensitivity or sour
e variability. As a result of this work,the number of nearby AGN (vsys < 7000 km s�1) observed with < 20mJy sensitivityhas in
reased from 130 to 449.
2.4 Future Prospe
tsFour of the �fteen dete
tions obtained using the 70-m antennas of the DSN| NGC3393, NGC5495 (this study), ESO269-G012, and possibly NGC6926(Greenhill et al. 2003) | display the ar
hetypal spe
tral signature of emission froman edge-on disk. The remaining 11 sour
es appear to be non-high-velo
ity systems,but monitoring and deep integrations (as with the GBT, whi
h is roughly an orderof magnitude more sensitive than the DSN antennas) may result in dete
tion ofhigh-velo
ity features. All high-velo
ity systems stronger than few mJy are good
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andidates for follow-up high angular resolution study with VLBI, where p
-s
alemole
ular disk geometry and bla
k hole mass may be inferred dire
tly from resolvedposition and line-of-sight velo
ity data with high a

ura
y and relatively few sour
esof systemati
 un
ertainty. Assuming disk sizes of 0:1 to 1 p
 (i.e., 
omparable toNGC4258 and NGC1068, respe
tively) and a VLBI resolution element of � 0:3mas,the sour
e stru
ture should be readily resolved be
ause the AGN are relativelynearby (3704 km s�1 < vsys < 6589 km s�1). The additional dete
tion with single dishspe
tros
opi
 monitoring of se
ular drift in the velo
ities of low-velo
ity Doppler
omponents (i.e., 
entripetal a

eleration) may also enable estimation of geometri
distan
es, as has been done for NGC4258 (Herrnstein et al. 1999). A geometri
distan
e to any of these systems would be of 
onsiderable value sin
e it might help in
alibration of the Hubble relation independent of standard 
andles su
h as Cepheids.We are grateful for the invaluable support provided by the management,operations, and te
hni
al sta� of the Canberra and Madrid Deep Spa
eCommuni
ations Complexes. We thank M. Fran
o for Radio Frequen
y supportand most espe
ially P. Wolken and the sta� 
harged with s
heduling antenna time,without whose help and guidan
e this proje
t would have been impossible. Thisresear
h has made an extensive use of the NASA/IPAC Extragala
ti
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h is operated by the Jet Propulsion Laboratory (JPL), CaliforniaInstitute of Te
hnology, under 
ontra
t with NASA. This work was supported inpart by R&D funds of the Smithsonian Astrophysi
al Observatory. IdG and JFGare partially supported by grant AYA2002-00376 (FEDER funds) of the Ministeriode Edu
a
i�on y Cien
ia (Spain). Canberra Deep Spa
e Communi
ation Complexis managed by Commonwealth S
ienti�
 and Industrial Resear
h Organisation
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Table 2.2. Sour
es Surveyed for Water Maser Emission with 70-m Deep Spa
e NetworkAntennas at Tidbinbilla and Robledo.Galaxy Name Type(a) �2000(a) Æ2000(a) vsys(a) Date T (b) 1�(
) Site(d)(hhmmss) (ddmmss) (km s�1) (s) (mJy)KUG2358+330 SY2 00 00 58.14 +33 20 38.1 12387 2005-01-05 6240 9 RUGC12914 LINER 00 01 38.32 +23 29 01.5 4308 2003-02-03 2910 18 RUGC12915 LINER 00 01 41.94 +23 29 44.5 4274 2004-07-20 2460 12 TCGCG517-014 SY2 00 01 58.46 +36 38 56.6 9311 2004-12-26 6060 9 RNGC7814 LINER 00 03 14.89 +16 08 43.5 1046 2002-08-15 1980 14 TUGC00013 LINER 00 03 29.23 +27 21 05.9 7498 2002-12-25 2100 23 RUGC00050 LINER 00 06 40.15 +26 09 16.2 7366 2003-01-20 2100 28 RUGC00085 LINER 00 09 28.64 +47 21 21.0 5066 2003-01-01 2340 28 RNGC0019 LINER 00 10 40.88 +32 58 58.5 4713 2002-12-29 1980 19 RNGC0017 SY2 00 11 06.55 -12 06 26.3 5816 2003-01-28 2070 16 RNGC0041 LINER 00 12 47.97 +22 01 24.3 5833 2003-01-19 2340 17 RNGC0051 LINER 00 14 34.91 +48 15 20.5 5257 2003-01-17 2700 18 R2MASXIJ0018358-070255 SY2 00 18 35.90 -07 02 55.8 5301 2003-01-17 2760 14 RUGC00215 SY2 00 22 26.22 +29 30 10.8 6927 2002-12-22 1080 29 RLEDA087391 SY2 00 23 13.90 -53 58 22.0 8370 2002-06-01 2700 12 TUGC00233 LINER 00 24 42.70 +14 49 28.0 5188 2002-09-09 1620 18 TUGC00238 LINER 00 25 03.35 +31 20 42.6 6645 2003-01-12 1080 16 RMRK0945 SY2 00 25 54.87 -03 25 14.9 4366 2003-01-17 2280 15 RESO540-G001 SY1.8 00 34 13.82 -21 26 20.6 7825 2004-06-29 1560 14 TMRK0955 SY2 00 37 35.81 +00 16 50.5 10105 2003-01-18 2760 23 RNGC0185 SY2 00 38 57.68 +48 20 11.6 -202 2005-02-01 4980 13 RESO540-G014 SY2 00 41 11.73 -21 07 53.5 1645 2002-08-05 1500 15 TNGC0237 LINER 00 43 27.82 -00 07 30.3 4118 2002-09-06 1890 15 TESO540-G017NED01 SY2 00 44 21.80 -17 21 04.0 9025 2004-06-15 1800 14 TNGC0266 LINER 00 49 47.89 +32 16 39.7 4590 2004-12-20 6780 8 RNGC0291 SY2 00 53 29.80 -08 46 03.6 5589 2002-08-05 1530 15 TUGC00556 LINER 00 54 50.27 +29 14 47.7 4559 2003-01-01 1140 44 RNGC0315 SY1 00 57 48.89 +30 21 08.8 4862 2003-01-19 2610 18 RESO351-G025 LINER 00 58 22.23 -36 39 37.1 10029 2005-06-24 9000 7 TIC0064 AGN 00 59 24.46 +27 03 32.0 13165 2005-02-09 5700 12 RIRASF01010-1232 SY2 01 03 31.04 -12 16 06.4 7026 2002-08-13 1980 12 TESO079-G016 SY 01 04 27.10 -64 07 10.0 5917 2004-05-09 2460 10 TESO113-G010 SY1.8 01 05 16.98 -58 26 13.1 7512 2003-05-30 1950 15 T
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Table 2.2|ContinuedGalaxy Name Type(a) �2000(a) Æ2000(a) vsys(a) Date T (b) 1�(
) Site(d)(hhmmss) (ddmmss) (km s�1) (s) (mJy)UM085 SY2 01 06 45.26 +06 38 02.0 11807 2003-01-29 2460 18 RIC1631 SY2 01 08 44.80 -46 28 32.7 8969 2004-06-22 2700 13 TCGCG551-008 SY 01 10 14.08 +50 10 32.1 6917 2003-01-30 1470 20 RNGC0424 SY2 01 11 27.51 -38 05 01.1 3456 2002-06-01 2430 12 TAPMUKS(BJ)B010 SY2? 01 11 53.49 -45 58 46.5 7599 2002-08-17 2160 14 TUGC00768 SY1.9 01 13 09.59 +02 17 16.0 13228 2005-02-23 7620 14 RIC1657 SY2 01 14 06.98 -32 39 03.2 3541 2003-05-29 2580 11 TNGC0454NED02 SY2 01 14 25.22 -55 23 47.3 3588 2003-05-08 3120 14 TESO195-G035 SY2 01 15 55.38 -50 11 22.2 7126 2002-09-09 1380 16 TNGC0446 SY? 01 16 03.60 +04 17 38.0 5349 2003-06-23 1980 15 TUGC00861 SY2 01 19 59.61 +14 47 10.5 4082 2002-08-10 1800 16 TESO244-G017 SY1.5 01 20 19.70 -44 07 41.6 6883 2003-05-31 1560 19 TUM319 SY2 01 23 21.18 -01 58 36.0 4758 2003-01-17 2070 16 RIC1689 LINER 01 23 47.90 +33 03 20.0 4498 2003-01-01 1980 27 RNGC0526A SY1.5 01 23 54.39 -35 03 55.7 5618 2003-06-23 1620 14 TIRAS01217+0122 SY2 01 24 24.00 +01 38 35.0 5057 2004-06-19 1920 13 TNGC0513 SY2 01 24 26.85 +33 47 58.0 5747 2004-12-15 4680 15 RUM103 SY2 01 25 27.77 +03 00 11.7 12910 2003-01-22 2280 24 RNGC0536 AGN 01 26 21.61 +34 42 14.0 5101 2002-03-02 2880 13 RIC0123 SY2 01 28 51.46 +02 26 47.2 8906 2002-12-29 1920 21 RESO413-G008 LINER 01 30 49.12 -27 21 50.9 5509 2002-08-05 2400 12 TUGC01093 LINER 01 31 49.01 +17 34 32.9 7710 2002-12-25 1920 22 RESO353-G009 SY2 01 31 50.42 -33 07 09.5 4877 2003-06-15 1680 12 TUGC01098 LINER 01 32 16.10 +21 24 39.5 9548 2005-01-05 4380 12 RMCG-03-05-007 SY 01 34 25.19 -15 49 08.3 5857 2002-12-29 1800 25 RKUG0135-131 SY2 01 38 05.39 -12 52 11.1 11642 2004-06-22 2970 12 TESO297-G018 SY2 01 38 37.17 -40 00 41.2 7369 2004-06-27 1260 16 TIIIZW035NOTES01 LINER 01 44 30.34 +17 06 00.0 8209 2004-07-21 900 22 TMCG-01-05-031 SY2 01 45 25.46 -03 49 37.5 5358 2002-08-05 2160 11 TESO080-G005 SY1.8 01 47 39.24 -66 09 49.1 7868 2003-08-06 1920 13 TNGC0676 SY2 01 48 57.30 +05 54 24.0 1498 2004-06-27 1560 13 TUGC01282 SY2 01 49 29.87 +12 30 32.6 5132 2002-08-13 1620 13 TIRAS01475-0740 SY2 01 50 02.70 -07 25 48.5 5204 2002-08-04 1080 16 T
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Table 2.2|ContinuedGalaxy Name Type(a) �2000(a) Æ2000(a) vsys(a) Date T (b) 1�(
) Site(d)(hhmmss) (ddmmss) (km s�1) (s) (mJy)NGC0708 SY2 01 52 46.47 +36 09 06.6 4778 2002-12-29 2100 19 RSBS0153+366 SY2 01 56 45.35 +36 52 41.0 5532 2003-02-06 2040 20 RNGC0777 SY2 02 00 14.90 +31 25 46.0 4903 2002-12-29 1920 20 RUGC01479 SY2 02 00 19.06 +24 28 25.3 4847 2002-08-15 1980 16 TESO153-G020 SY2 02 06 03.57 -55 11 35.0 5802 2003-05-05 2850 14 TNGC0833 LINER 02 09 20.88 -10 08 00.3 3815 2002-09-06 1890 15 TNGC0835 LINER 02 09 24.69 -10 08 10.5 4018 2002-09-11 2070 15 TNGC0839 SY2 02 09 42.93 -10 11 02.7 3883 2003-02-02 3330 17 RKUG0207-092 SY2 02 10 11.40 -09 03 36.2 11992 2003-01-29 3090 15 RNGC0841 LINER 02 11 17.35 +37 29 49.8 4472 2005-01-02 4980 10 RNGC0931 SY1.5 02 28 14.47 +31 18 42.0 4910 2005-02-08 3900 16 RIC1816 SY1 02 31 50.99 -36 40 16.2 4995 2003-06-23 1680 15 TUGC02024 SY2 02 33 01.24 +00 25 15.0 6567 2002-08-13 1530 13 TMRK1179 SY1.9 02 33 22.33 +27 56 12.9 10864 2003-01-30 3180 15 RNGC0985 SY1 02 34 37.77 -08 47 15.4 12399 2004-06-25 1260 16 TMRK0595 SY1.5 02 41 34.89 +07 11 14.1 7876 2003-08-01 1860 16 TNGC1056 SY 02 42 48.34 +28 34 26.9 1537 2002-12-15 2070 21 RNGC1058 SY2 02 43 29.88 +37 20 27.1 517 2004-11-26 2280 30 RESO479-G031 LINER 02 44 47.68 -24 30 50.0 6891 2002-09-30 2258 13 TNGC1097 SY1 02 46 18.99 -30 16 28.7 1270 2003-08-13 1680 15 TESO479-G039 LINER 02 46 37.64 -26 58 19.0 6964 2002-09-09 1440 16 T2MASXIJ0246391+213510 LINER 02 46 39.15 +21 35 10.3 6828 2003-02-06 2280 18 RIC1859 SY2 02 49 03.92 -31 10 21.0 5751 2002-08-15 3060 10 TNGC1106 SY2 02 50 40.50 +41 40 18.0 4275 2004-12-15 6600 13 RNGC1125 SY2 02 51 40.27 -16 39 03.7 3242 2003-01-17 2550 18 RNGC1140 SY2 02 54 33.58 -10 01 39.9 1494 2002-08-13 1530 14 TNGC1142 SY2 02 55 12.19 -00 11 00.8 8406 2003-08-02 2040 15 TIRAS02530+0211 LINER 02 55 34.43 +02 23 41.4 8052 2002-12-22 1878 26 RIC1867 SY2 02 55 52.23 +09 18 42.6 7488 2003-01-28 2430 16 RESO417-G006 SY2 02 56 21.52 -32 11 05.6 4806 2004-07-21 1860 13 TIRAS03031-8335 AGN? 02 58 44.20 -83 23 14.0 10975 2004-06-24 2220 11 T2MASXIJ0259304-242253 SY1 02 59 30.50 -24 22 53.6 10138 2003-06-02 3240 17 TMCG-02-08-039 SY2 03 00 30.66 -11 24 55.1 8727 2003-08-02 1620 19 T
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Table 2.2|ContinuedGalaxy Name Type(a) �2000(a) Æ2000(a) vsys(a) Date T (b) 1�(
) Site(d)(hhmmss) (ddmmss) (km s�1) (s) (mJy)2MASXJ03023999-7242231 SY2 03 02 40.16 -72 42 21.3 12387 2003-09-12 3180 9 TNGC1204 LINER 03 04 40.01 -12 20 29.5 4222 2002-09-06 2070 14 TNGC1217 LINER 03 06 05.87 -39 02 10.4 6159 2004-07-21 1860 14 TNGC1241 SY2 03 11 14.71 -08 55 19.9 3998 2003-05-09 2160 17 T2MASXJ03130881-0243191 SY2 03 13 08.80 -02 43 19.2 7938 2003-07-27 2010 11 TKUG0312+013 SY2 03 15 05.33 +01 30 30.2 7031 2003-07-26 1500 11 TNGC1266 LINER 03 16 00.74 -02 25 38.5 2178 2002-09-09 1500 16 TUGC02638 LINER 03 17 02.21 +01 15 17.9 6958 2002-09-12 1910 13 TNGC1316 LINER 03 22 41.72 -37 12 29.6 1750 2003-06-09 1530 18 TNGC1326 LINER 03 23 56.38 -36 27 51.6 1354 2003-06-15 2280 12 TNGC1320 SY2 03 24 48.72 -03 02 32.0 2692 2003-02-01 2610 19 RESO116-G018 SY2 03 24 53.16 -60 44 20.0 5445 2003-05-08 3240 11 TMCG-02-09-040 SY2 03 25 04.94 -12 18 27.8 4429 2003-02-02 3330 17 RMRK0609 SY1.8 03 25 25.34 -06 08 38.7 9898 2005-01-02 5460 8 RUGC02724 SY2 03 25 25.58 +40 46 23.4 13656 2005-02-14 4560 10 RNGC1350 SY 03 31 08.11 -33 37 42.1 1893 2003-05-29 1800 14 TNGC1353 LINER 03 32 02.97 -20 49 07.0 1517 2002-09-12 1890 15 TNGC1365 SY1.8 03 33 36.37 -36 08 25.4 1627 2003-06-09 1920 12 TNGC1398 AB;SY 03 38 51.90 -26 20 14.2 1400 2003-05-29 1500 13 TNGC1409 SY2 03 41 10.43 -01 18 09.2 7555 2003-02-03 2250 18 RNGC1433 SY2 03 42 01.46 -47 13 19.6 1071 2003-05-30 1740 15 TFCCB1658 SY2 03 43 26.52 -31 44 38.2 9222 2004-07-28 1920 14 TIC0355 SY 03 53 46.26 +19 58 26.4 8406 2002-12-15 1260 27 RMCG+00-11-002 AGN 03 57 58.66 -00 11 26.0 4139 2002-08-17 1800 14 T3C098 SY2 03 58 54.46 +10 26 02.4 8860 2004-07-28 1860 16 TESO549-G049 LINER 04 02 25.67 -18 02 51.1 7680 2003-07-27 1440 13 TMRK1193 SY2 04 07 01.05 -10 10 14.0 9627 2003-07-16 2220 19 TESO420-G013 SY2 04 13 49.69 -32 00 25.1 3528 2002-08-17 1980 13 TLEDA094129 SY1.5 04 15 59.18 -08 21 38.2 11058 2005-02-24 7800 8 RNGC1553 LINER 04 16 10.28 -55 46 51.0 1076 2002-06-02 2610 12 TNGC1566 SY1 04 20 00.64 -54 56 17.0 1489 2003-08-06 1920 12 TESO550-IG025NED01 LINER 04 21 19.99 -18 48 39.0 9351 2005-05-23 7200 9 TIRAS04210+0400 SY2 04 23 40.77 +04 08 02.4 12910 2003-01-22 2340 17 R
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Table 2.2|ContinuedGalaxy Name Type(a) �2000(a) Æ2000(a) vsys(a) Date T (b) 1�(
) Site(d)(hhmmss) (ddmmss) (km s�1) (s) (mJy)MCG-01-12-006 SY2 04 25 55.56 -08 34 07.5 11309 2003-07-24 2010 14 TESO202-G023 SY2 04 28 00.03 -47 54 40.2 4867 2003-05-08 2880 13 T2MASXIJ0428260-043348 SY2 04 28 26.05 -04 33 49.5 4576 2003-02-02 3690 14 RNGC1598 LINER 04 28 33.45 -47 46 56.1 5046 2004-06-19 2040 12 TNGC1614 SY2 04 33 59.85 -08 34 44.0 4703 2003-01-29 3240 12 RIRAS04361-1430 SY2 04 38 28.33 -14 24 38.1 10290 2003-07-12 840 17 TNGC1636 SY2 04 40 40.20 -08 36 27.9 4120 2002-09-12 1910 15 TIRAS04385-0828 SY2 04 40 54.96 -08 22 22.2 4460 2003-01-17 2700 16 RUGC03134 SY2 04 41 48.27 -01 18 06.5 8422 2003-01-17 1440 22 RNGC1672 SY2 04 45 42.83 -59 14 51.6 1344 2004-06-27 900 19 T2MASXIJ04472072-0508138 SY1 04 47 20.72 -05 08 14.1 12690 2003-07-24 1560 16 TMCG-01-13-025 SY1.2 04 51 41.51 -03 48 33.7 4690 2003-06-26 2520 18 T2MASXIJ0452445-031257 SY2 04 52 44.53 -03 12 57.8 4663 2003-02-01 2880 16 RCGCG420-015 SY2 04 53 25.73 +04 03 41.5 8559 2003-06-01 3240 14 TESO033-G002 SY2 04 55 58.99 -75 32 28.1 5330 2003-07-19 1530 15 TESO552-G039 SY1.2 04 58 40.31 -21 59 30.8 11418 2003-06-02 3720 14 TPMNJ0505+0416 SY1 05 05 34.78 +04 15 54.7 7938 2003-08-14 2760 8 TNGC1808 SY2 05 07 42.32 -37 30 45.7 997 2003-05-05 3120 15 TCGCG468-002 SY2 05 08 19.69 +17 21 48.4 5158 2003-01-17 2280 19 RESO362-G008 SY2 05 11 09.09 -34 23 35.8 4710 2003-05-09 1860 18 T[HB91℄0510+031 SY1 05 12 40.35 +03 11 44.1 4838 2003-08-14 1740 9 TMCG-02-14-009 SY1 05 16 21.18 -10 33 41.4 8294 2003-06-29 2100 20 TCGCG258-006 SY1.8 05 16 53.80 +53 11 30.4 8249 2004-12-25 4080 13 RESO362-G018 SY1.5 05 19 35.82 -32 39 27.9 3743 2003-05-30 1440 14 TPICTORA SY1 05 19 49.69 -45 46 44.5 10154 2003-09-12 1358 14 TIRAS05187-1017 LINER 05 21 06.54 -10 14 46.7 8241 2003-06-07 1360 15 T1RXSJ052135.1+671808 SY1.5 05 21 34.60 +67 18 07.9 4343 2005-01-12 4680 15 RNGC1875 AGN? 05 21 45.80 +06 41 20.0 8732 2003-06-14 1800 14 TESO253-G003 SY2 05 25 18.30 -46 00 19.6 12219 2003-08-06 1740 12 TNGC1961 LINER 05 42 04.80 +69 22 43.3 3883 2004-12-25 3840 12 RUGC03351 SY? 05 45 47.80 +58 42 03.0 4390 2004-11-26 1740 30 RESO306-G025 SY2 05 45 50.86 -39 29 37.6 7312 2002-08-15 1170 15 T2MASXIJ05465630-3337413 SY1 05 46 56.31 -33 37 41.5 8732 2003-06-28 1680 19 T
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Table 2.2|ContinuedGalaxy Name Type(a) �2000(a) Æ2000(a) vsys(a) Date T (b) 1�(
) Site(d)(hhmmss) (ddmmss) (km s�1) (s) (mJy)UGC03374 SY1.5 05 54 53.61 +46 26 21.6 6018 2005-02-11 6960 12 R2MASXJ05580206-3820043 SY1 05 58 02.00 -38 20 04.7 9821 2003-09-12 2476 12 TAM0602-575 SY2 06 00 21.27 -57 56 20.6 11058 2003-05-11 3300 11 TESO254-G017 SY2 06 06 35.80 -47 29 56.0 8667 2003-07-16 2760 15 TMCG+08-12-003 SY1.8 06 12 43.37 +47 30 51.1 11104 2005-01-12 21180 8 R2MASXIJ0623053 SY2 06 23 05.31 -06 07 13.3 5923 2002-08-15 1530 14 TESO366-G002 LINER 06 37 57.13 -32 52 40.9 10769 2003-06-02 1860 26 TESO490-IG026 SY1.2 06 40 11.74 -25 53 41.8 7269 2003-05-29 1320 13 TIRAS06483-1955 SY1.8 06 50 30.84 -19 59 15.5 7475 2003-05-29 940 16 TCGCG145-017 SY2 06 52 02.52 +27 27 38.9 11926 2005-01-11 6000 12 RIC0450 SY1.5 06 52 12.25 +74 25 37.5 5536 2005-02-01 7440 10 RUGC03601 SY1.5 06 55 49.52 +40 00 00.8 5047 2005-01-13 4980 19 RFAIRALL0265 SY1 06 56 29.80 -65 33 37.7 8591 2003-09-12 2880 9 TAM0702-601 SY2 07 03 24.12 -60 15 23.3 9105 2003-05-11 3000 13 TESO428-G014 SY2 07 16 31.21 -29 19 28.8 1621 2003-05-08 3060 12 TMRK0378 SY2 07 17 08.20 +49 41 36.4 12056 2004-12-28 2460 20 RMRK1200 LINER 07 25 01.50 +27 19 27.5 7587 2003-01-21 2040 20 RMRK0009 SY1.5 07 36 56.98 +58 46 13.4 11496 2005-02-15 7740 9 RMRK0078 SY2 07 42 41.73 +65 10 37.5 10738 2005-01-05 7440 9 RUGC03995NOTES01 SY2 07 44 07.11 +29 14 57.4 4666 2004-12-18 6780 12 R2MASXIJ07554738-0157419 SY1 07 55 47.39 -01 57 41.9 11531 2003-06-01 2400 15 TIC0486 SY1 08 00 20.98 +26 36 48.2 7846 2004-12-01 4500 19 RIRAS07577+1021 SY1.5 08 00 26.89 +10 13 09.0 13676 2005-02-23 9420 12 RUGC04211 SY2 08 04 46.30 +10 46 37.0 9979 2003-07-05 1440 16 TUGC04248 SY1 08 08 55.35 +00 18 05.0 5335 2003-09-17 3120 11 TSBS0805+607 LINER 08 09 31.77 +60 36 47.1 9099 2004-12-12 4320 19 RATZ98J081211.7+571746 SY2 08 12 11.70 +57 17 46.0 7824 2004-12-10 6660 18 RSBS0808+587 SY2 08 12 17.10 +58 33 51.6 7938 2004-11-28 7380 17 RKUG0811+462 SY1.5 08 15 16.87 +46 04 30.6 11800 2005-03-10 6360 9 RSBS0811+584 SY2 08 16 01.30 +58 20 01.0 7397 2004-11-27 2580 18 RSBS0814+579C AGN 08 18 12.93 +57 46 39.1 7881 2004-12-05 4440 22 RESO018-G008 SY2 08 23 16.61 -77 49 10.8 5156 2002-06-11 2640 12 TESO018-G009 SY2 08 24 07.43 -77 46 52.5 5248 2003-05-07 1890 17 T
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Table 2.2|ContinuedGalaxy Name Type(a) �2000(a) Æ2000(a) vsys(a) Date T (b) 1�(
) Site(d)(hhmmss) (ddmmss) (km s�1) (s) (mJy)IRASF08216+3009 SY2 08 24 43.28 +29 59 23.2 7312 2003-01-20 2460 26 RKUG0826+225 AGN 08 29 44.33 +22 25 27.5 7312 2003-01-21 1920 19 RCGCG004-040 SY2 08 30 14.41 -02 52 50.3 11684 2003-01-29 3330 12 RNGC2617 SY1.8 08 35 38.79 -04 05 17.6 4227 2003-02-01 3150 17 RMRK0093 SY2 08 36 42.34 +66 13 58.6 5200 2002-12-29 3960 17 RUGC04498 AGN 08 37 26.60 +40 02 07.8 6982 2004-11-26 960 30 RNGC2622 SY1.8 08 38 10.94 +24 53 43.0 8342 2004-12-12 6360 16 RFAIRALL1146 SY1.5 08 38 30.50 -35 59 35.0 9177 2003-06-05 1500 16 T2MASXJ08440647-1402130 SY1.5 08 44 06.37 -14 02 03.0 8109 2003-07-24 1290 21 T2MASXIJ0846093-152125 AGN 08 46 09.33 -15 21 25.2 5327 2002-06-01 2600 13 TNGC2683 SY2 08 52 41.42 +33 25 13.7 410 2003-02-03 2790 18 RIC0520 LINER 08 53 42.20 +73 29 27.0 3446 2004-12-23 7020 9 RESO497-G003 SY2 09 01 38.06 -24 47 26.4 421 2002-05-31 2610 12 TIC0526 SY2 09 02 40.78 +10 50 29.9 5681 2003-02-02 3150 16 RNGC2783B AGN 09 13 32.87 +29 59 59.4 6609 2003-01-19 2160 19 RNGC2783 AGN 09 13 39.46 +29 59 34.7 6597 2003-01-21 1740 24 RNGC2845 SY2 09 18 36.88 -38 00 41.1 2509 2002-07-02 2700 10 TNGC2787 LINER 09 19 18.57 +69 12 11.9 694 2005-03-06 7440 7 RMCG-01-24-012 SY2 09 20 46.31 -08 03 21.9 5821 2003-06-05 1500 14 TESO565-G019 SY2 09 34 43.53 -21 55 40.0 4588 2002-05-31 2700 16 TUGC05101 SY1.5 09 35 51.65 +61 21 11.3 11361 2005-02-11 7740 11 RCGCG181-077 SY1.5 09 39 17.22 +36 33 43.6 5867 2005-03-07 6780 9 RUGC05165NOTES03 SY2 09 40 44.51 +21 14 03.7 7037 2003-07-26 2340 12 TNGC2965 AGN 09 43 19.16 +36 14 52.3 6585 2002-12-29 2820 24 RESO434-G040 SY2 09 47 40.24 -30 56 54.2 2462 2003-05-09 3240 12 TIC2510 SY2 09 47 43.24 -32 50 15.4 2776 2002-05-18 2190 20 TNGC2985 LINER 09 50 21.61 +72 16 44.1 1316 2004-12-23 4620 11 RNGC3035 SY1 09 51 55.29 -06 49 29.3 4292 2003-06-01 2340 19 TCGCG035-090 SY2 09 55 40.50 +05 02 37.0 10007 2003-07-05 1480 16 TNGC3081 SY2 09 59 29.54 -22 49 34.6 2366 2003-06-15 1740 12 TNGC3080 SY1 09 59 55.83 +13 02 37.8 10258 2003-06-07 1820 16 TNGC3094 SY2 10 01 25.97 +15 46 13.7 2385 2002-03-25 3150 15 RWN1 SY1 10 02 00.05 -08 09 41.6 4500 2003-06-28 1350 20 T
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Table 2.2|ContinuedGalaxy Name Type(a) �2000(a) Æ2000(a) vsys(a) Date T (b) 1�(
) Site(d)(hhmmss) (ddmmss) (km s�1) (s) (mJy)ESO263-G013 SY2 10 09 48.99 -42 48 46.7 9658 2003-05-07 3060 11 TESO374-G044 SY2 10 13 19.86 -35 58 59.6 8294 2003-07-12 1200 15 TNGC3166 LINER 10 13 45.60 +03 25 32.0 1339 2003-06-16 1680 16 TNGC3169 LINER 10 14 15.03 +03 27 57.1 1228 2003-06-07 1560 15 TNGC3185 SY2 10 17 38.53 +21 41 17.9 1212 2003-06-16 2880 18 TNGC3190 LINER 10 18 05.77 +21 49 55.8 1266 2003-07-26 1140 18 TNGC3226 LINER 10 23 27.00 +19 53 54.4 1147 2003-07-27 2340 13 TNGC3227 SY1.5 10 23 30.59 +19 51 54.0 1153 2003-08-02 2460 13 TKUG1021+675 SY2 10 25 13.03 +67 17 49.6 11142 2004-12-28 6780 10 RIC0614 SY2 10 26 51.88 -03 27 51.9 9919 2003-07-12 1230 15 TNGC3245 LINER 10 27 18.39 +28 30 26.6 1352 2004-12-19 5040 11 RESO436-G029 SY2 10 30 23.70 -30 23 42.8 4024 2002-05-23 2700 19 TCGCG009-070 SY2 10 30 50.85 -02 43 15.7 8654 2003-07-08 1740 19 TNGC3281 SY2 10 31 52.06 -34 51 13.3 3166 2002-07-02 1080 16 TIRAS10295-1831 SY1 10 31 57.29 -18 46 33.9 11604 2003-06-05 1800 13 TMCG-02-27-009 SY2 10 35 27.26 -14 07 46.9 4462 2003-06-09 1920 12 TCGCG037-092 SY2 10 36 35.80 +05 54 37.8 3464 2003-07-13 2178 13 TNGC3312 AGN 10 37 02.59 -27 33 54.6 2858 2003-05-09 1020 22 TGSC549500478 SY1 10 38 20.59 -10 07 00.4 8464 2003-06-14 1620 14 TMCG-01-27-031 SY1 10 39 46.27 -05 28 59.6 6069 2003-06-14 1980 13 TKUG1037+393A AGN 10 40 00.59 +39 07 20.1 8990 2005-01-13 4860 15 RMCG-03-27-026 SY2 10 42 18.73 -17 38 55.5 6067 2002-06-01 2700 12 TCGCG333-049 SY2 10 44 08.51 +70 24 19.5 9739 2004-12-14 7560 12 RNGC3362 SY2 10 44 51.71 +06 35 48.2 8067 2003-08-01 1800 14 TNGC3367 SY 10 46 34.80 +13 45 02.0 3007 2003-06-16 2220 21 TM96 LINER 10 46 45.74 +11 49 11.8 894 2002-02-15 2760 19 RNGC3379 LINER 10 47 49.60 +12 34 54.8 908 2005-01-02 6840 8 RMRK0152 LINER 10 48 52.53 +50 02 11.9 6748 2003-01-20 1160 20 RMRK0417 SY2 10 49 30.93 +22 57 51.9 9509 2005-02-24 8880 8 RESO215-G014 SY1 10 59 18.52 -51 26 30.3 5479 2003-09-13 2636 11 TNGC3486 SY2 11 00 23.88 +28 58 30.2 679 2004-12-15 3540 21 RNGC3511 SY1 11 03 23.68 -23 05 10.6 1102 2003-08-14 180 33 TNGC3507 LINER 11 03 25.39 +18 08 12.2 976 2004-12-20 3120 12 R
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Table 2.2|ContinuedGalaxy Name Type(a) �2000(a) Æ2000(a) vsys(a) Date T (b) 1�(
) Site(d)(hhmmss) (ddmmss) (km s�1) (s) (mJy)NGC3521 LINER 11 05 48.58 -00 02 09.1 803 2003-08-02 2820 11 TNGC3516 SY1.5 11 06 47.49 +72 34 06.9 2626 2005-02-09 3060 15 RMCG-01-28-026 SY2 11 06 57.06 -05 36 19.4 10314 2003-06-05 1380 14 TESO438-G009 SY1.5 11 10 47.97 -28 30 04.2 7174 2003-07-30 1860 12 TNGC3593 SY2 11 14 37.00 +12 49 04.0 627 2003-02-01 3330 17 RCGCG156-051 SY2 11 17 52.66 +29 18 16.1 6711 2002-12-29 2760 22 RM65 LINER 11 18 55.90 +13 05 37.0 805 2002-02-17 1980 18 RESO319-IG012NED02 SY2 11 19 01.24 -40 00 31.5 10334 2003-05-08 540 31 TNGC3627 SY2 11 20 15.02 +12 59 29.5 725 2004-12-23 4740 10 RCGCG011-076 SY2 11 21 12.26 -02 59 03.5 7283 2003-07-26 2400 9 TKUG1120-073 LINER 11 22 51.08 -07 35 19.4 6485 2005-05-23 9480 8 TNGC3656 LINER 11 23 38.43 +53 50 30.9 2842 2003-01-22 2070 18 RIRAS11215-2806 SY2 11 24 01.24 -28 23 08.2 3993 2003-06-16 1500 20 TNGC3675 LINER 11 26 07.90 +43 35 10.0 768 2004-12-18 1800 19 RNGC3681 LINER 11 26 29.79 +16 51 48.4 1234 2005-03-07 3420 11 RSBS1124+610 LINER 11 27 22.00 +60 44 53.8 9998 2005-01-09 13320 5 RESO439-G009 SY2 11 27 23.40 -29 15 27.0 6995 2003-07-30 2280 10 TNGC3697 AGN 11 28 50.40 +20 47 43.0 6133 2003-01-17 2460 20 RSBS1127+575 SY2 11 30 03.35 +57 18 30.3 10418 2005-01-15 6780 9 R2MASXJ11322058+8223433 SY2 11 32 20.32 +82 23 42.9 8165 2004-12-06 6780 12 RMRK0738 SY? 11 35 57.10 +28 11 48.6 11253 2003-01-30 1800 20 RESO216-G024 SY1.9 11 37 44.88 -49 10 43.2 4986 2003-05-07 3060 12 TNGC3783 SY1 11 39 01.77 -37 44 18.7 2889 2003-10-03 1440 18 TMRK0745 SY2? 11 39 56.31 +16 57 17.9 3175 2002-03-05 4050 15 RNGC3822 SY2 11 42 11.20 +10 16 40.0 6015 2005-03-17 9660 9 R[HB91℄1143-185 SY1 11 45 44.23 -18 46 40.0 5878 2003-09-13 3116 10 TMRK1457 SY2 11 47 21.61 +52 26 58.3 13922 2005-02-15 5460 8 RMCG-01-30-041 SY1.8 11 52 38.18 -05 12 25.5 5641 2003-08-01 2280 12 TNGC3941 SY2 11 52 55.27 +36 59 10.6 925 2002-04-12 2700 22 RNGC3945 LINER 11 53 13.60 +60 40 32.0 1254 2003-01-21 1560 23 RNGC3953 LINER 11 53 48.92 +52 19 36.4 1048 2003-01-19 2100 18 RIC0745 SY2 11 54 12.27 +00 08 11.7 1141 2004-06-22 2340 14 TNGC3976 SY2 11 55 57.32 +06 44 55.5 2476 2002-03-23 2808 16 R
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Table 2.2|ContinuedGalaxy Name Type(a) �2000(a) Æ2000(a) vsys(a) Date T (b) 1�(
) Site(d)(hhmmss) (ddmmss) (km s�1) (s) (mJy)NGC3982 SY2 11 56 28.10 +55 07 30.6 1105 2002-02-26 3240 11 RCGCG127-135 SY2 12 01 44.90 +20 19 44.0 6888 2003-07-27 2400 13 TPGC038055 SY2 12 02 56.87 -20 56 03.3 6285 2003-09-17 2040 14 TNGC4102 LINER 12 06 23.11 +52 42 39.5 844 2005-01-05 5520 9 RNGC4111 LINER 12 07 03.11 +43 03 56.3 805 2002-02-17 2380 16 RNGC4125 LINER 12 08 05.86 +65 10 26.8 1350 2003-02-03 2610 19 RNGC4138 SY1.9 12 09 29.79 +43 41 06.9 885 2005-03-10 7740 8 RNGC4143 LINER 12 09 36.10 +42 32 03.0 982 2005-01-11 6960 9 RNGC4145 LINER 12 10 01.51 +39 53 01.1 1013 2003-01-19 2160 18 RNGC4156 LINER 12 10 49.61 +39 28 21.8 6601 2005-03-06 5340 9 RNGC4168 SY1.9 12 12 17.30 +13 12 18.0 2267 2002-02-24 3420 15 RNGC4169 SY2 12 12 18.81 +29 10 46.3 3737 2002-03-02 3690 13 RNGC4175 AGN 12 12 31.05 +29 10 06.4 3959 2002-03-05 3690 14 RNGC4203 LINER 12 15 05.03 +33 11 50.0 1082 2005-03-07 6900 8 RNGC4216 LINER 12 15 54.39 +13 08 58.3 131 2003-01-22 1620 19 RESO505-IG030 SY2 12 16 57.14 -26 12 33.5 11451 2003-07-12 1350 15 TNGC4261 LINER 12 19 23.22 +05 49 30.8 2221 2002-03-01 3120 28 RNGC4278 SY1 12 20 06.82 +29 16 50.7 648 2002-02-28 450 91 RM61 SY2 12 21 54.89 +04 28 25.1 1558 2002-02-24 2520 17 RNGC4314 LINER 12 22 32.01 +29 53 43.6 960 2002-02-28 3330 27 RNGC4378 SY2 12 25 17.96 +04 55 29.8 2537 2002-03-31 3150 15 RNGC4395 SY1.8 12 25 48.92 +33 32 48.4 319 2005-03-17 9540 10 RNGC4394 LINER 12 25 55.63 +18 12 50.2 919 2003-01-22 1260 20 RNGC4414 LINER 12 26 27.11 +31 13 24.3 714 2003-02-01 2790 19 RNGC4412 LINER 12 26 35.92 +03 57 53.7 2277 2003-05-11 648 32 TNGC4355 SY2 12 26 54.62 -00 52 39.2 2163 2004-06-22 2940 13 TNGC4438 LINER 12 27 45.59 +13 00 31.8 71 2002-02-28 3300 29 RNGC4457 LINER 12 28 59.10 +03 34 14.0 879 2003-05-28 1500 14 TM49 SY2 12 29 46.79 +08 00 01.5 994 2002-03-31 3240 17 RNGC4477 SY2 12 30 02.22 +13 38 11.2 1347 2002-03-23 2754 16 RM87 SY 12 30 49.42 +12 23 28.0 1301 2002-02-28 2340 34 RNGC4494 LINER 12 31 24.11 +25 46 28.1 1345 2003-02-02 2700 18 RM88 SY2 12 31 59.16 +14 25 13.6 2264 2003-02-03 2160 19 R
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Table 2.2|ContinuedGalaxy Name Type(a) �2000(a) Æ2000(a) vsys(a) Date T (b) 1�(
) Site(d)(hhmmss) (ddmmss) (km s�1) (s) (mJy)2MASXJ12335145-2103448 SY1 12 33 51.50 -21 03 45.0 6750 2003-09-13 2088 13 TNGC4527 LINER 12 34 08.50 +02 39 10.0 1726 2004-07-01 1980 12 TNGC4540 SY1 12 34 50.85 +15 33 05.3 1281 2003-05-28 1080 18 TAM1232-365NED01 SY2 12 35 03.60 -37 15 32.0 8789 2003-05-22 2040 14 TM91 SY 12 35 26.42 +14 29 46.9 485 2003-02-02 1980 21 RNGC4550 LINER 12 35 30.61 +12 13 15.4 381 2003-01-22 1170 22 RNGC4507 SY2 12 35 36.54 -39 54 33.3 3497 2003-06-23 1680 15 TNGC4589 LINER 12 37 25.00 +74 11 31.0 1967 2004-12-20 3660 12 RM104 SY1.9 12 39 59.43 -11 37 23.0 1021 2003-06-05 900 21 TNGC4602 SY1.9 12 40 36.62 -05 07 57.0 2518 2002-03-31 3150 14 RIC3639 SY2 12 40 52.88 -36 45 21.5 3240 2003-07-16 2520 18 TWKK1263 SY2 12 41 25.80 -57 50 03.3 7149 2002-06-18 2820 10 TNGC4628 SY2 12 42 25.26 -06 58 15.6 2802 2002-06-02 2520 12 TIRAS12409+7823 SY1.9 12 42 36.03 +78 07 20.3 6482 2003-01-27 2340 19 RNGC4636 LINER 12 42 50.00 +02 41 17.0 935 2004-04-25 3690 13 TNGC4639 SY1.8 12 42 52.39 +13 15 27.1 1007 2003-07-13 1632 16 TNGC4643 LINER 12 43 20.10 +01 58 42.0 1313 2003-05-28 900 17 TNGC4651 LINER 12 43 42.62 +16 23 36.0 803 2004-06-12 4380 14 TNGC4666 LINER 12 45 08.76 -00 27 40.9 1512 2004-06-17 1440 21 TNGC4698 SY2 12 48 22.97 +08 29 14.3 999 2002-02-24 3060 16 RNGC4699 SY 12 49 02.23 -08 39 53.5 1388 2003-07-19 2190 12 TNGC4713 LINER 12 49 57.86 +05 18 39.0 651 2004-06-17 1860 14 TNGC4750 LINER 12 50 07.12 +72 52 29.7 1614 2004-11-27 4920 16 RNGC4725 SY2 12 50 26.60 +25 30 05.8 1201 2002-02-24 3240 12 RNGC4736 LINER 12 50 53.06 +41 07 13.6 308 2005-02-11 8520 13 RNGC4762 LINER 12 52 56.00 +11 13 53.0 981 2002-02-16 2700 16 RESO323-G032 SY2 12 53 20.35 -41 38 13.8 4720 2003-05-07 2790 13 TNGC4785 SY2 12 53 26.82 -48 44 58.8 3689 2003-06-23 1740 16 TNGC4772 LINER 12 53 29.04 +02 10 02.4 1036 2004-06-17 2280 14 TNGC4813 LINER 12 56 36.34 -06 49 03.2 1367 2004-04-25 2430 15 TNGC4826 SY2 12 56 43.76 +21 40 51.9 407 2005-01-15 4320 12 RNGC4866 LINER 12 59 27.20 +14 10 18.0 1975 2004-07-07 2280 14 TNGC4897 SY 13 00 52.87 -13 26 58.9 2539 2003-08-02 1800 14 T
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Table 2.2|ContinuedGalaxy Name Type(a) �2000(a) Æ2000(a) vsys(a) Date T (b) 1�(
) Site(d)(hhmmss) (ddmmss) (km s�1) (s) (mJy)NGC4903 SY2 13 01 23.07 -30 56 02.2 4855 2003-05-07 3150 12 TNGC4939 SY2 13 04 14.33 -10 20 22.7 3079 2002-03-02 3300 14 RIC4180 SY2 13 06 56.53 -23 55 01.4 2943 2003-05-06 2520 13 TNGC4968 SY2 13 07 05.89 -23 40 39.4 2928 2003-06-05 1320 16 T2MASXJ13084201-2422581 SY2 13 08 42.10 -24 22 59.5 4118 2003-07-30 2460 12 TNGC4981 LINER 13 08 48.86 -06 46 44.5 1677 2003-07-19 1770 12 TNGC4995 SY 13 09 40.62 -07 50 01.0 1757 2003-06-05 1800 14 TUGCA330 SY2 13 09 47.50 -10 19 12.0 1208 2002-03-31 3150 14 RMCG-01-34-008 SY2 13 10 17.31 -07 27 15.2 6566 2002-07-31 1800 15 TIISZ010 SY1 13 13 05.77 -11 07 41.5 9858 2003-06-07 1320 15 TNGC5038 LINER 13 15 02.14 -15 57 06.3 2206 2002-09-06 1620 27 TESO508-G033 AGN 13 16 23.25 -26 33 41.5 3293 2002-06-01 2700 14 TNGC5064 LINER 13 19 00.20 -47 54 39.7 2951 2002-05-31 2610 15 TSBS1317+548 SY2 13 19 15.90 +54 36 06.1 9633 2004-12-14 5640 15 RNGC5077 SY1.9 13 19 31.65 -12 39 25.9 2791 2003-07-30 1560 14 TTOLOLO0081 SY2 13 19 38.53 -33 22 54.6 8483 2002-08-10 1800 17 TNGC5104 LINER 13 21 23.08 +00 20 32.7 5476 2004-07-01 1560 13 TCTS0022 SY1 13 21 58.15 -31 04 26.1 12855 2004-07-05 2160 12 TLEDA169714 AGN? 13 22 27.60 -20 35 45.0 6064 2002-09-11 2250 11 TPGC046808 SY2 13 23 45.01 -27 39 33.4 2319 2002-05-23 1160 19 TNPM1G-19.0448 AGN 13 23 50.01 -19 41 48.3 5213 2002-09-09 2430 12 TNGC5122 LINER 13 24 14.96 -10 39 16.4 2792 2002-08-05 2070 14 TIRAS13218-1929 SY1.9 13 24 35.23 -19 45 11.0 5192 2002-06-01 2700 12 TNGC5135 SY2 13 25 43.97 -29 50 02.3 4056 2003-07-30 1680 12 TESO576-G069 LINER 13 30 05.30 -20 55 58.7 5246 2002-06-02 2520 13 TNGC5218 LINER 13 32 10.51 +62 46 03.9 2853 2004-11-27 5400 18 RESO383-G018 SY2 13 33 26.00 -34 00 55.7 3675 2002-09-09 1980 14 TESO509-IG064 SY2 13 34 39.19 -23 40 46.5 2555 2002-06-02 2610 13 TESO383-G035 SY1.2 13 35 53.73 -34 17 45.5 2305 2004-07-09 2760 17 TNGC5258 LINER 13 39 57.95 +00 49 58.4 6608 2004-07-07 1380 15 TNGC5283 SY2 13 41 05.76 +67 40 20.3 3087 2002-03-04 3060 30 R2MASXIJ13411287-1438407 SY1 13 41 12.90 -14 38 40.6 12025 2003-07-08 7350 10 TNGC5266 LINER 13 43 01.61 -48 10 11.8 3043 2002-05-17 2040 13 T
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Table 2.2|ContinuedGalaxy Name Type(a) �2000(a) Æ2000(a) vsys(a) Date T (b) 1�(
) Site(d)(hhmmss) (ddmmss) (km s�1) (s) (mJy)MRK0796 SY2 13 46 49.43 +14 24 00.9 6333 2002-07-31 1530 20 TMRK1361 SY2 13 47 04.38 +11 06 22.9 6625 2004-07-15 1980 12 TCGCG045-099 SY2 13 47 09.23 +03 38 37.8 6711 2003-07-30 1140 14 TMRK0461 SY2 13 47 17.74 +34 08 55.3 4779 2002-03-05 3150 15 RMCG-01-35-013 AGN 13 48 59.59 -07 11 43.8 7401 2002-08-17 1620 17 TIC4329 SY1 13 49 05.30 -30 17 47.0 4471 2003-05-22 2700 13 TNGC5322 LINER 13 49 15.19 +60 11 26.5 1770 2004-11-27 4800 24 RIC4329A SY1.2 13 49 19.29 -30 18 34.4 4737 2004-06-27 1920 12 TAPMUKS(BJ)B134 LINER 13 49 48.40 -06 58 23.2 6471 2004-06-19 1500 14 TUM614 SY1 13 49 52.83 +02 04 44.8 9521 2004-07-05 1440 14 TESO221-G012 SY? 13 51 31.97 -48 04 55.3 2921 2003-05-11 3350 14 TNGC5353 AGN 13 53 26.69 +40 16 58.9 2292 2002-02-26 3150 12 RNGC5354 LINER 13 53 26.70 +40 18 09.9 2548 2002-02-24 2970 13 RNGC5363 LINER 13 56 07.10 +05 15 20.0 1135 2002-08-05 2070 14 TESO578-G009 SY1 13 56 36.70 -19 31 45.1 10040 2004-06-19 1020 16 TNGC5395 SY2 13 58 38.13 +37 25 29.9 3451 2003-01-19 2100 18 RUM625 SY2 14 00 40.59 -01 55 18.1 7309 2002-07-31 1530 15 TESO510-G046 SY2 14 01 58.45 -25 32 19.8 6219 2002-08-04 1980 11 TMRK1370 SY2 14 08 04.02 +07 19 39.3 7193 2004-06-29 1320 15 TPGC050427 SY1.4 14 08 06.78 -30 23 53.9 6936 2004-04-25 1170 19 TCGCG074-129 SY2 14 10 41.38 +13 33 28.6 4759 2003-07-30 780 20 TCGCG074-145 SY2 14 13 27.42 +08 58 52.3 7029 2003-08-02 960 16 TIC4397 SY2 14 17 58.72 +26 24 45.2 4355 2004-11-27 3900 20 RNGC5566 LINER 14 20 20.00 +03 56 02.0 1499 2002-03-31 3150 17 RIRAS14167-723 SY2 14 21 21.30 -72 50 20.0 7654 2002-06-11 1800 13 TNGC5631 SY2 14 26 33.20 +56 34 58.0 1966 2005-02-14 2820 12 RNGC5678 LINER 14 32 05.80 +57 55 17.0 1910 2005-03-18 9180 13 RNGC5664 SY2 14 33 43.54 -14 37 10.9 4469 2002-06-02 2160 17 TIRAS14317-3237 SY2 14 34 44.89 -32 50 27.5 7426 2002-05-31 1890 16 TWKK3262 SY2 14 35 14.84 -69 43 59.2 7556 2004-05-09 3360 9 TNGC5701 LINER 14 39 11.03 +05 21 46.6 1497 2002-08-04 1530 15 TESO512-G020 SY1 14 44 56.92 -23 47 39.7 3154 2004-06-29 1740 14 TIRAS14484-3613 SY 14 51 33.20 -36 25 57.0 8534 2004-07-01 1380 13 T
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Table 2.2|ContinuedGalaxy Name Type(a) �2000(a) Æ2000(a) vsys(a) Date T (b) 1�(
) Site(d)(hhmmss) (ddmmss) (km s�1) (s) (mJy)WKK3646 SY2 15 04 39.45 -68 00 07.4 4422 2002-05-17 2550 11 TNGC5838 LINER 15 05 26.20 +02 05 58.0 1357 2002-03-26 3870 15 RNGC5866 LINER 15 06 29.81 +55 45 48.1 670 2002-04-12 3870 15 RNGC5879 LINER 15 09 46.82 +57 00 02.6 770 2002-03-26 3780 16 R2MASXJ15115979-2119015 NLSY1 15 11 59.80 -21 19 01.7 12802 2004-07-05 1380 14 TESO328-IG036NED01 SY1 15 14 48.80 -40 21 55.0 6941 2003-05-22 3120 11 TNGC5921 LINER 15 21 56.50 +05 04 14.0 1473 2002-09-06 2040 21 TMCG-01-40-001 SY2 15 33 20.70 -08 42 02.3 6733 2002-08-05 1710 13 TNGC5953 SY2 15 34 32.40 +15 11 38.7 1952 2002-02-22 3240 22 RNGC5954 SY2 15 34 35.06 +15 12 00.2 1946 2002-03-23 2862 16 RUGC09944 SY2 15 35 47.86 +73 27 02.5 7178 2002-12-31 2340 22 RIRAS15335-051 LINER 15 36 11.68 -05 23 52.0 7968 2002-08-02 1350 21 TNGC5970 LINER 15 38 30.15 +12 11 12.2 1944 2002-03-31 3510 16 RCGCG194-013 AGN 15 38 38.50 +36 57 29.9 5486 2002-12-31 1650 28 RCGCG022-021 SY1.9 15 38 44.74 -03 22 48.2 6971 2002-08-17 1980 16 TNGC5995 SY2 15 48 24.95 -13 45 28.0 7367 2002-08-02 2250 16 TNGC6027A AGN 15 59 11.22 +20 45 16.5 4178 2002-03-02 3960 12 RMRK0885 SY1.5 16 29 48.25 +67 22 41.8 7405 2005-03-20 9120 14 RNGC6217 SY2 16 32 39.29 +78 11 54.3 1356 2002-02-26 3600 11 RESO137-G034 SY2 16 35 13.73 -58 04 46.1 2722 2002-09-14 1890 13 TIRAS16382-0613 SY2? 16 40 52.24 -06 18 52.3 8092 2002-07-27 1800 12 TNGC6211 SY2 16 41 27.64 +57 47 00.9 5850 2003-02-02 3780 16 RESO138-G001 SY2 16 51 20.12 -59 14 05.2 2715 2002-09-14 2160 13 TUGC10578 SY 16 51 23.46 -02 27 15.7 7342 2004-06-27 1920 11 TNGC6221 SY2 16 52 46.08 -59 13 07.0 1475 2002-09-14 2430 11 TNGC6240 SY2 16 52 58.89 +02 24 03.4 7164 2004-06-19 1560 14 TNGC6286 LINER 16 58 31.65 +58 56 14.3 5402 2003-02-03 2610 17 RUGC10639 SY2 16 59 08.57 +28 59 31.0 9456 2003-01-15 1380 19 RNGC6340 LINER 17 10 24.90 +72 18 16.0 1193 2002-03-26 3780 13 RNGC6328 LINER 17 23 41.03 -65 00 36.6 4200 2004-05-09 1560 20 TNGC6394 SY2 17 30 21.43 +59 38 23.7 8252 2005-01-07 5400 9 RNGC6384 LINER 17 32 24.30 +07 03 38.0 1656 2002-02-22 3420 16 RCGCG321-020NED01 SY2 17 34 31.64 +67 02 29.2 7767 2004-12-03 4200 15 R
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Table 2.2|ContinuedGalaxy Name Type(a) �2000(a) Æ2000(a) vsys(a) Date T (b) 1�(
) Site(d)(hhmmss) (ddmmss) (km s�1) (s) (mJy)CGCG112-010NE SY2 17 35 33.78 +20 47 46.6 7090 2002-08-04 1710 16 TNVSSJ173728-290802 SY1 17 37 28.35 -29 08 02.5 6282 2004-06-29 1440 14 TESO139-G012 SY2 17 37 39.20 -59 56 26.0 5111 2002-05-19 1710 17 T[HB91℄1739-126 SY1 17 41 48.75 -12 41 00.6 10696 2004-07-05 960 17 TCGCG300-062 SY2 17 43 17.37 +62 50 20.8 9577 2005-01-09 6660 6 RNGC6482 LINER 17 51 48.90 +23 04 19.0 3885 2004-07-15 2280 14 TMRK1119 SY? 17 52 36.86 +37 44 53.2 3163 2003-01-27 1980 26 RNGC6521 SY1.9 17 55 48.44 +62 36 44.1 8013 2005-01-04 5820 8 RNGC6552 SY2 18 00 07.29 +66 36 54.3 7737 2003-01-23 2970 13 RAM1754-634NED03 SY? 18 00 10.96 -63 43 33.9 4627 2004-06-27 2340 10 TNGC6574 SY 18 11 51.24 +14 58 55.0 2265 2002-02-15 360 47 RCGCG142-019 SY 18 12 14.07 +21 53 05.4 5367 2003-01-15 1920 15 RUGC11185NED01 SY2 18 16 09.26 +42 39 18.7 11931 2005-01-11 5700 9 RNGC6636 SY2 18 22 02.70 +66 36 58.0 4330 2002-12-31 2760 19 RFAIRALL0049 SY2 18 36 58.29 -59 24 08.6 5945 2002-09-14 2520 11 TIC4729 SY2 18 39 56.50 -67 25 32.0 4355 2004-05-08 3600 13 TESO103-G056 SY2? 18 43 33.37 -64 06 23.0 3293 2002-09-19 2880 13 TIC4769 SY2 18 47 43.90 -63 09 22.6 4466 2002-05-16 2700 13 TAM1843-602 LINER 18 47 45.40 -60 20 53.0 10371 2005-06-27 7020 9 TIC4777 SY2 18 48 11.23 -53 08 51.4 5454 2002-07-04 1080 19 TIRAS18491-2940 SY1 18 52 22.43 -29 36 20.7 12182 2004-06-25 2340 14 TESO025-G002 SY1 18 54 39.77 -78 53 51.2 8303 2003-05-22 2520 16 TIRASF18492-7832 SY1 18 57 06.80 -78 28 20.0 12084 2003-05-22 1260 20 TNGC6744 LINER 19 09 46.23 -63 51 25.1 839 2002-05-17 1440 15 TUGC11415 SY2 19 11 04.50 +73 25 36.0 7369 2002-12-31 1740 25 RWNB1927+6527 SY2 19 27 20.20 +65 33 51.2 5011 2002-12-31 1380 26 RIRAS19348-0619 SY1 19 37 33.19 -06 13 05.5 3141 2004-06-29 1740 14 TIC4870 SY2 19 37 38.00 -65 48 42.0 886 2002-06-05 1260 17 TNGC6814 SY1.5 19 42 40.64 -10 19 24.6 1555 2004-04-25 3690 11 TNGC6810 SY2 19 43 34.16 -58 39 20.6 2017 2002-09-21 2340 13 TIC4889 SY2 19 45 15.82 -54 20 37.4 2552 2004-07-21 1980 13 THCG086-07 SY2 19 51 12.06 -30 59 12.9 6339 2002-05-20 1860 16 TESO339-G011 SY2 19 57 37.54 -37 56 08.5 5648 2002-05-16 2400 13 T
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Table 2.2|ContinuedGalaxy Name Type(a) �2000(a) Æ2000(a) vsys(a) Date T (b) 1�(
) Site(d)(hhmmss) (ddmmss) (km s�1) (s) (mJy)IRAS19580-1818 SY1 20 00 55.71 -18 10 27.4 10780 2004-06-25 2220 13 TCGMW5-11302 AGN 20 02 48.48 +22 28 27.8 8449 2002-08-17 2340 16 TNGC6890 SY2 20 18 18.07 -44 48 23.4 2400 2004-04-29 1980 21 TIC4995 SY2 20 19 59.06 -52 37 19.8 4749 2002-07-02 2880 11 TESO462-G009 SY2 20 21 51.12 -31 17 18.0 5670 2002-07-02 2610 13 TESO234-IG056 SY2 20 37 02.24 -50 05 37.7 2684 2002-06-09 2400 16 TNGC6967 SY2 20 47 34.20 +00 24 45.0 3721 2002-09-06 2220 14 TESO597-G036 AGN 20 48 15.00 -19 50 57.9 8212 2002-08-17 1620 17 TIC5063 SY2 20 52 02.02 -57 04 09.1 3364 2002-09-19 2976 12 TNGC6977 AGN 20 52 29.70 -05 44 46.3 6067 2002-08-10 1620 15 TNGC6978 AGN 20 52 35.59 -05 42 41.6 5914 2002-08-10 1620 14 TAPMUKS(BJ)B204 SY2 20 53 10.42 -52 54 53.2 12725 2004-06-24 1860 12 TESO286-G017 SY2 20 57 49.39 -43 21 05.2 9469 2004-06-15 1980 13 TESO187-G042 SY2 20 59 31.21 -52 39 51.3 7012 2004-05-09 1800 12 TCGCG425-034 SY1.5 21 02 21.62 +10 58 16.0 8422 2005-06-16 4020 11 TNGC7013 LINER 21 03 33.31 +29 53 49.3 777 2003-01-23 1620 17 RESO235-G059 SY1.8 21 06 33.65 -49 13 10.3 7284 2004-06-27 1980 11 TUGC11680NED01 SY2 21 07 41.48 +03 52 19.6 7594 2002-08-10 2610 12 TUGC11680NED02 SY2 21 07 45.82 +03 52 40.4 7694 2003-01-27 1710 19 RMRK0510 SY? 21 09 23.06 -01 50 16.7 5735 2003-01-28 1440 18 RIC1368 SY2 21 14 12.60 +02 10 41.0 3862 2005-02-11 5640 13 RNGC7083 LINER 21 35 45.42 -63 54 16.6 3077 2002-06-05 2340 14 TESO343-IG013NED01 LINER 21 36 10.83 -38 32 40.9 5575 2002-08-05 1890 13 T2MASXJ21391374-2646315 SY2 21 39 13.70 -26 46 31.3 8920 2004-06-15 1560 14 TUGC11804 LINER 21 44 09.83 +46 14 45.8 5362 2003-01-23 1170 24 RNGC7130 SY2 21 48 19.50 -34 57 06.0 4765 2002-09-11 1530 16 TNGC7135 AGN 21 49 45.56 -34 52 32.7 2617 2002-07-02 1710 14 TIRAS21497-0824 SY2 21 52 26.00 -08 10 25.0 9986 2004-06-25 2940 11 TESO075-G041 SY2 21 57 05.98 -69 41 23.7 8243 2002-06-02 2790 12 TIC1417 SY2 22 00 21.61 -13 08 49.1 5251 2003-01-28 1890 17 RNGC7177 LINER 22 00 41.20 +17 44 16.0 1146 2003-02-03 2640 20 RUGC11871 SY1.9 22 00 41.37 +10 33 08.7 7771 2002-08-17 2520 13 TNGC7172 SY2 22 02 01.68 -31 52 18.1 2581 2004-06-19 1500 13 T
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Table 2.2|ContinuedGalaxy Name Type(a) �2000(a) Æ2000(a) vsys(a) Date T (b) 1�(
) Site(d)(hhmmss) (ddmmss) (km s�1) (s) (mJy)NGC7189 LINER 22 03 16.00 +00 34 17.0 8930 2003-01-21 2100 20 RIC5154 SY2 22 04 29.79 -66 06 51.0 3086 2002-09-21 2610 16 TUGC11897 LINER 22 04 30.73 +41 24 36.3 4351 2003-01-24 1890 19 RNGC7212NED02 SY2 22 07 01.98 +10 14 00.3 7786 2002-08-04 1800 12 TNGC7205 LINER 22 08 34.40 -57 26 33.1 1681 2004-04-29 2940 16 TNGC7213 SY1.5 22 09 16.25 -47 10 00.0 1781 2004-04-29 3300 14 TIC5169 SY2 22 10 09.98 -36 05 19.0 2986 2002-06-01 2700 14 TESO108-IG017 SY2 22 10 47.40 -66 52 11.5 2175 2002-09-19 1500 14 TUGC11974 LINER 22 17 15.81 +33 30 13.9 6253 2003-02-03 2340 19 RIC5201 SY2 22 20 57.43 -46 02 06.1 912 2004-06-19 1260 15 TMCG+02-57-002 SY1.5 22 23 45.02 +11 50 09.0 8449 2004-07-28 2400 14 TCGCG429-005 SY1 22 25 35.06 +11 40 11.3 10138 2004-06-25 2400 12 TNGC7282 SY2 22 25 53.84 +40 18 53.5 4474 2003-01-23 2070 15 RUGC12040 SY2 22 27 05.74 +36 21 41.9 6260 2003-01-24 1620 18 RFAIRALL0357 SY2 22 27 31.03 -70 23 18.3 8407 2002-08-13 1890 12 TESO602-G025 LINER 22 31 25.49 -19 02 03.1 7324 2002-09-09 1380 16 TNGC7303 LINER 22 31 32.80 +30 57 22.0 3652 2003-01-21 2280 20 RARK557 SY1.5 22 32 30.80 +08 12 26.0 7367 2004-07-15 1680 13 TCTS0065 SY1 22 34 41.00 -37 06 45.0 12360 2004-06-25 2220 12 TNGC7314 SY1.9 22 35 45.89 -26 03 01.3 1415 2002-09-11 1440 17 TNGC7319 SY2 22 36 03.54 +33 58 32.6 6598 2004-12-20 4020 10 R2DFGRSS180Z007 LINER 22 36 07.20 -27 43 29.4 7898 2002-06-23 2520 14 TNGC7343 LINER 22 38 37.86 +34 04 17.2 7287 2004-11-27 4800 13 RESO534-G009 LINER 22 38 41.64 -25 51 00.5 3348 2002-08-05 2340 12 TUGC12138 SY1.8 22 40 17.05 +08 03 14.1 7305 2004-06-27 1380 14 TUGC12150 LINER 22 41 12.26 +34 14 57.0 6279 2004-11-26 2460 17 RUGC12163 SY1.8 22 42 39.34 +29 43 31.3 7222 2005-01-01 7500 9 RESO345-IG045NED01 LINER 22 43 14.23 -40 02 55.5 8845 2003-07-08 2640 15 TNGC7369 LINER 22 44 12.31 +34 21 04.4 6437 2003-02-04 2640 19 RNGC7378 SY2 22 47 47.63 -11 48 58.8 2558 2004-06-27 1860 13 TUGC12199 LINER 22 49 04.01 +40 00 04.2 6582 2004-11-26 2340 18 RUGC12201 LINER 22 49 09.55 +34 59 30.5 4971 2003-02-02 2160 23 R2MASXJ22493210+3455098 LINER 22 49 32.10 +34 55 09.8 6861 2004-12-06 5820 14 R
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Table 2.2|ContinuedGalaxy Name Type(a) �2000(a) Æ2000(a) vsys(a) Date T (b) 1�(
) Site(d)(hhmmss) (ddmmss) (km s�1) (s) (mJy)MCG-03-58-007 SY2 22 49 37.14 -19 16 26.4 9144 2004-06-15 1418 17 TNGC7410 SY2 22 55 00.95 -39 39 40.8 1741 2002-06-02 2610 14 TIC1459 AGN 22 57 10.60 -36 27 44.0 1682 2002-09-21 2340 16 TESO027-G019 SY2 22 59 01.62 -80 01 55.3 10975 2004-06-24 2280 11 TIRAS22570-2601 SY2 22 59 41.84 -25 45 06.3 7796 2002-08-05 1800 12 TMRK0522 SY2 23 00 19.09 +16 22 57.9 9338 2004-07-28 2220 14 TNGC7450 SY1.5 23 00 47.82 -12 55 06.7 3157 2002-09-09 1140 15 TNGC7465 SY2 23 02 00.96 +15 57 53.4 1955 2003-01-21 3420 20 RNGC7466 SY2 23 02 03.42 +27 03 09.5 7310 2003-01-27 990 24 RNGC7469 SY1.2 23 03 15.62 +08 52 26.4 4813 2004-07-27 2340 14 TIC5283 SY? 23 03 17.70 +08 53 37.0 4728 2003-01-27 1170 22 RMRK0315 SY1.5 23 04 02.62 +22 37 27.5 11217 2005-02-04 5760 13 RCGCG453-062 LINER 23 04 56.59 +19 33 08.1 7340 2002-08-13 2250 13 TNGC7479 SY2 23 04 56.65 +12 19 22.4 2362 2003-02-01 2250 19 RUGC12348 SY2 23 05 18.80 +00 11 21.0 7442 2002-08-15 1800 12 TESO469-G011 SY2 23 05 48.90 -30 36 41.8 8269 2004-06-22 2610 14 T2MASXIJ2305539+171813 SY2 23 05 53.98 +17 18 13.9 12084 2003-01-30 2610 16 RPG2304+042 SY1 23 07 02.91 +04 32 57.2 12084 2004-06-25 2220 12 TNGC7496 SY2 23 09 47.26 -43 25 39.8 1640 2002-09-19 1530 15 TNGC7550 AGN 23 15 16.01 +18 57 42.5 4988 2002-08-13 2340 13 TNGC7549 AGN 23 15 17.23 +19 02 30.1 4662 2002-03-02 3120 14 RIC5298 SY2 23 16 00.69 +25 33 24.2 7979 2004-12-21 6480 12 RNGC7552 LINER 23 16 11.00 -42 34 59.0 1577 2004-06-19 1680 13 TNGC7591 LINER 23 18 16.24 +06 35 09.3 4875 2002-08-17 1620 16 TNGC7592A SY2 23 18 21.16 -04 24 55.3 7203 2003-02-02 3600 14 RNGC7582 SY2 23 18 23.50 -42 22 14.0 1567 2004-06-27 1560 13 TUGC12492 SY2 23 18 53.79 -01 03 36.9 8659 2003-01-12 1230 17 RNGC7590 SY2 23 18 54.60 -42 14 21.0 1588 2002-09-19 1680 15 TNGC7603 SY1.5 23 18 56.62 +00 14 38.2 8597 2005-02-01 5520 10 RUGC12519 SY2 23 20 02.75 +15 57 10.6 4315 2002-08-10 2070 16 TUGC12591 LINER 23 25 21.85 +28 29 42.3 6792 2004-12-05 7500 16 RKUG2323+226 LINER 23 25 42.71 +22 54 17.8 7190 2003-02-06 2160 19 RNGC7672 SY2 23 27 31.44 +12 23 06.4 3957 2004-06-19 2280 13 T



CHAPTER2.DISCOVERYOFMASEREMISSIONIN8AGNWITHTHEDSN52

Table 2.2|ContinuedGalaxy Name Type(a) �2000(a) Æ2000(a) vsys(a) Date T (b) 1�(
) Site(d)(hhmmss) (ddmmss) (km s�1) (s) (mJy)NPM1G+08.0558 SY2 23 27 42.57 +08 45 30.2 8562 2003-01-12 960 19 RNGC7678 SY2 23 28 27.91 +22 25 16.2 3449 2003-01-28 2250 16 RNGC7679 SY1 23 28 46.70 +03 30 42.0 5051 2004-07-27 1740 13 TNGC7682 SY2 23 29 03.93 +03 32 00.0 5048 2003-02-01 2520 18 RIC1495 SY2 23 30 47.72 -13 29 07.5 6251 2002-09-11 2250 12 TUGC12646 SY2 23 31 39.06 +25 56 44.1 7824 2004-12-05 5220 21 R2MASXIJ23315772-1846203 SY2 23 31 57.76 -18 46 20.7 9126 2003-07-08 1440 20 TNGC7714 LINER 23 36 14.10 +02 09 18.6 2772 2002-09-11 2070 14 TUGC12711 LINER 23 37 59.23 +31 59 42.6 4902 2003-02-01 2700 17 RNGC7733 SY2 23 42 32.98 -65 57 22.7 9834 2004-05-09 3480 8 TNGC7743 SY2 23 44 21.20 +09 56 03.0 1700 2002-12-08 1260 23 RUGC12776 LINER 23 46 12.17 +33 22 12.4 4857 2003-01-24 2250 16 RCGCG432-031 SY2 23 47 09.16 +15 35 45.8 7576 2002-08-17 1890 16 TCGCG381-051 SY2 23 48 41.70 +02 14 23.0 8920 2004-06-22 2610 13 TKUG2348+270A LINER 23 50 47.48 +27 17 16.9 7791 2004-12-05 8340 11 RNGC7769 LINER 23 51 03.97 +20 09 01.5 4153 2002-09-06 1890 18 TUGC12812 SY2 23 51 26.80 +20 35 09.9 5440 2002-08-13 1980 14 TCGCG407-065 SY2 23 51 32.87 +08 44 16.5 12107 2003-01-30 2220 20 RCGCG498-038 SY2 23 55 44.26 +30 12 44.4 8964 2004-12-10 4950 14 RIC1515 SY2 23 56 03.92 -00 59 18.6 6520 2003-02-01 2700 16 RIC1524 SY1 23 59 10.73 -04 07 37.0 5678 2004-07-27 1740 13 T(a)Type, position, and helio
entri
 systemi
 velo
ity obtained from the NED at the outset of the survey in 2002. Velo
itiesare 
omputed assuming the radio de�nition of Doppler shift.(b)Total integration time on+o� sour
e.(
)Rms noise in a 1:3 kms�1 spe
tral 
hannel, 
orre
ted for atmospheri
 opa
ity (typi
ally � 0:07) and for the dependen
eof antenna gain on elevation.(d)R=Robledo, T=Tidbinbilla.
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CHAPTER 3. CORRELATION BETWEENMASER AND X-RAY LUMINOSITIES54Abstra
tWe report the dis
overy of water maser emission in �ve a
tive gala
ti
 nu
lei(AGN) with the 100-m Green Bank Teles
ope (GBT). The positions of thenewly dis
overed masers, measured with the VLA, are 
onsistent with the opti
alpositions of the host nu
lei to within 1� (0.003 radio and 1.003 opti
al) and mostlikely mark the lo
ations of the embedded 
entral engines. The spe
tra of threesour
es, 2MASXJ08362280+3327383, NGC6264, and UGC09618NED02, displaythe 
hara
teristi
 spe
tral signature of emission from an edge-on a

retion diskwith maximum orbital velo
ity of � 700 km s�1, � 800 km s�1, and � 1300 km s�1,respe
tively. We also present a GBT spe
trum of a previously known sour
eMRK0034 and interpret the narrow Doppler 
omponents reported here as indire
teviden
e that the emission originates in an edge-on a

retion disk with orbitalvelo
ity of � 500 km s�1. We obtained a dete
tion rate of 12% (5 out of 41) amongSeyfert 2 and LINER systems with 10000 km s�1 < vsys < 15000 km s�1. For the30 nu
lear water masers with available hard X-ray data, we report a possiblerelationship between unabsorbed X-ray luminosity (2� 10 keV) and total isotropi
water maser luminosity, L2�10 / L0:5�0:1H2O , 
onsistent with the model proposed byNeufeld and Maloney in whi
h X-ray irradiation and heating of mole
ular a

retiondisk gas by the 
entral engine ex
ites the maser emission.
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tionWater maser emission (� = 1:3 
m) is 
urrently the only resolvable tra
er of warmdense mole
ular gas in the inner parse
 of a
tive gala
ti
 nu
lei (AGN) and hasbeen dete
ted to date in approximately 60 nu
lei, the great majority of whi
h are
lassi�ed opti
ally as Seyfert 2 or LINER (e.g., Braatz et al. 1996, 2004; Greenhillet al. 2003; Henkel et al. 2005; Kondratko et al. 2006; Zhang et al. 2006). Be
auseof the asso
iation of maser emission with nu
lear a
tivity, X-ray irradiation ofmole
ular gas by the 
entral engine provides the most likely model for ex
iting themaser emission (e.g., Neufeld, Maloney, & Conger 1994). Maser emission mightbe asso
iated with Seyfert 2 systems in parti
ular be
ause, over a range of AGNluminosity, the shielding 
olumn density that provides the obs
uring geometry intype 2 AGN (e.g., Lawren
e & Elvis 1982; Antonu

i 1993) maintains not only areservoir of mole
ular gas but also physi
al 
onditions 
ondu
ive to maser a
tion,whi
h are temperatures of 250 � 1000K and H2 number densities of 108�10 
m�3(e.g., Des
h, Wallin, & Watson 1998). The importan
e of the obs
uring geometry inthis 
ontext is supported by an empiri
al observation that water maser sour
es arefound preferentially in nu
lei with large hydrogen 
olumn densities (NH > 1024 
m�2;Braatz et al. 1997b; Madejski et al. 2006; Zhang et al. 2006). There is good eviden
ethat LINERs are low-luminosity analogues of Seyfert 2 systems (e.g., Ho et al. 1997b;Ho 1999a; Ho et al. 2003), whi
h might explain the asso
iation of maser emissionwith the former. If X-ray irradiation indeed ex
ites the maser emission (e.g., Neufeldet al. 1994), then a relationship between X-ray and water maser luminosities mightre
e
t this dependan
e. Braatz et al. (1997b) observed no 
orrelation between the



CHAPTER 3. CORRELATION BETWEENMASER AND X-RAY LUMINOSITIES56two, but that study was based on only seven water maser systems and relied on therelatively 
oarse X-ray data from EXOSAT, GINGA, and ASCA teles
opes, withwhi
h luminosities 
an be diÆ
ult to estimate a

urately when 
olumn densitiesare large. On the other hand, Henkel et al. (2005) reported a 
orrelation betweeninfrared and total isotropi
 water maser luminosities (i.e., assuming the isotropi
emission of maser radiation), and this might be indire
tly indi
ative of a physi
alrelationship between X-ray and maser luminosities, mediated by dust repro
essing(e.g., Fran
es
hini et al. 2005). The substantial in
rease in the number of knownwater maser sour
es over the past few years (e.g., Greenhill et al. 2003; Braatz etal. 2004; Kondratko et al. 2006) 
ombined with the re
ent growth in the numberof AGN for whi
h high-quality X-ray spe
tra have been obtained (with angularapertures that isolate the 
entral engines reasonably well), have enabled a new lookat the possibility of a relationship between X-ray and water maser luminosities.Very Long Baseline Interferometry (VLBI) maps of seven water maser sour
eshave been interpreted in a 
ontext of a model in whi
h the maser emission tra
esa nearly edge-on disk of mole
ular material 0:1 to 1 p
 from a supermassive bla
khole: NGC4258 (Miyoshi et al. 1995), NGC1386 (Braatz et al. 1997a), NGC4945(Greenhill et al. 1997b), NGC1068 (Greenhill & Gwinn 1997), NGC3079 (Trotteret al. 1998), IC 2560 (Ishihara et al. 2001), and Cir
inus (Greenhill et al. 2003).As a 
onsequen
e of these studies, it is believed that maser emission is dete
tedpreferentially in edge-on parse
-s
ale disks along the diameter perpendi
ular to theline of sight (a.k.a. the midline) and 
lose to the line-of-sight towards the 
enter.These are the lo
i within disks where the gradient in line-of-sight velo
ity is zeroand, as a result, the 
oherent paths for maser emission are maximized. Thereby,
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hara
teristi
 spe
tral signature of emission from an edge-on disk 
onsists of aspe
tral 
omplex in the vi
inity of the systemi
 velo
ity (low-velo
ity emission)and two spe
tral 
omplexes (high-velo
ity emission) more or less symmetri
allyo�set from the systemi
 velo
ity by the orbital velo
ity (> 100 km s�1, basedon aforementioned VLBI studies). Sour
es that display su
h spe
tra 
onstituteapproximately 40% of the known nu
lear water masers and are referred to here ashigh-velo
ity systems.Dis
overy of new high-velo
ity water maser systems is important be
ause VLBImaps of these sour
es 
an be used to determine p
-s
ale a

retion disk stru
tures,to estimate a

urately bla
k hole masses (e.g., Greenhill & Gwinn 1997; Greenhillet al. 2003; Herrnstein et al. 2005), and to obtain distan
es to the host galaxiesindependent of standard 
andles (Herrnstein et al. 1999), the latter in 
ases wherea robust disk model is 
ombined with a measurement of either maser propermotions or drifts in the line-of-sight velo
ities of spe
tral features (i.e., 
entripetala

eleration). However, surveys for water maser emission are 
hallenging andrequire high sensitivity, wide bandwidth, and high spe
tral resolution be
ause 1) thewater maser emission is weak (� 1 Jy), 2) its velo
ity extent is determined by therotational velo
ity of the a

retion disk, whi
h 
an ex
eed 1000 km s�1 and is notknown in advan
e, and 3) the maser lines are typi
ally narrow (� 1 km s�1). TheGreen Bank Teles
ope (GBT) of the NRAO1 and its wide-bandwidth spe
trometertogether 
onstitute the most sensitive observing system 
urrently in operation at� = 1:3 
m; as a result, dete
tion rates for samples with 
omparable distributions of1The National Radio Astronomy Observatory is operated by Asso
iated Universities, In
., under
ooperative agreement with the National S
ien
e Foundation
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e are highest for surveys 
ondu
ted with the GBT. For instan
e, the seminalsurvey of AGN with 1� � 60mJy sensitivity (in � 1 km s�1 spe
tral 
hannels) byBraatz et al. (1996) and a sear
h with 1� � 14mJy sensitivity (in 1:3 km s�1 spe
tral
hannels) with the 70-m NASA Deep Spa
e Network (DSN) antennas (Greenhill etal. 2003; Kondratko et al. 2006) yielded in
iden
e rates of water maser emissionamong nearby (vsys < 7000 km s�1) Seyfert 2 and LINER systems of � 7% and� 10%, respe
tively. However, a GBT survey 
ondu
ted with 1 � 3mJy sensitivity(
onverted to 1:3 km s�1 spe
tral 
hannels) resulted in an in
iden
e rate of � 20%among Seyfert 2 and LINER systems with vsys < 7500 km s�1 (Braatz et al. 2004).We used the GBT to survey 56AGN with 10000 < vsys < 30000 km s�1 sele
tedfrom the NASA Extragala
ti
 Database (NED). Previous surveys have 
on
entratedon dete
tion of water maser emission mostly among nearby sour
es (
f. Henkel et al.1998; Barvainis & Antonu

i 2005). In parti
ular, galaxies with vsys > 10000 km s�1
onstitute only � 7% and 14% of AGN in the two largest surveys to date (Braatzet al. 1996 and Kondratko et al. 2006, respe
tively) and, as a result, only 4 out of� 60 known maser sour
es lie beyond 10000 km s�1 (Tar
hi et al. 2003; Henkel et al.2005; Kondratko et al. 2006, Zhang et al. 2006). We have dis
overed water maseremission in �ve AGN between 10000 and 15000 km s�1. In this paper, Se
tion 3.3, wepresent spe
tra and sub-ar
se
ond positions for the dete
ted emission and addresssurvey statisti
s. In Se
tion 3.4, we dis
uss a possible 
orrelation between X-ray andwater maser luminosities.
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ondu
ted during the 2003-2004 northern winter with the GBTusing the observing system and 
orrelator setup identi
al to that des
ribed in Braatzet al. (2004). The 
hannel spa
ing was 24:4 kHz and the instantaneous bandwidthwas 380MHz (� 5600 km s�1 for a representative re
essional velo
ity of 12500 km s�1,assuming the opti
al de�nition of Doppler shift). To obtain total-power spe
tra ofea
h sour
e, we nodded the teles
ope by 30 every 2min between two positions onthe sky so that ea
h target was always present in one of the two GBT beams forea
h polarization. System temperatures were measured against a 
alibrated noisesour
e inje
ted at the re
eiver and ranged from 28 to 59K depending on elevationand weather 
onditions. By 
omparing maser line amplitudes among beams andpolarizations, we estimate that the 
alibration of the system temperature is a

urateto within 30%. This un
ertainty dominates the error budget for the 
ux density s
alein the survey. Antenna pointing 
orre
tions | obtained every � 30 minutes usingsour
es from the VLA Calibrator Manual | were typi
ally < 600, whi
h 
orrespondsto a < 8% loss in sour
e 
ux density for a 3600 beamwidth (FWHM) at 1:3 
m.For the observations reported here, the wind speed at the GBT site was generally< 13mph, whi
h 
orresponds to a one-dimensional rms tra
king error of < 500 anda signal loss of < 6% (with the ex
eption of CGCG482-008 and MRK0948, whi
hwere observed with wind gusts up to 20mph, 
orresponding to a one-dimensionalrms tra
king error of < 1300 and a signal loss of < 29%; Condon 2003). Data wereredu
ed using s
ripts written in the Intera
tive Data Language. We subtra
ted arunning box
ar average of width 6:25MHz to remove systemati
 baseline stru
ture
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tra. To 
onvert the spe
tra to 
ux density units, weused the gain 
urve obtained by the GBT sta� based on measurements of opa
ity
orre
ted antenna temperature for NGC7027 at � 1:4 
m (R. Maddalena 2003,private 
ommuni
ation). The resulting 1 � noise levels attained in an integration of� 30minutes total and 
orre
ted for atmospheri
 opa
ity estimated from tippings
ans (typi
ally � 0:06) were 3� 6mJy in a 24:4 kHz 
hannel. The spe
tra presentedhere have been iteratively Hanning smoothed to an e�e
tive resolution of 108 kHz.
3.3 ResultsIn a survey with the GBT of 56AGN with 10000 km s�1 < vsys < 30000 km s�1sele
ted from the NED (Table 3.1), we have dete
ted �ve new water maser sour
es:UGC09618NED02, 2MASXJ08362280+3327383, NGC6264, IRAS03355+0104,SBS 0927+493 (Fig. 3.1 and Table 3.2). The �ve dis
overies were subsequently
on�rmed with the Very Large Array (VLA) using narrow observing bandwidths(6:25�12:5MHz). In addition, the UGC09618NED02, 2MASXJ08362280+3327383,NGC6264, and SBS 0927+493 broadband (i.e., 350MHz) maser spe
tra were
on�rmed by at least one observation on a di�erent day with the GBT. The nu
leithat are host to the dete
ted maser emission are spe
tros
opi
ally 
lassi�ed asSeyfert 2 or LINER (Table 3.2). Positions of the maser emission measured with theVLA are 
onsistent with opti
al positions of the AGN to within 1� (typi
ally 0.003radio and 1.003 opti
al, or of order 1 kp
 at a re
essional velo
ity of 15000 km s�1),whi
h is suggestive of an asso
iation of the dete
ted emission with nu
lear a
tivity.
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Table 3.1. Galaxies Surveyed for Water Maser Emission with the Green Bank Teles
ope.Galaxy Type(a) �2000 Æ2000(a) vsys(a) Date Tsys(b) 1�(
)(hh mm ss) (dd mm ss) (km s�1) (K) (mJy)UM213 LINER 00 12 17.83 �00 06 10.6 12149 11-10-2003 30 4.6MRK0948 SY2 00 28 14.34 +07 07 45.4 12022 11-08-2003 42 4.8UM254 SY2 00 31 34.27 �02 09 16.8 13311 11-10-2003 32 5.9FGC0061 SY2 00 34 43.51 �00 02 26.7 12610 11-10-2003 28 3.7LEDA093200 SY2 00 41 35.07 �09 21 52.2 14234 11-10-2003 29 4.0MRK1143 SY2? 00 42 33.91 +03 15 25.0 11047 11-10-2003 28 3.23C033 SY2 01 08 52.86 +13 20 13.8 17898 11-03-2003 48 5.2UGC00849 AGN 01 19 24.16 +12 26 48.7 14265 11-03-2003 57 6.0IRAS01364-1042 LINER 01 38 52.87 �10 27 11.7 14520 11-10-2003 29 4.3CGCG482-008 SY2 01 44 50.08 +21 52 56.7 10508 11-08-2003 37 4.1IRAS02096-0526 SY2 02 12 04.96 �05 12 34.0 12291 11-10-2003 30 4.4VV588 SY2 02 42 52.12 +07 35 51.7 11476 11-08-2003 37 4.2IRAS03362-1641 SY2 03 38 34.54 �16 32 15.8 11062 11-10-2003 32 4.4[ZHG90℄0410+1021A AGN 04 13 26.40 +10 28 27.0 27598 11-03-2003 36 4.0IRAS04281-0944 LINER 04 30 33.22 �09 37 44.8 14060 11-10-2003 30 3.83C192 SY2 08 05 35.00 +24 09 50.0 17928 11-03-2003 38 4.2MRK1212 SY2 08 07 05.53 +27 07 33.8 12409 11-08-2003 30 3.3MCG+05-23-016 SY2 09 34 06.37 +27 20 59.5 13251 11-08-2003 31 3.2WAS02 SY2 09 46 00.35 +22 22 48.5 10343 11-08-2003 32 3.4RXJ0953.5+2539 AGN 09 53 31.30 +25 39 42.0 13221 11-03-2003 43 4.8
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Table 3.1|ContinuedGalaxy Type(a) �2000 Æ2000(a) vsys(a) Date Tsys(b) 1�(
)(hh mm ss) (dd mm ss) (km s�1) (K) (mJy)CGCG182-038 SY2 09 55 52.54 +35 57 56.4 12651 11-09-2003 40 4.1IRASF09581+3126 SY2 10 01 01.90 +31 12 16.9 12735 11-10-2003 32 4.2UGC05984NED01 SY2 10 52 14.95 +30 03 28.8 10372 11-08-2003 33 3.8ABELL1142:[GBB84℄059 SY2 11 00 57.29 +11 02 47.4 10697 11-08-2003 34 4.02MASXJ11165338+2758219 SY2 11 16 53.39 +27 58 22.3 10408 11-10-2003 35 5.0IC3078 SY1.9 12 16 00.03 +12 41 14.0 19814 11-03-2003 42 4.8UGC07342NOTES01 SY2 12 18 12.20 +29 15 06.3 13834 11-03-2003 45 4.6[HB89℄1219+047 SY1 12 21 37.91 +04 30 26.3 28180 11-03-2003 38 4.8IRAS13293+0216 SY2 13 31 52.85 +02 00 59.7 25875 11-03-2003 40 4.4MRK0661 SY2 13 32 13.68 +26 56 59.3 10603 11-10-2003 40 5.1MRK0268 SY2 13 41 11.14 +30 22 41.2 11950 11-10-2003 38 5.2FBQSJ143444.9+231743 SY1 14 34 44.94 +23 17 43.0 29979 11-03-2003 37 3.9CGCG077-021 SY2 15 09 08.78 +09 02 21.5 13275 11-08-2003 39 4.2UGC09756NED01 AGN 15 11 24.27 +06 20 38.7 11938 11-08-2003 46 5.0CGCG049-106 AGN 15 17 51.80 +05 06 26.0 11603 11-08-2003 38 4.5CGCG077-117 SY2 15 24 12.58 +08 32 41.1 11120 11-08-2003 38 4.5IC1191 SY2 16 06 28.75 +18 16 04.4 11632 11-08-2003 43 4.7[GCD2000℄J161710.5+063843.0 AGN 16 17 10.50 +06 38 43.0 27581 11-03-2003 37 4.2IRAS16184+0651 LINER 16 20 56.66 +06 44 44.4 17988 11-03-2003 44 4.7IRAS16319+4725 SY1 16 33 23.50 +47 19 00.1 34866 11-02-2003 50 5.2
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Table 3.1|ContinuedGalaxy Type(a) �2000 Æ2000(a) vsys(a) Date Tsys(b) 1�(
)(hh mm ss) (dd mm ss) (km s�1) (K) (mJy)IRAS16388+4634 SY2 16 40 20.80 +46 28 43.0 17688 11-03-2003 45 4.1FBQSJ172527.2+372631 AGN 17 25 27.27 +37 26 31.0 11692 11-08-2003 57 6.5IRAS17348+4920 SY2 17 36 09.84 +49 18 28.1 22424 11-03-2003 49 5.4IRASF17418+7042 SY2 17 41 14.87 +70 41 26.1 17988 11-02-2003 51 5.3[MHH96℄J181353+570456 SY2 18 13 53.00 +57 04 56.0 17628 11-03-2003 55 6.12MASXJ21234458+2504272 SY2 21 23 44.58 +25 04 27.1 30579 11-03-2003 45 5.1MRK0309 SY2 22 52 34.70 +24 43 49.8 12636 11-08-2003 39 4.22MASXJ22593337+0237355 SY2 22 59 33.39 +02 37 35.2 14390 11-03-2003 55 5.9UGC12551 SY2 23 22 09.20 +09 16 11.0 11782 11-08-2003 44 4.7IRAS23201+0805 SY2 23 22 43.82 +08 21 36.9 11330 11-03-2003 59 6.1CGCG455-055 SY2 23 51 13.93 +20 13 46.3 13049 11-08-2003 44 4.8(a)Type, position, and helio
entri
 opti
al systemi
 velo
ity obtained from the NED at the outset of the surveyin 2002.(b)Average system temperature.(
)Rms noise in a 24:4 kHz spe
tral 
hannel, 
orre
ted for atmospheri
 opa
ity (typi
ally from 0:02 to 0:07) andfor the dependen
e of antenna gain on elevation.
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Figure 3.1.| Spe
tra of UGC09618NED02, 2MASXJ08362280+3327383, NGC6264,IRAS03355+0104, SBS 0927+493 obtained with the Green Bank Teles
ope. Verti
albars mark the opti
al helio
entri
 systemi
 velo
ities of the host galaxies listed inthe NED, while the asso
iated error bars show the range of listed systemi
 velo
-ity estimates. Horizontal bars indi
ate approximate velo
ity ranges of high-velo
ityemission. To illustrate the di�eren
e in the velo
ity s
ale among spe
tra, the ti
kmarks are pla
ed every 100 km s�1 for ea
h x-axis.
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tra of UGC09618NED02, 2MASXJ08362280+3327383, andNGC6264 show a 
hara
teristi
 spe
tral signature of emission from an edge-on disk:two high-velo
ity 
omplexes approximately symmetri
ally o�set from the systemi
velo
ity and a third spe
tral 
omplex in the vi
inity of the systemi
 velo
ity. If thehighly red- and blue-shifted emission in these systems indeed represents high-velo
ityemission, then the maximum orbital velo
ities of the disks as tra
ed by the maseremission are � 1300 km s�1, � 700 km s�1, and � 800 km s�1, respe
tively, makingUGC09618NED02 the fastest known rotator. (The previously fastest rotator wasNGC4258 at � 1200 km s�1; Modjaz et al. 2005.) Be
ause the high-velo
ity emissionextends over �v � 750 km s�1 for UGC09618NED02, it must o

upy a fra
tionalrange of radii �r=R � 2�v=v � 1:6 assuming Keplerian rotation (where we havedi�erentiated the Keplerian rotation law, v / r�0:5, with respe
t to r). For a rangein disk sizes from that of NGC4258 (0:16� 0:28 p
) to NGC1068 (0:6� 1:1 p
), themaser emission in this sour
e tra
es a disk of radial extent �r � 0:36� 1:4 p
. The
orresponding 
entral mass would be (6� 24)� 107M�, whi
h is larger than bla
khole masses measured with VLBI to date (the highest is NGC4258 at 3:9� 107M�Herrnstein et al. 2005). The anti
ipated 
entripetal a

eleration | that is these
ular velo
ity drift of the systemi
 feature | would be 0:3 � 11 km s�1 yr�1,whi
h should be readily dete
table within one year using single dish monitoring.The remaining two dete
tions | IRAS03355+0104 and SBS 0927+493 | displayspe
tral feature(s) only in the vi
inity of the systemi
 velo
ity of the host galaxy,whi
h makes physi
al interpretation diÆ
ult.
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Table 3.2. Newly Dis
overed Nu
lear Water Maser Sour
es.Galaxy Type(a) �2000(b) Æ2000(b) vsys(
) Date Tsys(d) 1�(e) ��(f) BW(g)Name (hh mm ss) (dd mm ss) (km s�1) (K) (mJy) (kHz) (MHz)IRAS 03355+0104 Sy2 03 38 10.38 +01 14 18.2 11926 11-08-2003 38 3.2 195 12:503 38 10.38 +01 14 18.32MASXJ08362280+3327383 Sy2 08 36 22.80 +33 27 38.6 14810 01-15-2005 25 1.5 97:7 6:2508 36 22.80 +33 27 38.8SBS 0927+493 LINER 09 31 06.76 +49 04 47.5 10167 02-01-2006 37 2.3 195 12:509 31 06.77 +49 04 47.2UGC09618NED02 LINER 14 57 00.68 +24 37 02.7 10094 01-15-2005 26 1.4 195 12:514 57 00.67 +24 37 02.9NGC6264 Sy2 16 57 16.12 +27 50 58.7 10177 01-27-2005 23 1.3 195 12:516 57 16.13 +27 50 58.6(a)A
tivity type from the NED.(b)First line: opti
al positions from the NED with un
ertainties of �0.005 (SBS 0927+493) or�1.003. Se
ond line: maser positions measuredwith a VLA snapshot, providing typi
al un
ertainties of �0.003. To establish the magnitude of systemati
 un
ertainties in position, weimaged disjoint segments of the VLA data and 
on�rmed that they yield 
onsistent maser positions (that is, within 0.003).(
)Opti
al helio
entri
 systemi
 velo
ity from the NED.(d)Average system temperature.(e)Rms noise in a 24:4kHz spe
tral 
hannel, 
orre
ted for atmospheri
 opa
ity (typi
ally from 0:02 to 0:07) and for the dependen
e ofantenna gain on elevation.(f)VLA 
hannel width.(g)VLA bandwidth; the VLA band was in ea
h 
ase 
entered on the strongest maser line.
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Figure 3.2.| Spe
tra of previously known masers in NGC3393, MRK0034,NGC5495, VII ZW073, AM2158-380NED02, and IC 0184 obtained with the GreenBank Teles
ope. The arrows indi
ate NGC5495 high-velo
ity features marginallydete
ted with the DSN (Kondratko, P. T., et al. 2006). Verti
al bars mark the opti-
al helio
entri
 systemi
 velo
ities of the host galaxies listed in the NED, while theasso
iated error bars show the range of listed systemi
 velo
ity estimates. Horizon-tal bars indi
ate approximate velo
ity ranges of high-velo
ity emission. To illustratethe di�eren
e in the velo
ity s
ale among spe
tra, the ti
k marks are pla
ed every100 km s�1 for ea
h x-axis.



CHAPTER 3. CORRELATION BETWEENMASER AND X-RAY LUMINOSITIES68We also used the GBT to obtain high signal-to-noise-ratio (SNR) spe
tra ofknown sour
es, in
luding those re
ently dis
overed with the DSN (
f. Henkel etal. 2005; Kondratko et al. 2006; Fig. 3.2 and Table 3.3). Spe
tra of MRK0034,NGC3393, NGC5495, VII ZW073, and IC 0184 presented here are the most sensitiveobtained to date (
f. Henkel et al. 2005; Kondratko et al. 2006). The narrowDoppler 
omponents in the spe
trum of MRK0034 reported here were not evidentin the previous spe
tra of the sour
e obtained with 4:65 km s�1 
hannels. Absentnarrow lines, Henkel et al. (2005) suggested the possibility that the maser emissionin MRK0034 might be ex
ited by jet a
tivity, whi
h has been asso
iated with broadspe
tral features in other AGN (e.g., Claussen et al. 1998; Gallimore et al. 2001;Pe
k et al. 2003). However, the new spe
trum adds support for the hypothesisthat MRK0034 is a high-velo
ity system. In this 
ontext and 
onsidering the largeun
ertainty on the re
essional velo
ity of the galaxy (see Fig. 3.2), the two spe
tral
omplexes are 
onsistent with blue- and red-shifted high-velo
ity emission that issymmetri
ally displa
ed from the systemi
 velo
ity by � 500 km s�1. The GBTspe
trum of NGC3393 shows a new systemi
 
omplex at � 3750 km s�1 as wellas weak (� 5mJy) high-velo
ity lines at � 3098, � 3293, � 3396, � 4190, and� 4475 km s�1 (Fig. 3.2). We also 
on�rmed the low-velo
ity line at � 3878 km s�1in the NGC3393 spe
trum and the high-velo
ity lines in the NGC5495 spe
trum,whi
h were all marginally dete
ted with the DSN (Kondratko et al. 2006).Our dete
tion rate is 
onsistent with the survey being sensitivity limited.Among Seyfert 2 and LINER systems with 10000 km s�1 < vsys < 15000 km s�1, weobtain a dete
tion rate of 5 out of 41 or 12% � 5%, whi
h should be 
omparedto the in
iden
e rates of 20% � 5% (15 out of 75) and 14% � 5% (7 out of 49) in
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Table 3.3. Known Water Maser Sour
es Reobserved with the Green Bank Teles
ope.Galaxy Type(a) �2000(b) Æ2000(b) vsys(
) Date Tsys(d) 1�(e)(hh mm ss) (dd mm ss) (km s�1) (K) (mJy)IC 0184 Sy2 01 59 51.23 �06 50 25.4 5382 07-03-2005 71 8.9VII ZW073 Sy2 06 30 25.54 +63 40 41.3 12391 01-01-2005 35 2.6MRK0034 Sy2 10 34 08.592 +60 01 52.01 15140 01-18-2005 21 0.98NGC3393 Sy2 10 48 23.45 �25 09 43.6 3750 01-15-2005 37 1.9NGC5495 Sy2 14 12 23.35 �27 06 29.2 6737 02-09-2006 40 2.4AM2158-380NED02 Sy2 22 01 17.10 �37 46 23.0 9983 07-03-2005 99 22(a)A
tivity type from the NED.(b)Positions from Kondratko et al. 2006 (� = 0.003) ex
ept for MRK0034, whi
h is from the NED(� = 0.003).(
)Opti
al helio
entri
 systemi
 velo
ity from the NED.(d)Average system temperature.(e)Rms noise in a 24:4 kHz spe
tral 
hannel, 
orre
ted for atmospheri
 opa
ity (typi
ally from 0:02 to0:07) and for the dependen
e of antenna gain on elevation.
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ity bins 0 � 5000 and 5000 � 12000 km s�1, respe
tively, from a GBT surveyof the same sensitivity (Braatz et al. 2004; to estimate the errors, we used theunbiased maximum likelihood estimator for the varian
e of the Binomial parameterp). The dete
tion rate de
reases with distan
e be
ause the spe
tral rms noise levelwas approximately the same for ea
h sour
e in both surveys. The dete
tion rate ofhigh-velo
ity emission is 60%� 24% (3 out of 5) in this survey or 44%� 13% (7 outof 16) if we in
lude the GBT dete
tions reported in Braatz et al. (2004; where weex
luded the starburst galaxy NGC2782). These rates should be 
ompared to theanalogous rate of 27%� 12% (4 out of 15) in the DSN survey (Greenhill et al. 2003;Kondratko et al. 2006). Although the un
ertainties due to 
ounting statisti
s arelarge, the higher dete
tion rates for high-velo
ity emission in the GBT surveys mayhave been a 
onsequen
e of higher sensitivity, and perhaps �ner spe
tral resolutionas well.
3.4 Dis
ussionUsing the sample of known nu
lear masers with available > 2 keV X-ray data,we have identi�ed a possible relationship between unabsorbed X-ray luminosity(2� 10 keV) and integrated water maser luminosity, assuming isotropi
 emission ofradiation. In log-log spa
e (Fig. 3.3 and Table 3.4), we obtain a slope ofm = 0:4�0:1and a Spearman 
orrelation 
oeÆ
ient of � = 0:4� 0:1 (Table 3.5). The probabilitythat a random data set of the same size would yield a larger magnitude of the
orrelation 
oeÆ
ient (hereafter referred to as the signi�
an
e level) is 0:07� 0:07.
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Figure 3.3.| Unabsorbed X-ray luminosity (2� 10 keV) versus total isotropi
 watermaser luminosity where the data points are from Table 3.4. Symbol shading dis
rim-inates among maser types: (bla
k) high-velo
ity systems (see de�nition in Se
tion3.1), (open) sour
es that are not known to be high-velo
ity systems, and (grey) masersour
es known to be asso
iated with radio jets rather than disks. Symbol shapedi�erentiates between Compton-thi
k (round) and Compton-thin (square) obje
ts.Galaxies with multiple nu
lei, AGN with maser emission tied to jet a
tivity, andLINER systems (see the text) are labelled by a letter U. Verti
al error bars indi
atethe range of luminosity estimates given in the literature for independent data sets(Table 3.4), and the symbols are pla
ed at the midpoints. The arrow in the top left
orner illustrates the e�e
t of a hypotheti
al fa
tor of 1:5 in
rease in distan
e (i.e.,points move up and to the right by this amount). For the full sample with no LINERs,systems with multiple nu
lei, and \jet masers," we obtain a 
orrelation 
oeÆ
ient of0:5�0:1 and a slope of 0:5�0:1 (bla
k line shows the results of a linear �t), where theasymmetri
 un
ertainties in ordinate values have been taken into a

ount (see Table3.5). The lower limit on X-ray luminosity of NGC1068 was not used in the �t.
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Table 3.4. Water Maser and Unabsorbed 2� 10 keV Luminosities.Galaxy D(a) logLH2O(b) logL2-10(
) Teles
opes(d) Ref(e) Type(f)Ref(g)(Mp
) (L�) (L�)NGC1068 14 1.7 >9.6 ABR 1 D C ACir
inus 4.0 1.3 7.5-8.6 B 2-4 D C BNGC4945 4.0 1.7 9.1-9.6 BCR 5,6 D C CM51 10 -0.2 7.7-8.4 BG 7,8 X C DNGC3079 16 2.5 8.4-9.4 B 9 D C ENGC1386 17 2.1 8.4-9.0 BCX 10,11 D C FNGC3393 50 2.4 8.5-10.2 BX 10,12,13 d C GIC2560 35 2.0 8.3-9.2 AC 14,15 D C HNGC4051 10 0.3 7.6-8.5 CBRX 16-20 X 
 INGC4388 34 1.1 8.7-9.5 ABCRSX 21 d 
 J3C403 235 3.3 9.6-10.3 C 22 X 
 KNGC4258 7.2 1.9 7.0-7.7 ABCX 23 D 
 LNGC6240 98 1.6 9.8-10.8 ABR 24,25 X C MMRK266 110 1.5 9.3-10.3 B 26 X C JMRK3 54 1.0 9.6-10.4 BCGR 27-32 X C JNGC5643 16 1.3 7.6-9.0 BX 13,33 X C? GNGC5347 31 1.5 8.1-9.1 A 14 X C NMRK1066 48 1.5 9.0-9.2 A 34 X C JESO103-G035 53 2.6 9.1-9.9 ABEGR 35-38 X 
 NNGC6300 15 0.34 8.1-8.5 BRX 35,39-41,67 X 
 GNGC5506 25 1.7 8.9-9.4 ABCGRX 35,42-48 X 
 NNGC1052 17 2.1 7.5-8.0 ABC 49-55 J 
 OMRK348 62 2.6 8.9-10.4 AG 32,56,57 J 
 PMRK1210 54 1.9 9.3-10.3 AB 58,59 d C? T
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Table 3.4|ContinuedGalaxy D(a) logLH2O(b) logL2-10(
) Teles
opes(d) Ref(e) Type(f)Ref(g)(Mp
) (L�) (L�)NGC2639 44 1.4 7.0-8.1 A 52,59-61 X 
 NUGC5101 157 3.2 8.8-9.8 C 62 X C RNGC2273 25 0.8 8.1-9.3 BX 10,13 X C RNGC2782 34 1.1 7.6-9.1 C 63 X C JARP299 42 2.1 8.2-9.4 BCX 64-66 X C SNGC5728 37 1.9 8.7-10.2 C 63 d C? J(a)Distan
es adopted from Henkel et al. (2005).(b)Total isotropi
 water maser luminosities from Henkel et al. (2005) ex
ept for NGC3393, NGC5643, NGC6300, NGC1068 (Kondratko et al. 2006), NGC3079 (Kondratko et al. 2005),UGC5101, and NGC2273 (Zhang et al. 2006).(
)Unabsorbed 2 � 10 keV luminosity. In 
ases where this is not des
ribed in the literature, the unabsorbed 2 � 10 keV luminosity has been inferred from other reported parameters (
ux,photon index, and the neutral hydrogen 
olumn density) using WebPIMMS. The ranges quoted here re
e
t results from multiple observations, alternative sour
e models, and/or the un
ertaintyin the re
e
tion eÆ
ien
y (in 
ase of Compton-thi
k sour
es only; see y). To a

ount for sour
e variability in 
ase of 3C 403, where multiple observations and alternative models were notavailable, we adopted the fra
tional un
ertainty averaged over all Compton-thin systems in our sample. Only observations sensitive to energies above 10 keV were 
onsidered for Compton-thi
ksour
es, with the ex
eption of NGC1386, IC 2560, NGC5347, MRK1066, UGC5101, NGC2782, and NGC5728 for whi
h hard X-ray data were not available.(d)X-ray teles
opes used in luminosity measurements: A=ASCA, B=BeppoSAX, C=CXO, E=EXOSAT, G=GINGA, R=RXTE, S=SL2-XRT, X=XMM.(e)Referen
es for the 2 � 10 keV luminosity: [1℄ Colbert et al. (2002) but also see Comastri (2004) and referen
es therein, [2℄ Guainazzi et al. (1999), [3℄ Matt et al. (1999), [4℄ Smith &Wilson (2001), [5℄ Guainazzi et al. (2000a), [6℄ Done et al. (2003), [7℄ Fukazawa et al. (2001), [8℄ Makishima et al. (1990), [9℄ Iyomoto et al. (2001), [10℄ Guainazzi et al. (2005), [11℄ Comastri(2004), [12℄ Salvati et al. (1997), [13℄ Maiolino et al. (1998b)y, [14℄ Risaliti et al. (1999)y, [15℄ Iwasawa et al. (2002), [16℄ Pounds et al. (2004), [17℄ Uttley et al. (2004), [18℄ M
Hardy et al. (2004),[19℄ Uttley et al. (2003), [20℄ Uttley et al. (1999), [21℄ Elvis et al. (2004), [22℄ Kraft et al. (2005), [23℄ Frus
ione et al. (2005), [24℄ Ikebe et al. (2000), [25℄ Vignati et al. (1999), [26℄ Risalitiet al. (2000)y, [27℄ Lutz et al. (2004), [28℄ Matt et al. (2000), [29℄ Sako et al. (2000), [30℄ Capi et al. (1999), [31℄ Georgantopoulos et al. (1999), [32℄ Smith & Done (1996), [33℄ Guainazzi et al.(2004), [34℄ Levenson et al. (2001), [35℄ Risaliti (2002), [36℄ Wilkes et al. (2001), [37℄ Akylas et al. (2001), [38℄ Georgantopoulos & Papadakis (2001), [39℄ Maddox et al. (2002), [40℄ Guainazzi(2002), [41℄ Leighly et al. (1999), [42℄ O'Neill et al. (2005), [43℄ Bian
hi et al. (2003), [44℄ Perola et al. (2002), [45℄ Matt et al. (2001), [46℄ Lamer et al. (2000), [47℄ Wang et al. (1999), [48℄Nandra & Pounds (1994), [49℄ Kadler et al. (2004), [50℄ Satyapal et al. (2004), [51℄ Ueda et al. (2001), [52℄ Terashima et al. (2000), [53℄ Guainazzi et al. (2000b), [54℄ Weaver et al. (1999), [55℄Guainazzi & Antonelli (1999), [56℄ Akylas et al. (2002), [57℄ Warwi
k et al. (1989), [58℄ Ohno et al. (2004), [59℄ Bassani et al. (1999)y, [60℄ Terashima et al. (2002), [61℄ Wilson et al. (1998),[62℄ Assuming that the sour
e is Compton-thi
k based on Armus et al. (2004) and using the measured 
ux from Ptak et al. (2003)y, [63℄ Zhang et al. (2006)y, [64℄ Della Ce
a, R., et al. (2002),[65℄ Ballo et al. (2004)y, [66℄ Zezas et al. (2003)y, [67℄ Matsumoto et al. (2004).(f)Two letter 
ode des
ribing (1) maser type and (2) magnitude of X-ray absorption 
olumn. Maser type: d=high-velo
ity water maser system, i.e., a sour
e where origin of emission inan edge-on disk is suggested by spe
tral data only; D=high-velo
ity water maser systems, where hypothesized disk origin has been reinfor
ed by an analysis of VLBI data; J=maser sour
easso
iated with a radio jet; X=non-high-velo
ity system. Obs
uration: C=Compton-thi
k; 
=Compton-thin. A question mark after obs
uration type indi
ates 
ontroversy in analysis of X-raydata reported in the literature.(g)Referen
es for the maser type: [A℄ Greenhill & Gwinn (1997), [B℄ Greenhill, L. J., et al. (2003), [C℄ Greenhill et al. (1997b), [D℄ Hagiwara et al. (2001b), [E℄ Kondratko et al. (2005), [F℄Braatz et al. (1997a), [G℄ Kondratko et al. 2006, [H℄ Ishihara et al. (2001), [I℄ Hagiwara et al. (2003b), [J℄ Braatz et al. (2004), [K℄ Tar
hi et al. (2003), [L℄ Miyoshi et al. (1995), [M℄ Hagiwaraet al. (2003a), [N℄ Braatz et al. (1996), [O℄ Claussen et al. (1998), [P℄ Pe
k et al. (2003), [R℄ Zhang et al. (2006), [S℄ Henkel et al. (2005) [T℄ Kondratko et al., in preparation.yFollowing Comastri (2004), we assumed in 
ase of Compton-thi
k models for NGC5347, NGC 5643, NGC3393, MRK266, MRK1210, UGC 5101, NGC2273, NGC2782, ARP299, andNGC5728 that the observed 2 � 10 keV luminosity is 1 � 10% of the unabsorbed 2 � 10 keV luminosity due to re
e
tion and s
attering.
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Table 3.5. Correlation CoeÆ
ients and Power Law Indi
es for L2�10 vs. LH2O.Population m(a) �(b) Signi�
an
e(
) N(d)all systems 0:4� 0:1 (0:4� 0:1) 0:4� 0:1 (0:3� 0:1) 7� 7 (20� 10) 29all systemsy 0:5� 0:1 (0:5� 0:1) 0:5� 0:1 (0:4� 0:1) 3� 4 (10� 10) 20un
lassi�ed and jet masers 0:5� 0:1 (0:4� 0:1) 0:5� 0:1 (0:4� 0:1) 5� 6 (20� 10) 19high-velo
ity 0:4� 0:3 (1:0� 0:5) 0:1� 0:2 (0:2� 0:2) 70� 20 (60� 20) 10Compton-thi
k 0:3� 0:1 (0:2� 0:2) 0:3� 0:1 (0:1� 0:1) 30� 20 (60� 20) 19Compton-thin 0:6� 0:1 (0:5� 0:2) 0:5� 0:1 (0:3� 0:1) 20� 10 (40� 20) 10(a)Index (L2�10 / LmH2O) obtained from a Monte Carlo simulation where the probability distribu-tion fun
tion for ea
h data point in Fig. 3.3 is modelled in linear luminosity spa
e by a Gaussianwith mean and standard deviation 
orresponding to the plotted symbols and the error bars in Fig.3.3, respe
tively. The parentheses en
lose the result for the same population but with the leftmostand the rightmost data points in Fig. 3.3 removed.(b)Spearman 
orrelation 
oeÆ
ient and un
ertainty from the Monte Carlo simulation des
ribed in(a). Alternative use of a Pearson 
orrelation 
oeÆ
ient 
hanges the results negligibly but assumesin the 
al
ulation of the signi�
an
e level that the two variables are normally distributed, whi
h ismost likely not the 
ase here. Quantities in parentheses are as in (a).(
)Two-sided signi�
an
e level (expressed as a per
entage), i.e., probability that a random dataset of the same size would yield a larger magnitude of the 
orrelation 
oeÆ
ient. Quantities inparentheses are as in (a). We have 
on�rmed the reported signi�
an
e levels with numerous (� 105)realizations of the permutation test, whereas the null hypothesis of no 
orrelation is assumed andthe water luminosity data points are permuted among the x-ray luminosity data points (e.g., Wall& Jenkins 2003).(d)Number of sour
es. The lower limit on the X-ray luminosity of NGC1068 was not used in the�t.yGalaxies with multiple nu
lei (NGC 6240, MRK266, MRK1066, ARP299), jet masers (MRK348,NGC1052), and LINER systems (NGC3079, NGC4258, NGC6240, NGC1052, UGC5101) havebeen removed from the sample. See the text for details.
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ous a

retion disk obliquely illuminated at anangle 
os�1 � by a 
entral X-ray sour
e, the outer radius at whi
h the disk be
omesatomi
 and the maser emission 
eases is given by R
r / L�0:432�10 ( _m=�)0:81��0:38M0:62BH(Neufeld & Maloney 1995), where L2�10 is the 2 � 10 keV luminosity, MBH is themass of the 
entral bla
k hole, _m is the mass a

retion rate, and � is the standarddimensionless vis
osity parameter (Shakura & Sunyaev 1973). If we assume thatX-ray heated a

retion disks emit water maser radiation with a surfa
e luminosityof � 102�0:5 L� p
�2 (and hen
e LH2O / R2
r; Neufeld et al. 1994), that 2 � 10 keVluminosity is a fra
tion 
 of AGN bolometri
 luminosity (L2�10 = 
 LBol), that
entral engines radiate with an Eddington ratio � (LBol = �LEdd / �MBH), and thatthey 
onvert rest mass to energy with an a

retion eÆ
ien
y � = LBol= _m
2 (� � 0:1;Frank, King, & Raine 2002), then we obtain L2�10 / L0:5H2O [(��)0:81
1:4�0:38�0:62℄, inagreement with the observed trend.The s
atter about the linear relationship in Fig. 3.3 in ex
ess of the reportedun
ertainties 
ould be attributed to di�eren
es in the parameters �, �, 
, �, and �from sour
e to sour
e. For instan
e, although 0:01 . 
 . 0:03 based on an averagequasar spe
tral energy distribution (SED; Fabian & Iwasawa 1999; Elvis et al.2002), the a
tual variation in 
 among individual Seyfert systems is more than anorder of magnitude (e.g., 0:01 < 
 < 0:6; Kuraszkiewi
z et al. 2003). Furthermore,although � is relatively 
onstrained for Seyfert nu
lei (e.g., 0:01 . � . 1; Padovani1989; Wandel et al. 1999; Satyapal et al. 2005), it might be as low as 10�6:7 forLINER systems (e.g., Satyapal et al. 2005). For the LINER in NGC4258 wherebla
k hole mass is well 
onstrained with VLBI, we obtain 10�3:6 < � < 10�2:9, wherewe adopted MBH = 3:9� 107M� (Herrnstein et al. 1999), L2�10 = 1040:6�41:2 erg s�1
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 = 0:03 as determined from SEDs of 7 low-luminosity AGNs (Ho1999b). Be
ause of the broader range of Eddington ratio spe
i�
 to LINERs, wehave 
onsidered a Seyfert-only sub-sample. Furthermore, we have also removedgalaxies in whi
h the maser sour
es are asso
iated with jets (for whi
h the Neufeld& Maloney model does not apply), and galaxies with multiple nu
lei (wherein it maybe un
ertain whi
h nu
leus is responsible for the maser emission or the produ
tion ofmaser luminosity may in some way be a�e
ted by pro
esses spe
i�
 to mergers). Thea
tive galaxies with multiple nu
lei are MRK266 (e.g., Wang et al. 1997), ARP299(e.g., Ballo et al. 2004), NGC6240 (e.g., Lira et al. 2002), and MRK1066 (e.g.,Gimeno et al. 2004). If these mergers, known \jet masers" (NGC1052 and MRK348;Claussen et al. 1998; Pe
k et al. 2003), and LINERs (NGC3079, NGC4258,NGC6240, NGC1052, UGC5101) are omitted from the sample, then we obtain aslope of m = 0:5� 0:1 and a Spearman 
orrelation 
oeÆ
ient of � = 0:5� 0:1, thelatter with a signi�
an
e level of 0:03� 0:04 (Table 3.5). To test for the robustnessof this strongest 
orrelation, we removed the data points with lowest and highestmaser luminosity and obtained m = 0:5 � 0:1 and � = 0:4� 0:1, the latter with asigni�
an
e level of 0:1� 0:1 (Table 3.5).The appearan
e of a 
orrelation may be surprising given large un
ertainties inX-ray and maser luminosities. Both are time variable, and it is easy to imaginesome independen
e in that variability. As well, measured X-ray luminosities forheavily absorbed sour
es depend sensitively on the details of instrumentation andsubsequent data modelling, although we have a

ounted for this to some extent withthe adopted un
ertainties. Moreover, isotropi
 maser luminosities should be regardedwith some 
aution be
ause maser beam angles are often poorly 
onstrained and
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e geometry and propagation e�e
ts (e.g., Degu
hi& Watson 1989; Kartje, K�onigl, & Elitzur 1999). For instan
e, the beam angle forNGC4258 is on the order of 7Æ (Miyoshi et al. 1995) and, as a result, the a
tualluminosity is a fa
tor of 4�=
 = 4�=(2�� 7Æ) � 16 smaller than isotropi
. A

retiondisk warping may also bias maser brightness, as beamed radiation may be dire
tedaway from the observer. However, one might argue 
onversely based on the putative
orrelation that beam angles among water maser systems are relatively similar andvariability is a se
ond order e�e
t on average. Furthermore, sin
e the estimatedpower law index of 0:5 � 0:1 is 
onsistent with the value (0:5) predi
ted by theNeufeld & Maloney (1995) model | notwithstanding the large un
ertainties thatenter through the Eddington ratio, bolometri
 
orre
tion, vis
osity, and a

retioneÆ
ien
y | one might venture to propose that these parameters are similar amongsour
es, at least to within fa
tors of a few.The full sample presented here is inhomogeneous in that it 
ontains AGN thatare Compton-thin and Compton-thi
k, as well as water maser sour
es for whi
hthere is eviden
e of an origin in a

retion disk material and those for whi
h availabledata do not enable any parti
ular physi
al 
lassi�
ation. We have 
omputed m and� for various sub-samples and �nd ranges of 0:3 � 0:6 and 0:1 � 0:5, respe
tively(Table 3.5). The 
orrelation 
oeÆ
ient is largest (0:5 � 0:1) and most statisti
allysigni�
ant (0:03 � 0:04) for the sample absent LINERs, multiple-nu
lei systems,and \jet masers." No 
orrelation is apparent for high-velo
ity systems due to thesmall sub-sample size. We have also 
onsidered Compton-thi
k and Compton-thinsub-samples. Sin
e a minimum H2 density of � 108 
m�3 is required by the presen
eof water maser emission (e.g., Des
h et al. 1998), the 
olumn within a disk be
omes
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k for lengths greater than � 0:002 p
 and, 
onsequently, it has beensuggested that the p
-s
ale a

retion disks that host the maser emission also providethe Compton obs
uration (Greenhill et al. 2003; Herrnstein et al. 2005; Frus
ioneet al. 2005). We note however that there is no theoreti
al reason why maseremission should not originate in a Compton-thin environment. Investigation intoproperties of astrophysi
al gas by Maloney, Hollenba
h, & Tielens (1996) suggeststhat fra
tional water abundan
es of 10�6 � 10�4 and temperatures of 250� 1000K| both 
onditions ne
essary for maser a
tion | are possible for 
olumn densities of� 1023 
m�2 (their Fig. 10). Assuming that the edge-on p
-s
ale a

retion disks alsoprovide the line-of-sight X-ray obs
uration, the fa
t that Compton-thin environmentsare 
ondu
ive to maser a
tion is also supported by an empiri
al observation thatapproximately 33% of the known nu
lear masers lie in Compton-thin systems (Table3.4) and that several of these are also high-velo
ity systems (su
h as NGC4388,NGC4258, and NGC5728). If p
-s
ale a

retion disks indeed provide the line-of-sightobs
uring 
olumn density, fa
tors su
h as the disk in
lination, warping, and �llingfa
tor might a�e
t the X-ray absorption 
olumn and it is thus possible that theintrinsi
 relationship between water maser and X-ray luminosities is di�erent forCompton-thi
k and -thin sour
es. However, the two sub-samples are too small toassess any di�eren
e (Table 3.5).
3.5 Con
lusionIn a survey with the GBT of 56AGN with 10000 km s�1 < vsys < 30000 km s�1, wehave dete
ted �ve new water maser sour
es. The spe
tra of three sour
es display the
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hara
teristi
 spe
tral signature of emission from an edge-on a

retion disk. For the30 nu
lear water masers with available hard X-ray data, we have found eviden
e ofa possible relationship between unabsorbed X-ray luminosity (2� 10 keV) and totalisotropi
 water maser luminosity. The power law index of 0:5 � 0:1 is 
onsistentwith the Neufeld & Maloney (1995) model in whi
h X-ray irradiation of mole
ulara

retion disk gas by a 
entral engine ex
ites maser emission that is most intensein the disk plane. The appearan
e of a 
orrelation may be surprising 
onsideringthe large un
ertainties in X-ray and maser luminosities, at least in part due tosour
e variability and assumption of isotropi
 emission of maser radiation. However,one might interpret the 
orrelation as indire
tly supporting the proposition thatEddington ratios, bolometri
 
orre
tions, vis
osities, a

retion eÆ
ien
ies, and maserbeaming angles are similar among water maser systems, and variability is a se
ondorder e�e
t on average. Evaluation of the putative 
orrelation would be greatlyhelped by an in
rease in the number of known maser systems and redu
tion inmeasurement and systemati
 un
ertainties in the luminosity data. This will requiremeasurement of X-ray spe
tra above 10 keV, new radio surveys of AGN (in sear
h ofmaser emission), and VLBI mapping to quantify a

retion disk stru
ture. If veri�edand strengthened, the proposed relation between luminosities would be valuable inthe modelling of maser ex
itation, identi�
ation of maser-ri
h samples of AGN usinghard X-ray sky surveys, and perhaps modelling of the hard X-ray ba
kground in theera of the Square Kilometer Array, whi
h will enable dete
tion of many thousandsof maser galaxies (Morganti et al. 2004).
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Chapter 4
Dis
overy of Water MaserEmission in Three Edge-on AGNwith the GBT
Paul T. Kondratko, Lin
oln J. Greenhill, James M. Moran, James A. Braatz, MarkJ. ReidTo be submitted to The Astrophysi
al Journal
Abstra
tIn this work, we report the dis
overy of three nu
lear water maser sour
es withthe 100-m Green Bank Teles
ope (GBT), present sensitive maser spe
tra of ninepreviously known sour
es, and des
ribe monitoring results of three others. Emissionfrom one of the dis
overies, NGC1320, most likely originates in a p
-s
ale a

retion81
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tra of the other two dete
tions do not enable any parti
ular physi
alinterpretation. In the survey among edge-on Seyfert 2 and LINER systems withvsys < 10000 km s�1, we obtained a dete
tion rate of 9 � 5% (3 out of 33). Basedon this dete
tion rate and the distribution of gala
ti
 plane in
linations for knownwater maser systems, we �nd no eviden
e for the preferen
e of maser emission too

ur in edge-on galaxies, whi
h is 
onsistent with re
ent studies that have shownla
k of 
orrelation between gala
ti
 plane orientation and nu
lear jet or narrowline region dire
tion. We also used the GBT to obtain sensitive (1� � 2 � 4mJy)spe
tra of nine known maser sour
es and dete
t disk emission from as many asfour sour
es. In NGC2979 and NGC3735, we report dete
tion of weak emissiono�set by more than 200 km s�1 from the systemi
 velo
ities of the host galaxies.The spe
tra of these sour
es are 
onsistent with emission from edge-on a

retiondisks with orbital velo
ities of � 500 and � 250 km s�1, respe
tively, although the
lassi�
ation remains ambiguous in the 
ase of NGC2979. The maser spe
trum ofNGC0449 shows a 
hara
teristi
 spe
tral signature of emission from an edge-ona

retion disk with orbital velo
ity of � 130 km s�1. In UGC04203, we dete
t withhigh signal-to-noise ratio spe
tral features that were marginally dete
ted in previousstudies and interpret the spe
trum as emission from an edge-on a

retion diskwith maximum orbital velo
ity of � 300 km s�1. We have also monitored with theGBT emission in the vi
inity of the systemi
 velo
ity in three water maser sour
es(2MASXJ08362280+3327383, NGC6264, UGC09618NED02). We have de
omposedthe dete
ted emission into Gaussian 
omponents and, for multiple spe
tral features,report the measurement of velo
ity drifts, whi
h are a manifestation of 
entripetala

eleration due to a

retion disk rotation. These measurements, when 
ombined
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retion disks, might yield distan
es to thesesour
es, whi
h would be of 
onsiderable value sin
e all three systems are deep withinHubble 
ow (vsys > 10000 km s�1) and thus might be used to establish a Hubblerelation independent of standard 
andle 
alibrators su
h as Cepheids and SN Iasupernovae.
4.1 Introdu
tionWater maser emission (� = 1:3 
m) is 
urrently the only resolvable tra
er of warmdense mole
ular gas in the inner parse
 of a
tive gala
ti
 nu
lei (AGN) and therefore
an be used to investigate properties of AGN on p
-s
ales. Very Long BaselineInterferometry (VLBI) maps of water maser sour
es have been interpreted in the
ontext of a model in whi
h the maser emission tra
es a nearly edge-on disk ofmole
ular material 0:1 to 1 p
 from a supermassive bla
k hole: e.g., NGC4258(Miyoshi et al. 1995), NGC4945 (Greenhill et al. 1997b), NGC1068 (Greenhill &Gwinn 1997), NGC3079 (Trotter et al. 1998; Yamau
hi et al. 2004; Kondratkoet al. 2005), IC 2560 (Ishihara et al. 2001), Cir
inus (Greenhill et al. 2003). As a
onsequen
e of these VLBI studies, it is believed that maser emission is dete
tedpreferentially from edge-on parse
-s
ale disks at lo
ations where the gradient inline-of-sight velo
ity is zero and hen
e the 
oherent paths for maser emission aremaximized. These o

ur 
lose to a midline (i.e., diameter perpendi
ular to the lineof sight) and 
lose to the line of sight towards a dynami
al 
enter. A 
hara
teristi
spe
tral signature of emission from an edge-on disk thus 
onsists of a spe
tral
omplex in the vi
inity of the systemi
 velo
ity (low-velo
ity emission) and two
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tral 
omplexes (high-velo
ity emission) symmetri
ally o�set from the systemi
velo
ity by the orbital velo
ity (> 100 km s�1, based on aforementioned VLBIstudies). Sour
es that display su
h spe
tra are referred to here as high-velo
itysystems.In addition to determination of p
-s
ale a

retion disk stru
tures and of bla
khole masses (e.g., Greenhill & Gwinn 1997; Greenhill et al. 2003; Herrnstein etal. 2005), high-velo
ity systems 
an also be used for estimation of distan
es basedsolely on geometry and dynami
s of the p
-s
ale a

retion disk and independentof standard 
andles like Cepheids and SN Ia supernovae. Analysis of water maseremission in NGC4258 yielded the �rst geometri
 distan
e to an extragala
ti
 obje
tand the most pre
ise extragala
ti
 distan
e ever measured (Herrnstein et al. 1999).Distan
e estimation depends on two 
ru
ial 
omponents: a robust disk model fromVLBI observations and a measurement of se
ular velo
ity drift in the low-velo
itylines, whi
h is a manifestation of 
entripetal a

eleration in the disk (the velo
itydrift is largest for low velo
ity features, as the 
entripetal a

eleration ve
tor pointsalong the line of sight). In Se
tion 4.3, we report the measurement with the GreenBank Teles
ope (GBT) of 
entripetal a

eleration in three high-velo
ity systems.As a tra
er of edge-on p
-s
ale geometries in AGN, water maser emission 
analso be used to investigate the relationship between the orientations of the gala
ti
plane and the p
-s
ale a

retion disk. In parti
ular, an open question remainswhether the p
-s
ale disks are preferentially aligned with the gala
ti
 disks. Inwhat follows, we review available eviden
e from literature for and against su
han alignment. An alignment between the stellar disk and the p
-s
ale a

retiondisk might be anti
ipated from simplisti
 angular momentum 
onsiderations if the
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reting gas originates from a kp
-s
ale disk and dynami
al e�e
ts su
h as warpsare not important. There is indeed tentative eviden
e that the nu
lear obs
uringgeometry is aligned with the gala
ti
 plane. Correlation between disk axial ratio andH� luminosity to X-ray luminosity ratio has been interpreted as eviden
e that theobs
uring geometries are 
attened and parallel to the gala
ti
 disks (Lawren
e &Elvis 1982). The dearth of edge-on opti
ally-sele
ted (Kirhakos & Steiner 1990a) orsoft-X-ray-sele
ted (Sim
oe et al. 1997) a
tive galaxies has led to a suggestion thatthe nu
lear obs
uring material is aligned with the kp
-s
ale stellar disk. Correlationbetween orientations of the gala
ti
 plane and the s
attering geometry is alsosuggested by the alignment between the gala
ti
 major axis and the polarizationve
tor for s
attered radiation (Thompson & Martin 1988; Brindle et al. 1990; Webbet al. 1993; Corbett et al. 1998). There is eviden
e that the sub-kp
-s
ale mole
ulardisks seen in CO (e.g., Curran 2000) or the kp
-s
ale dust disks seen in opti
al light(Martel et al. 2000) are aligned with the gala
ti
 planes. It is important to notehowever that the aforementioned studies are sensitive to dust obs
uration or probestru
tures at larger s
ales, and thus infer orientation of the p
-s
ale nu
lear stru
turewith respe
t to the gala
ti
 plane indire
tly.Studies have nonetheless shown la
k of 
orrelation between gala
ti
 planeorientation and either neutral hydrogen 
olumn density (Malizia et al. 1997), nu
learjet dire
tion (Ulvestad & Wilson 1984; S
hmitt et al. 1997, 2001, 2002; Clarke etal. 1998; Nagar & Wilson 1999; Kinney et al. 2000; Middelberg et al. 2004), ornarrow line region orientation (S
hmitt et al. 2003). However, these studies are notunambiguous indi
ators of p
-s
ale disk in
lination, as they infer orientation of theinnermost nu
lear stru
ture indire
tly from either X-ray absorption or orientations of
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ow and illumination axes that are presumed to be orthogonal. It is possible thatthe p
-s
ale a

retion disks and the geometries that provide X-ray absorption areeither not the same physi
al entities or themselves misaligned. Furthermore, p
-s
alea

retion disks and out
ow or illumination axes may be misaligned or may appearmisaligned for a variety of reasons. First, as reviewed by Kinney et al. (2000), a jetmight not be laun
hed perpendi
ular to the p
-s
ale a

retion disk due to eitherradiative instability (Pringle 1996, 1997), relativisti
 frame dragging (Bardeen &Petterson 1975), or a nu
lear star 
luster. Se
ond, jet dire
tion as determined withrespe
t to the a

retion disk may 
hange with time or be a�e
ted by intera
tion withthe ISM, as is well illustrated by two a
tive systems on kp
-s
ales | NGC4258 (e.g.,Ce
il et al. 2000) and NGC1068 (e.g., Gallimore et al. 2004; Muxlow et al. 1996) |and possibly also by NGC3079 (Kondratko et al. 2005) and NGC5793 (Hagiwaraet al. 2001a) on p
-s
ales. Third, radio or opti
al features might 
orrespond tointera
tion regions that appear in proje
tion signi�
antly o�set from the prin
ipleout
ow axis; for instan
e, the anomalous opti
al and radio arms in NGC4258 havebeen interpreted as gala
ti
 disk gas that has been sho
ked by the out-of-plane radiojets (Wilson et al. 2001). Fourth, narrow line regions might be delimited by shadows
ast by warped stru
tures at smaller radii, in whi
h 
ase misalignments betweenthe two are expe
ted; in the Cir
inus galaxy, for example, the outer edges of thewarped p
-s
ale mole
ular disk tra
ed by the maser emission have position anglesvery similar to those of the narrow line region (Greenhill et al. 2003).If the orientation of a p
-s
ale a

retion disk and the gala
ti
 stellar disk are
orrelated, then the dete
tion rate for water maser emission among edge-on a
tivegalaxies might re
e
t the preferen
e for water maser emission to o

ur in edge-on
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-s
ale mole
ular disks. Based on 14 water maser systems known at the time,Braatz et al. (1997b) found a marginal predisposition for water maser emission too

ur in edge-on a
tive galaxies. In prin
ipal, an apparent ex
ess of maser sour
esin in
lined a
tive galaxies should result in a relatively high dete
tion rate amongin
lined seemingly normal (i.e., not a
tive) systems, in light of the 
on
lusion by Hoet al. (1997b) that � 43% of nearby and seemingly-normal galaxies exhibit someeviden
e for nu
lear a
tivity. However, a sear
h by Braatz et al. (2003) for watermaser emission among 58 highly in
lined (i > 80Æ), nearby (vsys < 3000 km s�1),seemingly normal galaxies yielded no dete
tions, either be
ause the AGN X-rayluminosity of these systems is insuÆ
ient to ex
ite maser emission bright enough forus to dete
t or be
ause the ex
ess reported by Braatz et al. (1997b) was a resultof small number statisti
s. To test for this preferen
e, we surveyed with the GreenBank Teles
ope (GBT) 41 edge-on AGN with vsys < 18000 km s�1 sele
ted fromNASA Extragala
ti
 Database (NED). We have dis
overed water maser emission inthree edge-on AGN at about the expe
ted, not elevated, rate. In Se
tion 4.3, wepresent spe
tra and positions for the dete
ted emission. In Se
tion 4.4, we dis
ussthe survey dete
tion rate and the distribution of gala
ti
 plane in
linations for allknown water maser systems.
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ondu
ted during 2004-2005 with the GBT of the NRAO1 with
hannel spa
ing of 24:4 kHz and two 200MHz IFs 
on�gured to overlap by 50MHz.We tuned the 
enter of the resulting 350MHz instantaneous bandwidth to thesystemi
 velo
ity of ea
h target sour
e (350MHz � 4880 km s�1 for a representativere
essional velo
ity of 5000 km s�1, assuming the opti
al de�nition of Doppler shift).The observations of known water maser sour
es were 
ondu
ted between 2003 and2006 with the same setup with the ex
eption of the 2003De
ember 8 epo
h on2MASXJ08362280+3327383, for whi
h the two IFs were 
on�gured to overlap by20MHz and the IF at lower velo
ity was 
entered on the systemi
 velo
ity of thegalaxy.To obtain total-power spe
tra of ea
h sour
e, we moved the teles
ope by 30every 2min between two positions on the sky so that ea
h target was always presentin one of the two GBT beams for ea
h polarization. System temperatures weremeasured against a 
alibrated noise sour
e inje
ted at the re
eiver and ranged from23 to 75K depending on elevation and weather 
onditions. To 
onvert the spe
trato 
ux density units, we used the gain 
urve obtained by the GBT sta� based onmeasurements of opa
ity-
orre
ted antenna temperature for NGC7027 at � 1:4 
m(R. Maddalena 2003, private 
ommuni
ation). By 
omparing maser line amplitudesamong beams and polarizations, we estimate that the 
alibration of the systemtemperature is a

urate to within 30%, an un
ertainty that dominates the error1The National Radio Astronomy Observatory is operated by Asso
iated Universities, In
., under
ooperative agreement with the National S
ien
e Foundation
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ux density s
ale. Antenna pointing 
orre
tions were obtained every� 30 minutes and were typi
ally < 600, whi
h 
orresponds to a < 8% loss in sour
e
ux density for a 3600 beamwidth (FWHM) at 1:3 
m. For the observations reportedhere, the wind speed at the GBT site was typi
ally < 22mph, whi
h 
orrespondsto a one-dimensional rms (1�) tra
king error of < 1500 and a signal loss of at most38% . Data were redu
ed using 
ustom s
ripts written in the Intera
tive DataLanguage. We subtra
ted a running box
ar average of width 6:25MHz to removesystemati
 baseline stru
ture from the total-power spe
tra. The resulting 1 � noiselevels attained in an integration of � 30minutes total and 
orre
ted for atmospheri
opa
ity estimated from tipping s
ans (from 0:03 to 0:2) were 3:8 � 14mJy in a24:4 kHz 
hannel. The spe
tra presented here have been Hanning smoothed to aresolution of 108 kHz, though 
hannel spa
ing of 24:4 kHz has been maintainedthroughout.
4.3 Results4.3.1 SurveyIn a survey with the GBT of 41 edge-on (i > 70Æ) AGN with vsys < 18000 km s�1sele
ted from the NED (Table 4.1), we have dete
ted three new water masersour
es: NGC0017, NGC1320, and IRAS16288+3929 (Fig. 4.1 and Table 4.1).All three dis
overies were subsequently 
on�rmed either or both with the VeryLarge Array (VLA) using a narrow observing bandwidth of 6:25MHz (NGC1320,IRAS16288+3929) or with the GBT on a di�erent day but using the same
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trometer 
on�guration (NGC0017, IRAS16288+3929). The nu
lei that hostthe dete
ted maser emission are spe
tros
opi
ally 
lassi�ed as Seyfert 2 (Table 4.1).Positions of the maser emission in NGC1320 and IRAS16288+3929 measured withthe VLA are 
onsistent with opti
al positions of the AGNs to within 1� (typi
ally0.003 radio and 0.004� 1.003 opti
al), whi
h suggests asso
iation of the dete
ted emissionwith nu
lear a
tivity. The peak luminosities of the dis
overed emission (� 0:5�4L�)are 
onsistent with those of other AGN related masers (e.g., Kondratko et al. 2006)but greater than the typi
al peak luminosity from W49N (0:05L�; Gwinn 1994),the most luminous maser in our galaxy asso
iated with a region of intense starformation, and from an H II region in a spiral galaxy M33 (� 0:02L�; Greenhillet al. 1990). Be
ause of the high luminosities, we 
onsider nu
lear star-formation asa less likely explanation for the dis
overed emission.
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Table 4.1. A
tive Galaxies with In
linations > 70Æ Surveyed for Water Maser Emission with the Green BankTeles
ope.Galaxy Type(a) �2000(b) Æ2000(b) vsys(
) Date Tsys(d) 1�(e)(hh mm ss) (dd mm ss) (km s�1) (K) (mJy)UGC12915 LINER 00 01 41.94 +23 29 44.5 4336 02-02-2005 27 4.3UGC00050 LINER 00 06 40.15 +26 09 16.2 7552 02-01-2005 26 4.7NGC0017F Sy2 00 11 06.55 �12 06 26.3 5931+11�235 04-18-2006 47 3.2. . . . . .UGC00238 LINER 00 25 03.35 +31 20 42.6 6796 02-01-2005 27 4.3M31 LINER 00 42 44.32 +41 16 08.5 -300 02-01-2005 33 6.1IRAS01189+2156 Sy2 01 21 44.27 +22 12 35.1 17478 02-01-2005 27 4.1UM319 Sy2 01 23 21.18 �01 58 36.0 4835 09-21-2005 56 9.2UGC00987 Sy2 01 25 31.46 +32 08 11.4 4658 01-28-2005 24 4.0NGC0660 LINER 01 43 01.70 +13 38 34.0 850 02-02-2005 33 6.7UGC01282 Sy2 01 49 29.87 +12 30 32.6 5221 02-02-2005 29 5.0UGC01479 Sy2 02 00 19.06 +24 28 25.3 4927 02-02-2005 28 4.4UGC01757 Sy2 02 17 23.05 +38 24 49.9 5254 01-28-2005 23 4.2UGC02456 Sy2 02 59 58.59 +36 49 14.3 3605 02-01-2005 32 4.5UGC02638 LINER 03 17 02.21 +01 15 17.9 7123 09-21-2005 54 10NGC1320F Sy2 03 24 48.70 �03 02 32.2 2663+360�16 09-30-2005 47 5.903 24 48.70 �03 02 32.3MCG -02-09-040 Sy2 03 25 04.94 �12 18 27.8 4495 09-30-2005 48 6.0SBS 0811+584 Sy2 08 16 01.30 +58 20 01.0 7584 09-30-2005 43 5.6NGC2683 Sy2 08 52 41.42 +33 25 13.7 411 09-30-2005 44 6.5
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Table 4.1|ContinuedGalaxy Type(a) �2000(b) Æ2000(b) vsys(
) Date Tsys(d) 1�(e)(hh mm ss) (dd mm ss) (km s�1) (K) (mJy)NGC3190 LINER 10 18 05.77 +21 49 55.8 1271 10-01-2005 46 5.9UGC05613 LINER 10 23 32.50 +52 20 30.0 9620 02-01-2005 26 4.6NGC3593 Sy2 11 14 37.00 +12 49 04.0 628 10-01-2005 47 6.5NGC3628 LINER 11 20 16.95 +13 35 20.1 843 02-01-2005 40 6.2NGC3753 AGN 11 37 53.90 +21 58 53.0 8727 02-01-2005 31 4.2UGC09532NED01 AGN 14 47 53.39 +19 04 37.1 12506 02-01-2005 27 4.6IRASF15033+2617 Sy2 15 05 27.93 +26 05 29.3 16579 02-01-2005 27 4.52MASXi J1559189+651357 AGN 15 59 18.95 +65 13 57.8 8975 02-01-2005 26 4.6IRAS16288+3929F Sy2 16 30 32.66 +39 23 03.2 9161+21�21 04-10-2006 39 2.816 30 32.68 +39 23 03.1UGC10593 Sy2 16 52 18.87 +55 54 19.8 8739 09-21-2005 70 14UGC10695 LINER 17 05 05.56 +43 02 35.1 8328 09-28-2005 51 6.6NGC6503 LINER 17 49 27.11 +70 08 39.6 60 09-28-2005 56 6.5NGC6636NED01 Sy2 18 22 02.20 +66 36 37.7 4393 09-28-2005 57 7.0CGCG341-006 Sy2 18 45 26.23 +72 11 01.7 13880 02-01-2005 27 4.6NGC7013 LINER 21 03 33.31 +29 53 49.3 779 02-02-2005 29 4.5IC 1417 Sy2 22 00 21.61 �13 08 49.1 5345 09-30-2005 53 6.4NGC7331 LINER 22 37 04.09 +34 24 56.3 816 02-01-2005 32 5.5UGC12201 LINER 22 49 09.55 +34 59 30.5 5055 02-02-2005 26 3.8NGC7466 Sy2 23 02 03.42 +27 03 09.5 7493 02-01-2005 25 3.9
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Table 4.1|ContinuedGalaxy Type(a) �2000(b) Æ2000(b) vsys(
) Date Tsys(d) 1�(e)(hh mm ss) (dd mm ss) (km s�1) (K) (mJy)UGC12318 Sy2 23 02 08.01 +25 40 13.7 9533 02-01-2005 26 4.2NGC7549 AGN 23 15 17.23 +19 02 30.1 4736 02-02-2005 27 4.2UGC12519 Sy2 23 20 02.75 +15 57 10.6 4378 02-01-2005 29 4.3(a)A
tivity type from the NED.(b)Opti
al positions from the NED with typi
al un
ertainties of �1.003 used for GBT pointing. For newly dis
overednu
lear water maser sour
es, �rst line: opti
al positions from the NED with un
ertainties of �0.005 (NGC0017), �1.003(NGC1320), or �0.004 (IRAS16288+3929); se
ond line: maser positions measured with a VLA snapshot with typi
alun
ertainties of �0.003. To establish the magnitude of systemati
 un
ertainties in position, we imaged disjoint segmentsof the VLA data and 
on�rmed that they yield 
onsistent maser positions (that is, within 0.003).(
)Opti
al helio
entri
 systemi
 velo
ity. For ea
h sour
e, the listed value represents the systemi
 velo
ity measurementwith the smallest un
ertainty. For the three dis
overies, we also list in the form of upper and lower limits the range ofopti
al helio
entri
 systemi
 velo
ity estimates. The measurements (km s�1) are: NGC1320: 2663� 16 (HI; Davoust &Contini 2004), 2716�29 (opti
al; Hu
hra et al. 1993), 3023 (opti
al; Bottinelli et al. 1993); NGC0017: 5881�2 (opti
al;Rothberg & Joseph 2006), 5931� 11 (HI; de Vau
ouleurs et al. 1991), 5772 � 25 (opti
al; de Vau
ouleurs et al. 1991),5726 � 30 (opti
al; Bottinelli et al. 1993), 5821 � 38 (opti
al; Hu
hra et al. 1993), 5821 � 44 (opti
al; da Costa et al.1998); IRAS16288+3929: 9161� 21 (opti
al; Rines et al. 2002).(d)Average system temperature (not-
orre
ted for opa
ity).(e)Rms noise in a 24:4 kHz spe
tral 
hannel 
orre
ted for atmospheri
 opa
ity (typi
ally from 0:03 to 0:2) and for thedependen
e of antenna gain on elevation.FNewly dis
overed water maser sour
es.
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Figure 4.1.| Spe
tra of newly dis
overed emission in NGC1320, NGC0017, andIRAS16288+3929 obtained with the Green Bank Teles
ope. For ea
h sour
e, thehorizontal error bar shows the range of opti
al helio
entri
 systemi
 velo
ity estimateswhile the verti
al bar marks the systemi
 velo
ity measurement with the smallestun
ertainty.The maser emission in NGC1320 either is related to jet a
tivity or arises inan edge-on p
-s
ale a

retion disk. We favor the latter hypothesis, sin
e there isno eviden
e in the maser spe
trum of broad (i.e., � 5 km s�1) spe
tral features,whi
h have been asso
iated 
ir
umstantially with jet a
tivity in other AGN (e.g.,Claussen et al. 1998; Gallimore et al. 2001; Pe
k et al. 2003; Kameno et al. 2005).Considering the large un
ertainty on the systemi
 velo
ity of the host galaxy, thetwo emission 
omplexes at � 2600 and � 3000 km s�1 (Fig. 4.1) might be either low-and high-velo
ity emission or two high-velo
ity 
omplexes. Thus, we infer from theseparation of � 400 km s�1 between the two emission 
omplexes, a maximum orbitalvelo
ity of the disk as tra
ed by the maser emission of either � 200 or � 400 km s�1.In NGC0017, we dete
ted two spe
tral lines (at � 5880 and � 5695 km s�1)separated by 190 km s�1. Physi
al 
lassi�
ation in this 
ase is un
ertain due to thespe
tral 
hara
ter and sin
e the position of the maser with respe
t to the nu
leus has
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al and near-infrared images of NGC0017(a.k.a, NGC0034) show eviden
e of extreme tidal distortions and it is thus likely thatthe galaxy hosts a multiple nu
leus (e.g., Vorontsov-Vel'Yaminov 1977; Hunt et al.1999; Mazzarella & Boroson 1993). The spe
trum of IRAS16288+3929 exhibits asingle line at � 8920 km s�1 that is signi�
antly displa
ed (by � 240 km s�1) from thesystemi
 velo
ity of the host galaxy (vsys = 9161 km s�1) and that might be eitheremission asso
iated with a radio jet (e.g., Pe
k et al. 2003; Claussen et al. 1998) orhigh-velo
ity emission from the approa
hing side of an edge-on a

retion disk.NGC1320 and NGC0017 were targeted but not dete
ted in previous surveysfor maser emission. For NGC0017, Braatz et al. (1996) and Kondratko et al. (2006)report 1� noise levels of 73 and 16mJy in 0:66 and 1:3 km s�1 spe
tral 
hannels,respe
tively, 
orresponding to signal to noise ratios (SNR) of . 1 at the 
urrent linestrength (peak 
ux of � 11mJy and noise level of 1� = 1:5mJy, both in a 1:5 km s�1spe
tral 
hannel). In the 
ase of NGC1320, Braatz et al. (1996) and Kondratko etal. (2006) obtained 1� noise levels of 61 and 19mJy in 0:84 and 1:3 km s�1 spe
tral
hannels, respe
tively, again not suÆ
ient to dete
t the maser with SNR of at least4 at present line strength (peak 
ux of � 37mJy and noise level of 1� = 2:7mJy,both in a 1:5 km s�1 
hannel). We note that no emission is evident in the Kondratkoet al. (2006) spe
trum of NGC1320 even when smoothed to an e�e
tive resolutionof 3:5 km s�1.
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Table 4.2. Known Water Maser Sour
es Observed with the Green Bank Teles
ope.Galaxy Type(a) �2000(b) Æ2000(b) vsys(
) Date Tsys(d) 1�(e)(hh mm ss) (dd mm ss) (km s�1) (K) (mJy)NGC0235A Sy2 00 42 52.81 �23 32 27.8 6664+108�21 02-01-2006 58 3.8NGC0449 (MRK1) Sy2 01 16 07.25 +33 05 22.4 4780+51�46 04-19-2006 48 2.4UGC04203 (MRK1210) Sy2 08 04 05.86 +05 06 49.8 4046+114�156 04-24-2006 44 3.3NGC2824 Sy? 09 19 02.22 +26 16 12.0 2760+39�49 01-27-2006 35 2.5NGC2979 Sy2 09 43 08.65 �10 23 00.0 2720+15�15 02-09-2006 37 2.0ARP299 (NGC3690) AGN 11 28 32.20 +58 33 44.0 3121+3�253 04-27-2006 46 2.9NGC3735 Sy2 11 35 57.30 +70 32 08.1 2696+81�141 02-09-2006 37 3.9NGC4293 LINER 12 21 12.82 +18 22 57.4 893+63�318 04-10-2006 38 2.82MASXi J1939388-012433 Sy2 19 39 38.91 �01 24 33.2 6188+36�36 04-19-2006 48 3.7(a)A
tivity type from the NED, ex
ept for NGC0235A, whi
h is from Kondratko et al. 2006.(b)GBT pointing positions adopted from Kondratko et al. 2006 for NGC0235A, NGC4293 (� = 0.003), from Greenhill et al. 2003 for NGC2824, NGC2979,2MASXi J1939388-012433 (� = 0.002), and from the NED for NGC0449 (� = 0.0028), UGC04203 (� = 0.0075), NGC3556 (� = 1.003), ARP299 (NGC3690, � = 1000),NGC3735 (� = 1.003).(
)Opti
al helio
entri
 systemi
 velo
ity. For ea
h sour
e, we list the systemi
 velo
ity measurement with the smallest un
ertainty (main value) and the range of opti
alhelio
entri
 systemi
 velo
ity estimates available in literature (upper and lower limits). The measurements (km s�1) are: UGC04203 (MRK1210): 4046 � 10 (HI; deVau
ouleurs et al. 1991), 4035� 60 (opti
al; de Vau
ouleurs et al. 1991), 4065� 42 (opti
al; Fal
o et al. 1999), 4090� 70, 3890 (opti
al; Bottinelli et al. 1993); NGC2979:2720 � 15 (opti
al; Fisher et al. 1995); NGC3735: 2696 � 7 (HI; de Vau
ouleurs et al. 1991), 2671 � 46 (opti
al; de Vau
ouleurs et al. 1991), 2684 � 39 (opti
al; Fal
oet al. 1999), 2738 � 39, 2597 � 42 (opti
al; Bottinelli et al. 1993); ARP299 (NGC3690): 3121 � 3 (HI; Nordgren et al. 1997), 2996 � 14, 3051 � 22, 2948 � 80 (opti
al;Bottinelli et al. 1993); NGC0449 (MRK1): 4780 � 2 (opti
al; Keel 1996), 4823 � 6 (opti
al; Hu
hra et al. 1999), 4824 � 7 (HI; de Vau
ouleurs et al. 1991), 4795 � 22(opti
al; de Vau
ouleurs et al. 1991), 4750� 16 (opti
al; Fal
o et al. 1999), 4793� 4830 (opti
al; Bottinelli et al. 1993); NGC4293: 893 � 8 (opti
al; di Nella et al. 1995),948 � 8 (HI; de Vau
ouleurs et al. 1991), 883 � 54 (opti
al; Fal
o et al. 1999), 717 � 58 (opti
al; de Vau
ouleurs et al. 1991), 750 � 175 (opti
al; Humason et al. 1956);NGC2824: 2760 � 23 (opti
al; Fisher et al. 1995), 2759 � 31 (opti
al; de Vau
ouleurs et al. 1991), 2755 � 44 (opti
al; Fal
o et al. 1999), 2759 (opti
al; Bottinelli et al.1993); NGC0235A: 6664 � 21 (opti
al; de Vau
ouleurs et al. 1991), 6692 � 28 (opti
al; da Costa et al. 1991), 6692 � 37 (opti
al; da Costa et al. 1998), 6772 (opti
al;Bottinelli et al. 1993); 2MASXi J1939388-012433: 6188 � 36 (opti
al; Strauss et al. 1992).(d)Average system temperature (not-
orre
ted for opa
ity).(e)Rms noise in a 24:4 kHz spe
tral 
hannel 
orre
ted for atmospheri
 opa
ity (typi
ally from 0:02 to 0:04) and for the dependen
e of antenna gain on elevation.
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Figure 4.2.| Spe
tra of known masers in UGC04203 (MRK1210), NGC2979,NGC3735, ARP299 (NGC3690), NGC0449 (MRK1), NGC4293, NGC2824,NGC0235A, and 2MASXi J1939388-012433 obtained with the Green Bank Teles
ope.For ea
h sour
e, the horizontal error bar shows the range of opti
al helio
entri
 sys-temi
 velo
ity estimates while the verti
al bar marks the systemi
 velo
ity measure-ment with the smallest un
ertainty. For NGC2979, NGC3735, and NGC0449, theverti
al s
ale was expanded to make apparent weak emission. In these three 
ases,the peak 
ux densities are 0:049, 0:47, and 0:12 Jy, respe
tively.
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esWe also used the GBT to obtain sensitive (1� � 2 � 4mJy) spe
tra of knownnon-high-velo
ity sour
es (Fig.4.2 and Table 4.2) in an e�ort to dete
t weakhigh-velo
ity emission that was not dete
ted in previous studies. In what follows, we
omment on sele
ted systems:� UGC04203 (MRK1210). We dete
ted with high SNR (> 15) emission in thevelo
ity range 4200 � 4350 km s�1, a line at � 4100 km s�1, and a 
omplexat � 3775 km s�1. The latter two were dete
ted only marginally in previousspe
tra of the sour
e (Braatz et al. 1996, 2003). The resulting spe
trumreveals unambiguously a 
hara
teristi
 spe
tral signature of emission from anedge-on disk: a spe
tral line (� 70mJy at � 4100 km s�1) in the vi
inity ofthe systemi
 velo
ity of 4046� 10 km s�1 (HI; de Vau
ouleurs et al. 1991) andtwo high-velo
ity 
omplexes (at 3740� 3830 km s�1 and 4190� 4350 km s�1)symmetri
ally o�set by approximately 250 km s�1 from the systemi
 velo
ity. Ifthe red- and blue-shifted emission in this system indeed represents high-velo
ityemission, then the maximum orbital velo
ity of the disk as tra
ed by the maseremission is � 300 km s�1.� NGC3735. We dete
ted weak narrow lines at � 2440, � 2480, � 2840,� 2890 km s�1 not evident in previous spe
tra of the sour
e (Greenhill et al.1997a; Braatz et al. 2003) and blue-shifted and red-shifted from the systemi
emission at � 2700 km s�1 (vsys = 2696 � 7 km s�1 from HI; de Vau
ouleurset al. 1991) by 210� 250 and 150� 200 km s�1, respe
tively. As in the 
ase ofNGC1320, we infer from the presen
e of narrow (i.e., < 5 km s�1) line widths
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iation of emission with the nu
leus (Greenhill et al. 1997a) thatNGC3735 is likely a high-velo
ity system. The maximum orbital velo
ity ofthe disk as tra
ed by the maser emission in this 
ase is � 250 km s�1.� NGC2979. The GBT spe
trum shows weak emission (� 3mJy at 2390 km s�1)that was not evident in the previous spe
trum of this sour
e (Greenhill et al.2003) and that is blue-shifted by 325 km s�1 from the systemi
 velo
ity of thehost galaxy. The maser emission originates in the a
tive nu
leus (Greenhillet al. 2003) but, absent narrow lines, the ex
itation of the maser emissionby jet a
tivity 
annot be ex
luded. For water maser systems with multiplesystemi
 velo
ity measurements, estimates of systemi
 velo
ity from opti
aldata are often o�set (irrespe
tive of the quoted formal un
ertainties) byas mu
h as � 100 km s�1 from either the average or the systemi
 velo
itymeasurement based on HI data (refer to Fig.4.2). Hen
e, if we assumed thatemission originates in an edge-on a

retion disk and that the single opti
alsystemi
 velo
ity measurement is highly un
ertain (2720� 15; Fisher, K. B.,et al. 1995), then we would identify the broad 
omplex at 2700� 3000 km s�1and the newly dete
ted feature at 2390 km s�1 with systemi
 and blue-shiftedhigh-velo
ity emission, respe
tively. Under this s
enario, the orbital velo
ity ofthe disk would be � 500 km s�1, and we would expe
t red-shifted high-velo
ityemission to o

ur approximately at 3300 km s�1. We note however that noemission is apparent in the GBT spe
trum at this velo
ity. It is also possiblethat the 
omplex at 2700 � 3000 km s�1 represents emission from an entirequadrant of the a

retion disk, i.e., it arises at azimuthal angles intermediateto the midline and the line of sight towards the 
entral engine. Emission
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ations within the disk other than the midline and theline-of-sight towards the 
enter has been observed from NGC1068 (Greenhill& Gwinn 1997; Gallimore et al. 2001). If this spe
ulation is 
orre
t, then theorbital velo
ity of the disk in NGC2979 would be � 350 km s�1.� NGC0449 (Mrk 1). We dete
ted an emission 
omplex at � 4860 km s�1, a� 20mJy 
omponent at � 4600 km s�1, and a weak line (peak of 7mJy in a1:5 km s�1 spe
tral 
hannel) at � 4725 km s�1. The 
omplex at � 4860 km s�1has been present in the spe
trum of the sour
e sin
e its dis
overy (Braatz et al.1996, 2003) while the 
omponent at � 4600 km s�1 was marginally dete
ted byBraatz et al. (2003). The newly dete
ted emission is approximately halfwayin velo
ity between the two previously known spe
tral 
omponents. Althoughthe position of the maser emission with respe
t to the nu
leus has not beendetermined, the spe
trum shows an ar
hetypi
al spe
tral signature of emissionfrom an edge-on a

retion disk. In parti
ular, 
onsidering the un
ertaintyon the systemi
 velo
ity of the galaxy (4780+51�46 km s�1 from various opti
alstudies; see Fig.4.2), we identify the 
omplex at � 4860 km s�1, the 
omponentat � 4600 km s�1, and the newly dete
ted emission at � 4725 km s�1 withred-shifted high-velo
ity, blue-shifted high-velo
ity, and low-velo
ity emission,respe
tively. Under this s
enario, the spe
trum is 
onsistent with emissionfrom an edge-on disk with orbital velo
ity of � 130 km s�1.� ARP299 (NGC3690). The spe
trum 
ontains a feature with FWHM�250 km s�1 and narrow Doppler 
omponents that were not evident in theprevious spe
tra of the sour
e obtained with 4:3 km s�1 
hannels (Henkelet al. 2005). Broad spe
tral 
omponents su
h as the one in ARP299 have
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iated 
ir
umstantially with jet a
tivity in three other AGN (e.g.,Claussen et al. 1998; Gallimore et al. 2001; Pe
k et al. 2003; Kameno et al.2005). Furthermore, there is tentative eviden
e from single-dish mapping thatemission arises from multiple regions separated by kp
's in this merging system(Henkel et al. 2005). This and the presen
e of both narrow and broad spe
tralfeatures 
ompli
ate the physi
al 
lassi�
ation of this sour
e.� NGC2824. The GBT spe
trum shows relatively narrow Doppler 
omponentson top of a broad (� 150 km s�1) line pro�le, whi
h is 
onsistent with thedis
overy spe
trum of the maser (Greenhill et al. 2003). Although the maseremission is asso
iated in position with the AGN (Greenhill et al. 2003), thepresen
e of both narrow and broad spe
tral 
omponents hinders physi
alinterpretation in this 
ase.
4.3.3 Centripetal A

elerationWe also monitored with the GBT low-velo
ity emission in three high-velo
ity systemsthat were initially dete
ted with the GBT (2MASXJ08362280+3327383, NGC6264,and UGC09618NED02; Kondratko et al. 2006) in an e�ort to dete
t velo
ity drifts,whi
h are a manifestation of 
entripetal a

eleration due to disk rotation (Table4.3, Figs.4.3 and 4.4). For ea
h sour
e, we used an iterative least squares te
hniqueadopted from Humphreys et al. (2007) to solve for amplitudes, peak 
entroids,widths, and velo
ity drifts of all Gaussian 
omponents at all epo
hs simultaneously.We 
onstrained the widths of most Gaussian 
omponents to < 5 km s�1, sin
e webelieve that properly de
omposed spe
tra of high-velo
ity systems should 
onsist of
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Table 4.3. Velo
ity drifts of Gaussian 
omponents that 
omprise low-velo
ity emission.Sour
e Epo
h(a) �2R(b) Velo
ity(
) Drift(d) Epo
hs(e)(km s�1) (km s�1 yr�1)2MASXJ08362280+3327383(f)12-08-2003 1:7 14940:92� 0:06 0:405� 0:005 414943:2� 0:4 0:9� 0:114951:9� 0:1 0:93� 0:0314954:70� 0:06 0:58� 0:0314963:9� 0:1 0:85� 0:0714967:7� 0:1 1:55� 0:0414969:9� 0:1 1:88� 0:0714976:0� 0:2 0:11� 0:0514949:2� 0:9 1:45� 0:0912-08-2003 1:0 15025:5� 0:1 0:65� 0:04NGC6264 10-17-2005 1:2 10164:0� 0:2 1:9� 0:2 310164:4� 0:3 1:7� 0:510168:2� 0:3 2:1� 0:310174:7� 0:3 1:7� 0:610181:9� 0:3 2:1� 0:610184:7� 0:4 2:0� 0:410186:0� 0:1 2:1� 0:110188:7� 0:2 2:0� 0:210191:0� 0:2 1:2� 0:4UGC09618NED02(f) 12-13-2003 1:4 10199:6� 0:1 3:8� 0:1 5(a)Referen
e epo
h for 
omponent velo
ities.(b)Redu
ed 
hi-squared for a least squares solution that determines velo
ities, velo
ity drifts, widths,and amplitudes of all Gaussian 
omponents at all epo
hs simultaneously. Only 
omponents for whi
h theamplitudes were obtained with signal-to-noise ratio of > 3 over at least two epo
hs are reported.(
)Velo
ity of a Gaussian 
omponent at the referen
e epo
h.(d)Velo
ity drift of a Gaussian 
omponent.(e)Total number of epo
hs.(f)A �rst-order polynomial and a wide (� 25 km s�1) stationary Gaussian 
omponent | models for thebroad low-velo
ity plateaus in UGC09618NED02 and 2MASXJ08362280+3327383, respe
tively | are notreported here.



CHAPTER 4. WATER MASER EMISSION FROM EDGE-ON AGN 103narrow Doppler widths. However, a �rst-order polynomial and a wide (� 25 km s�1)stationary Gaussian 
omponent were used to model the broad low-velo
ity plateausin UGC09618NED02 and 2MASXJ08362280+3327383, respe
tively. We note thatthese two models a�e
t our velo
ity drift results insigni�
antly (i.e., within thereported un
ertainties). In 
ase of 2MASXJ08362280+3327383 and NGC6264, wereport the dete
tion of 
entripetal a

eleration in multiple features. We obtain � 0:5,1:2� 2:1, and 3:8� 0:1 km s�1 yr�1 for 2MASXJ08362280+3327383, NGC6264, andUGC09618NED02, respe
tively (Table 4.3).

Figure 4.3.| Spe
tra of low-velo
ity features in 2MASXJ08362280+3327383 obtainedwith the Green Bank Teles
ope and the results of Gaussian 
omponent de
omposition(also see Table 4.3). A wide (� 25 km s�1) stationary Gaussian 
omponent at �14951 km s�1 represents a broad low-velo
ity plateau present at ea
h epo
h.
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Figure 4.4.| Spe
tra of low-velo
ity features in NGC6264 (left) andUGC09618NED02 (right) obtained with the Green Bank Teles
ope and theresults of Gaussian 
omponent de
omposition (also see Table 4.3). An overplottedline shows a model for the broad low-velo
ity plateau in UGC09618NED02 presentat ea
h epo
h.4.4 Dis
ussion4.4.1 Bla
k Hole Masses and Disk RadiiThe measured 
entripetal a

elerations, when 
ombined with the orbital velo
itiesas inferred from single-dish spe
tra, 
an be used to estimate bla
k hole masses anda

retion disk radial extents. If we 
ombine equations for 
entripetal a

eleration,a = v2=r, and orbital velo
ity, v2 = GM=r, we obtain MBH = v4rot=Ga andr = GMBH=v2rot, where MBH is the bla
k hole mass, r is the radius, vrot is the orbital
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ity, and a is the 
entripetal a

eleration. If we assume that the orbital velo
ityof the low-velo
ity emission is represented by the orbital velo
ity of the high-velo
ityemission as inferred from the spe
tra (i.e., low-velo
ity emission arises within thea

retion disk at the mean radius of the high-velo
ity features), then we obtain bla
khole masses of � 6� 107, 2� 107, and 6� 107M� and a

retion disk radial extentsof � 0:5� 1, 0:1� 0:5, and 0:2� 0:8 p
 for 2MASXJ08362280+3327383, NGC6264,and UGC09618NED02, respe
tively.We note that for 2MASXJ08362280+3327383, the s
atter in the velo
itydrift measurements is larger than the individual formal un
ertainties. Sin
ea = GMBH=r2 and hen
e �a=hai = �2�r=hri, the s
atter in the measureda

elerations of �a=hai � 1:3 might be due to low-velo
ity emission that populatesa wide range of radii within the a

retion disk, i.e., �r=hri � 0:6. Su
h radialspread has been observed in the 
ase of NGC4258, for whi
h robust de-proje
tionhas been a
hieved (Humphreys et al. 2007). Furthermore, the measured 
entripetala

elerations might vary with spe
tral 
omponent velo
ity if the disk radius of thelow-velo
ity features 
hanges with the azimuth angle due to a disk warp for instan
e(e.g., Herrnstein et al. 2005). However, we �nd no eviden
e for a dependen
e ofvelo
ity drift on 
omponent velo
ity for any of the sour
es.Moreover, we dete
t only spe
tral 
omponents that drift towards largervelo
ities with time (i.e., 
omponents with positive 
entripetal a

eleration), asis expe
ted for low-velo
ity emission that arises along the line of sight to and infront of the dynami
al 
enter. Low-velo
ity emission from behind the dynami
al
enter, whi
h would manifest itself as spe
tral 
omponents with negative 
entripetala

eleration, have not been dete
ted to date from known nu
lear water maser
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lear 
ontinuum sour
e might be ne
essary togenerate low-velo
ity emission luminous enough for us to dete
t; it is likely thatampli�
ation of ba
kground 
ontinuum emission indeed plays a role in the 
ase of thesystemi
 emission in NGC4258 (e.g., Herrnstein et al. 1997). Alternatively, free freeabsorption by ionized gas in 
lose proximity to the 
entral engine may signi�
antlyweaken the emission from behind the dynami
al 
enter (e.g., Herrnstein et al. 1996).The environment outside of the disk is expe
ted to be ionized and hen
e di�erentialattenuation of the maser emission is readily a
hieved for free-free absorption with arelatively small di�eren
e in emission measure (e.g., Mezger & Henderson 1967). Inparti
ular, di�eren
e in opti
al depth of �� > 3 between the front side and the ba
kside of the disk would be suÆ
ient to attenuate a low-velo
ity line with a typi
alstrength of � 150mJy to below 4� dete
tion threshold in our GBT spe
tra.4.4.2 Disk OrientationsWe now 
onsider eviden
e for the preferen
e of water maser emission to o

urin edge-on galaxies from survey dete
tion rates and from the distribution ofgala
ti
 plane in
linations. In what follows, we 
omputed the in
lination i usingsin2 i = (1 � 10�2 log10 r25)=(1 � 10�2 log10 ro), where log10 r25 is the logarithm of theratio of major to minor isophotal diameters, both measured at the surfa
e brightnesslevel of mB = 25mag�2, log10 ro = 0:43 + 0:053 t for �5 � t � 7, log10 ro = 0:38for t > 7, and t is the morphologi
al type 
ode, t = �5 to 10 (Hubble 1926). Themorphologi
al type 
ode and its un
ertainty were 
ulled from the Third Referen
eCatalogue of Bright Galaxies (RC3; de Vau
ouleurs et al. 1991) while the axial ratios
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es: the RC3 and the 2MASS Extended Sour
eCatalog (2MASS XSC; Skrutskie et al. 2006). The axial ratios and the resultingin
linations from the RC3 
orrelate (Spearman � of 0:75 and 0:74, respe
tively) at avery high signi�
an
e level (� 1%) with the 
orresponding 2MASS XSC parameters.The two in
lination data sets di�er by more than 0:5 rad for only 6% of the sour
eswith the largest dis
repan
y of 60Æ. Standard deviation about the linear �t to thethe RC3 and the 2MASS in
lination data sets is 10Æ, whi
h is 
omparable to theaverage un
ertainty (8Æ) in the RC3 in
linations (2MASS XSC provides no errors onthe axial ratios) and whi
h we adopt as the representative un
ertainty on in
lination.Among Seyfert 2 and LINER systems with vsys < 10000 km s�1 and i > 70Æ, weobtain a dete
tion rate of 3 out of 33 or 9 � 5% (to estimate the un
ertainty, weused the unbiased maximum likelihood estimator for the varian
e of the Binomialparameter p). If we in
lude the in
lined systems from a GBT survey reported byKondratko et al. (2006), we obtain a dete
tion rate of 5 out of 41 or 12� 5% amongSeyfert 2 and LINER systems with vsys < 15000 km s�1 and i > 70Æ. These rates are
onsistent within errors with an in
iden
e rate of 18 � 3% (22 out of 124) from asurvey by Braatz et al. (2004) of 
omparable sensitivity among Seyfert 2 and LINERsystems with vsys < 12000 km s�1 but not sele
ted by in
lination. Based on surveydete
tion rates, we therefore �nd no eviden
e for a preferen
e of maser emission too

ur in in
lined a
tive galaxies, in 
ontrast to the marginal predisposition reportedby Braatz et al. (1997b).We also �nd no eviden
e for the preferen
e of maser emission to o

ur inin
lined a
tive systems from a distribution of gala
ti
 plane in
linations for watermaser sour
es and for all Seyfert 2 and LINER systems with vsys < 20000 km s�1
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Table 4.4. Results of the Kolmogorov-Smirnov (K-S) test applied to the in
lination and morphologi
al type data.Population A Population B In
lination (RC3) In
lination (2MASS XSC) Morphology (RC3)D(a) %(b) D(a) %(b) D(a) %(b)all masers Sy2/LINER(
) 0:15� 0:03 40� 20 0:22� 0:07 20� 20 0:13� 0:03 60� 20(a)The K-S statisti
 | the maximum deviation between the 
umulative distributions of population A and population B.The mean and its error for the RC3 in
lination data are from a Monte Carlo simulation where the probability distributionfun
tion for ea
h in
lination data point is modelled by a Gaussian, the standard deviation of whi
h is 
omputed usingerror propagation from un
ertainties on morphologi
al type 
ode t and on logarithm of axial ratio log10 r25, both fromthe RC3. Sin
e the 2MASS XSC provides no errors on the axial ratios, the un
ertainties on the K-S statisti
 for the2MASS XSC in
lination data were 
omputed using the Bootstrap te
hnique.(b)Signi�
an
e level of the K-S statisti
 | probability (expressed as a per
entage) that two samples drawn from thesame parent distributions 
ould di�er by as mu
h as the two samples 
onsidered. Small values of the signi�
an
e levelindi
ate that the di�eren
e between 
umulative distribution fun
tions of populations A and B is statisti
ally signi�
ant.Mean and its un
ertainty are from the simulation des
ribed in (a).(
)All Sy2/LINER systems with vsys < 20000 km s�1 sele
ted from the NED.
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Figure 4.5.| Histograms of gala
ti
 plane in
lination (left) and morphologi
al type(right) for all published water maser sour
es (37 and 35 from RC3 and 2MASS XSC,respe
tively) and for Seyfert 2 or LINER systems with vsys < 20000 km s�1 for whi
hin
lination data were available (343 and 342 from RC3 and 2MASS XSC, respe
-tively). The upper and lower panels in the �gure on the left show the histogramsof gala
ti
 plane in
lination 
omputed using the axial ratios from the RC3 and the2MASS XSC, respe
tively. In
lination of 90Æ represents an edge-on gala
ti
 plane.(Fig.4.5). The in
lination ex
ess is apparent from Fig.4.5: 23 � 2% (24 � 2%) ofSeyfert 2 and LINER systems with vsys < 20000 km s�1 but 35 � 8% (37 � 8%) ofall water maser systems have gala
ti
 plane in
linations from RC3 (2MASS XSC)greater than 70Æ. However, this apparent ex
ess is not statisti
ally signi�
ant ifwe 
onsider the distributions in their entirety. A Kolmogorov-Smirnov test yieldsa 40 � 20% (20 � 20%) probability that two samples drawn from the same parentdistribution would di�er by as mu
h as RC3 (2MASS XSC) in
lination data for allwater maser systems and for Seyfert 2 and LINER nu
lei (Table 4.4). The resultsof the Kolmogorov-Smirnov test that 
ompares Seyfert 2 and LINER nu
lei witheither all maser sour
es, high-velo
ity systems, or un
lassi�ed and jet masers are all
onsistent within the un
ertainties (results available upon request). Consequently,there is no statisti
al eviden
e for the preferen
e of water maser systems to o

ur in
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ontrary to the previously reported marginal predisposition forwater maser emission to o

ur in edge-on a
tive galaxies (Braatz et al. 1997b) but
onsistent with re
ent studies that have shown la
k of 
orrelation between gala
ti
plane orientation and nu
lear jet or narrow line region dire
tion (Ulvestad & Wilson1984; S
hmitt et al. 1997, 2001, 2002, 2003; Clarke et al. 1998; Nagar & Wilson 1999;Kinney et al. 2000; Middelberg et al. 2004). We also �nd no statisti
al di�eren
ebetween distributions of Hubble morphologi
al type for water maser sour
es andfor Seyfert 2 and LINER systems (Fig.4.5). In this 
ase, a Kolmogorov-Smirnovtest yields a 60 � 20% probability that two samples drawn from the same parentdistribution would di�er by as mu
h as the morphologi
al type data for all watermaser systems and for Seyfert 2 and LINER nu
lei (Table 4.4). We note that thedistribution of Hubble morphologi
al type for Seyfert 2 and LINER systems 
learlyre
e
ts the established fa
t that nu
lear a
tivity o

urs more frequently in spiralgalaxies (e.g., Kirhakos & Steiner 1990a; Malkan et al. 1998).
4.5 Con
lusionsIn a survey with the GBT of 41 edge-on AGN, we have dete
ted three new watermaser sour
es. Emission in NGC1320 most likely originates in an edge-on p
-s
alea

retion disk. Based on the survey dete
tion rates and the distribution of gala
ti
plane in
linations for known water maser systems, we �nd no eviden
e for apreferen
e of maser emission to o

ur in edge-on galaxies. We also used the GBTto obtain sensitive (1� � 2 � 4mJy) spe
tra of known sour
es. Maser spe
tra of
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hara
teristi
 spe
tral signatures of emissionfrom an edge-on a

retion disk, while in NGC2979 and NGC3735 we dete
t weakemission o�set by more that 200 km s�1 from the systemi
 velo
ities of the hostgalaxies. For three high-velo
ity water maser sour
es, we have dete
ted se
ular driftin multiple low-velo
ity features | a manifestation of 
entripetal a

eleration dueto a

retion disk rotation. These 
entripetal a

eleration results when 
ombinedwith robust models of a

retion disks from VLBI might yield distan
es to thesesour
es based solely on geometry and dynami
s of the p
-s
ale a

retion disks andindependent of standard 
andles like Cepheids and SN Ia supernovae. Sin
e all threesour
es are at large distan
es (> 10000 km s�1) and pe
uliar velo
ities are typi
ally. 500 km s�1 (e.g., Dale et al. 1999), a determination of distan
e to any of thesesystems would be of signi�
ant value sin
e it might provide an independent estimateof the Hubble 
onstant.
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Chapter 5
Eviden
e for a Geometri
ally Thi
kSelf-Gravitating A

retion Disk inNGC 3079
Paul T. Kondratko, Lin
oln J. Greenhill, & James M. MoranThe Astrophysi
al Journal, Volume 618, Issue 2, pp. 618-634
Abstra
tWe have mapped, for the �rst time, the full velo
ity extent of the water maseremission in NGC 3079. The largely north-south distribution of emission, alignedwith a kp
-s
ale mole
ular disk, and the segregation of blue- and red-shifted emissionon the sky are suggestive of a nearly edge-on mole
ular disk on p
-s
ales. Positionsand line-of-sight velo
ities of blue- and red-shifted maser emission are 
onsistent112
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entral mass of � 2 � 106M� en
losed within a radius of � 0:4 p
. The
orresponding mean mass density of 106:8M� p
�3 is suggestive of a 
entral bla
khole, whi
h is 
onsistent with the dete
tion of hard X-ray ex
ess (20� 100 keV) andan Fe K� line from the nu
leus. Be
ause the rotation 
urve tra
ed by the maseremission is 
at, the mass of the p
-s
ale disk is signi�
ant with respe
t to the 
entralmass. Sin
e the velo
ity dispersion of the maser features does not de
rease withradius and 
onstitutes a large fra
tion of the orbital velo
ity, the disk is probablythi
k and 
ared. The rotation 
urve and the physi
al 
onditions ne
essary to supportmaser emission imply a Toomre Q-parameter that is � 1. Thus, the disk is mostlikely 
lumpy, and we argue it is probably forming stars. Overall, the a

retion diskin NGC 3079 stands in 
ontrast to the 
ompa
t, thin, warped, di�erentially rotatingdisk in the ar
hetypal maser galaxy NGC4258.We have also mapped radio 
ontinuum emission in the vi
inity of the diskand identify a new, time-variable, non-thermal 
omponent (E) that is not 
ollinearwith the previously imaged putative jet. Based on the large luminosity and theunusually steep spe
trum (� < �2:1), we ex
lude a radio supernova as the progenitorof E. However, be
ause its spe
trum is 
onsistent with an aging ele
tron energydistribution, E might be a rapidly 
ooling remnant, whi
h may indi
ate that the jetaxis wobbles. Alternatively, 
onsidering its lo
ation, the 
omponent might mark asho
k in a wide-angle out
ow that is intera
ting with a dense ambient medium. Inthis 
ontext, masers at high latitudes above the disk, mapped in this and previousstudies, may be tra
ing an inward extension of the kp
-s
ale bipolar wide-angleout
ow previously observed along the gala
ti
 minor axis.
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tionNGC 3079 is a relatively nearby (vsys = 1125 � 6 km s�1), edge-on spiral galaxy
lassi�ed as Seyfert 2 (Ford et al. 1986; Ho, Filippenko, & Sargent 1997a) or aLINER (He
kman 1980). Observations of large-s
ale stru
ture in this galaxy indi
atethe presen
e of a powerful out
ow that appears to originate within the nu
leus.Along the minor axis of the galaxy, at a position angle (P.A.) of � 80Æ, a bipolarsuper-wind in
ates a kp
-s
ale superbubble visible in radio 
ontinuum emission(Duri
 & Seaquist 1988; Baan & Irwin 1995; Irwin & Saikia 2003), [NII℄+H� emission(Veilleux et al. 1994), and soft X-ray 
ontinuum emission (Ce
il, Bland-Hawthorn,& Veilleux 2002). The apex of the superbubble is embedded in a dense mole
ularkp
-s
ale disk tra
ed by CO (Koda et al. 2002), HCN, and HCO+ emission (Kohnoet al. 2001). The 
ir
umnu
lear mole
ular disk is aligned with, and rotates in thesame sense as, the mu
h larger galaxy disk su
h that the north side is approa
hingand the near side is proje
ted to the west of its major axis.There is 
ompelling eviden
e that NGC 3079 
ontains an AGN. The X-rayspe
trum exhibits a 
ontinuum ex
ess in the 20 � 100 keV band and a 6:4 keV FeK� line, whi
h are both believed to be unambiguous indi
ators of nu
lear a
tivity(Iyomoto et al. 2001; Ce
il et al. 2002). Both soft and hard X-ray data are suggestiveof unusually high hydrogen 
olumn density towards the nu
leus, NH � 1025 
m�2(Iyomoto et al. 2001), whi
h, in the 
ontext of the AGN uni�ed model, is indi
ativeof an almost edge-on obs
uring stru
ture along the line of sight to the nu
leus(Lawren
e & Elvis 1982; Antonu

i 1993). The existen
e of nu
lear a
tivity is alsoindire
tly supported by radio observations of the nu
leus. Continuum images of the
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 region obtained with Very Long Baseline Interferometry (VLBI) reveal alinear distribution of 
ompa
t knots 
onsistent with a jet (Irwin & Seaquist 1988).Furthermore, the galaxy harbors one of the most luminous (i.e., assuming isotropi
emission of radiation) water masers known (Henkel et al. 1984; Has
hi
k & Baan1985), and su
h maser emission generally is asso
iated with AGN a
tivity (Braatz,Wilson, & Henkel 1997b). In fa
t, the isotropi
 luminosity of the brightest, spatiallyunresolved spe
tral feature in NGC 3079 (� 130L�) is 
omparable to luminositiesof other AGN related masers su
h as NGC 4258 and NGC 1068 but at least twoorders of magnitude greater than the isotropi
 luminosity 
orresponding to the totalintegrated maser 
ux from starburst galaxies su
h as M82 (Baudry, Brouillet, &Henkel 1994) and NGC 253 (Ho et al. 1987) and from the W49N maser, the mostluminous maser in our galaxy asso
iated with a region of intense star formation(Gwinn 1994).The nu
leus of NGC 3079 may also host a starburst; the most 
onvin
ingeviden
e 
omes from infrared (IR) and far-infrared (FIR) observations. Lawren
eet al. (1985) found 
olor ex
ess and an extended 10�m nu
lear sour
e indi
ativeof large amounts of dust in the nu
lear region. The IRAS 60 to 100�m 
ux ratiois � 0:5, whi
h is suggestive of warm dust on kp
 s
ales and quali�es NGC 3079as a starburst galaxy (Soifer et al. 1989; Braine et al. 1997). FIR observationsof the galaxy with ISOPHOT reveal a powerful � 3:0 � 1010 L� point sour
e ofFWHM� 4:5 kp
 
oin
ident with the nu
leus (Klaas & Walker 2002). The SEDof this point sour
e is indi
ative of 20� 32K dust temperature. The luminosity of3:5 � 1010 L� from IRAS (Soifer et al. 1987) or � 3:0 � 1010 L� from ISOPHOT(Klaas & Walker 2002) yields a star formation rate of � 10 M� yr�1 on kp
 s
ales



CHAPTER 5. SELF-GRAVITATING ACCRETION DISK IN NGC 3079 116(Veilleux et al. 1994), under the assumption that star formation alone 
ontributes tothe infrared 
ux. The presen
e of nu
lear star formation may also be inferred fromlarge quantities of mole
ular gas asso
iated with the nu
leus. The observations ofCO emission indi
ate a dynami
al mass of 7� 108M� en
losed within a radius of76 p
 (Koda et al. 2002) as well as an unusually large mole
ular surfa
e gas densityrelative to other normal, starburst, or a
tive galaxies of � 7200M� p
�2 (Planesas,Colina, & Perez-Olea 1997; Sakamoto et al. 1999; Koda et al. 2002). AlthoughsuÆ
ient to fuel a starburst, su
h a high 
on
entration of gas does not ne
essarilyimply intense nu
lear star formation (Jogee 2001). However, the dynami
al andgas masses dedu
ed from CO observations by Koda et al. (2002) are suggestiveof a Toomre-Q parameter that is less than unity within 150 p
 of the nu
leus andfor isothermal sound speeds < 50 km s�1, 
onsistent with the presen
e of mole
ulargas. Thus, the unusually high 
on
entration of gas in the nu
leus of NGC 3079 issubje
t to gravitational instabilities and might be a
tively forming stars. Detailedstudies of the kp
-s
ale superbubble are also indi
ative of the nu
lear starburst. Theinferred starburst age (> 107 years) and gas depletion time (& 109 years) are longerthan the dynami
al age of the superbubble (� 106 years), whi
h is 
onsistent witha starburst driving the bubble expansion (Veilleux et al. 1994). Furthermore, basedon 1) the similarity of the superwind in NGC 3079 to that in prominent starburstgalaxies like M82 and NGC 253, and 2) the general la
k of 
orrelation between theproperties of out
ow and nu
lear a
tivity in a sample of galaxies, Stri
kland et al.(2004b) argue that supernova feedba
k is responsible for the superbubble in NGC3079. The 
orrelation between di�use halo X-ray luminosity per unit stellar massand the infrared luminosity per unit mass in a sample of seven starburst and three
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kland et al. 2004b) is supportive of the starbursthypothesis, although that 
orrelation does not imply 
ausation parti
ularly in the
ontext of an alleged starburst-AGN 
onne
tion.Arguments have been made against the existen
e of a nu
lear starburst inNGC 3079. The ratio of FIR luminosity to the mole
ular gas mass (i.e., the starformation eÆ
ien
y) 
omputed on kp
 s
ales is LFIR=MH2 � 13, whi
h is greaterthan the value of � 4 for the Milky Way and 1 < LFIR=MH2 < 7 for Giant Mole
ularClouds, but below the average value of � 25 observed for starburst galaxies (Younget al. 1986; Planesas et al. 1997). In fa
t, small-beam (600) 10�m 
ux of NGC 3079measured by Lawren
e et al. (1985) yields LFIR=MH2 of only 4:7 on smaller s
ales,whi
h is suggestive of low star formation eÆ
ien
y in the nu
lear region (Hawardenet al. 1995). Furthermore, sin
e the 10�m 
ux in a 5:500 aperture is only 4% ofthe larger beam 
olor 
orre
ted IRAS 
ux, the infrared emission is not 
entrally
on
entrated, 
ontrary to expe
tation for a nu
lear starburst (Devereux 1987). Thenu
lear region of NGC 3079 (< 500 p
) is 
hara
terized by a 
at spe
trum between10 and 20�m in 
ontrast to what is observed for starburst galaxies (Lawren
e et al.1985; Hawarden et al. 1986; Klaas & Walker 2002). A

ording to Hawarden et al.(1995), low extin
tion towards the parts of the nu
leus not obs
ured by the mole
ulardisk, the la
k of a 10�m 
ompa
t sour
e 
oin
ident with the relatively well-de�nedapex of the superbubble, as well as the unusually high H2=Br
 ratio all argue againstthe starburst hypothesis. However, the validity of these arguments may be in doubtbe
ause of extremely heavy obs
uration in the nu
lear region due to dust lanes andthe massive kp
-s
ale mole
ular disk. Indeed, asymmetry in the K-band image ofthe nu
leus implies 
onsiderable extin
tion even at 2:2�m (Israel et al. 1998).



CHAPTER 5. SELF-GRAVITATING ACCRETION DISK IN NGC 3079 118If the nu
lear starburst hypothesis is a

epted, then it is not unreasonable tosuppose the 
oexisten
e of star formation and nu
lear a
tivity in the inner parse
 ofNGC 3079, although the parti
ular relationship between the two remains un
ertain.It has been suggested that star formation and nu
lear a
tivity are likely to 
oexist ingala
ti
 nu
lei, either be
ause they are 
oupled through evolutionary me
hanisms, orsimply be
ause they both depend on gas in
ow and a

retion (Cid Fernandes et al.2001, and referen
es therein). The existen
e of star formation and of young stellarpopulations with ages of (7� 20)� 106 years in the 
ir
umnu
lear tori of radii . 1 p
has been proposed to explain the UV ex
ess of many Seyfert 2 galaxies (Terlevi
h1996). Our galaxy 
ontains a population of young, hot, bright, and massive starswithin the inner-p
 of the 
entral bla
k hole (Genzel et al. 1996, 2003), whi
h mighthave formed in-situ in a preexisting a

retion disk (Milosavljevi�
 & Loeb 2004). Ayoung stellar population with an age of � 7� 107 years has been found in the 
entral12 p
 of the Cir
inus a
tive galaxy (Maiolino et al. 1998a), and young massive starswith ages � 107 years have been unambiguously dete
ted within � 200 p
 of 30% to50% of Seyfert 2 nu
lei surveyed (Mas-Hesse et al. 1994, 1995; Cid Fernandes et al.2001, and referen
es therein). Be
ause of the likely 
oexisten
e of star formation andnu
lear a
tivity in NGC3079, the proximity of the galaxy, the presen
e of maseremission, and apparent jet a
tivity, NGC3079 is an important 
ase to study withregard to understanding 
onne
tions between star formation and nu
lear a
tivity.
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leusContinuumVLBI 
ontinuum images of NGC 3079 (refer to Fig.5.1 for a s
hemati
) revealseveral 
ollinear 
omponents, A, B, C, and D, extending over � 2:1 p
 (� 25mas) atP.A.� 125Æ (Irwin & Seaquist 1988; Trotter et al. 1998; Sawada-Satoh et al. 2000,2002). A line 
onne
ting the 
ontinuum 
omponents is signi�
antly misaligned withrespe
t to the superbubble axis but approximately aligned with the southern edge ofthe bubble (Ce
il et al. 2001). Components A and B are separating at about 0:13 
,whi
h strongly indi
ates the presen
e of a jet (Trotter et al. 1998; Sawada-Satoh et al.2000, 2002), while the dominant 
omponent B is relatively stationary with respe
tto the mole
ular gas supporting the maser emission to within a transverse speedof 0:02 
 (Sawada-Satoh et al. 2000). These observations led Sawada-Satoh et al.(2000) to identify 
omponent B with the 
entral engine. However, this interpretationis not unique sin
e, even if 
omponent B were a radio jet 
ore, an o�set of the
ore from the 
entral engine 
ould be signi�
ant (e.g., NGC 4258; Herrnstein et al.1997). Component B would also remain stationary with respe
t to the maser if Bwere sho
k ex
ited emission, as would o

ur where a hot ionized supersoni
 
owen
ounters a dense ambient medium (e.g., Phillips & Mutel 1982; O'Dea, Baum,& Stanghellini 1991; Aurass, Vr�snak, & Mann 2002, Kellermann et al. 2004). Insupport of the latter hypothesis, Trotter et al. (1998) found that 
omponents A andB have similar spe
tra, exhibit spe
tral turnovers between 5 and 22GHz, and 
onsistof multiple 
omponents or extensions. Sin
e its spe
trum is not 
at, B is mostlikely not a jet 
ore. Instead, Trotter et al. (1998) suggested that both 
omponents
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ounterparts of 
ompa
t symmetri
 obje
tswhose 
ux densities have been observed to peak at gigahertz frequen
ies, and whi
hare as
ribed to the intera
tion between jets and asso
iated high-density nu
lear gas.The putative jet 
oexists with additional non-thermal sour
es of 
ontinuumemission, whose nature remains ambiguous. Component E, identi�ed by Kondratko,Greenhill, & Moran (2000), and 
omponent F, identi�ed by Middelberg et al.(2003), both lie � 1:5 and � 3:7 p
 approximately east of 
omponent B, respe
tively.Middelberg et al. (2003) found that the separation of 
omponents E and B at 5 GHzsystemati
ally de
reases at a rate of 0:07� 0:01 
 (i.e., roughly one beam width over� 3 years). These authors suggested that E is stationary, and that 
omponent Bis moving towards E. However, this proposition seems unlikely sin
e B appears tobe stationary with respe
t to the extended mole
ular gas stru
ture underlying themaser emission. A more realisti
 s
enario is that 
omponent E is a pattern in a 
owthat only appears to move in the dire
tion of B as its physi
al 
hara
teristi
s 
hange.Su
h apparently inward motions have been observed in several quasar and AGN jets(Kellermann et al. 2004).MaserIn previous observations (Fig. 5.1), the water maser in NGC 3079 was found to bedistributed in a disordered linear stru
ture along P.A.� �10Æ and aligned with thelarger 
ir
umnu
lear CO disk at P.A.� �11Æ (Trotter et al. 1998; Koda et al. 2002).Unlike the ar
hetypal water megamaser NGC 4258, the maser in NGC 3079 displayssigni�
ant stru
ture orthogonal to the general elongation and large velo
ity dispersion
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ompa
t areas on the sky (� 0:1 p
). Although nosimple rotation law �ts the data well, the velo
ity distribution of the maser emissionis 
onsistent with a binding mass of � 106M� and indi
ates that the p
-s
alea

retion disk rotates in the same sense as the kp
-s
ale mole
ular disk. The maserpredominantly tra
es the approa
hing side of the disk and thus reveals 
onsiderableasymmetry with the blue-shifted emission thereby signi�
antly dominating thedete
ted 
ux density. In parti
ular, the maser emission extends roughly from 890to 1190 km s�1 with most emission lying between 930 and 1060 km s�1. In additionto the main distribution of the maser emission at P.A.� �10Æ, Trotter et al. (1998)found two maser features that de�ne a se
ond axis at P.A.� 128Æ. Sin
e one of thesetwo maser features 
oin
ides on the sky with 
omponent C and the other is in 
loseproximity to 
omponent B, they may 
onstitute a se
ond population of water masersin whi
h ampli�
ation of the 
ontinuum 
omponents might play a role.The diÆ
ulty in interpreting the maser data has resulted in two very di�erentmodels for the nu
lear region in NGC 3079 (Fig. 5.1). Relying on the apparentalignment of the distribution of the maser emission with the kp
-s
ale mole
ularstru
ture, Trotter et al. (1998) proposed a largely north-south, relatively thin,turbulent, and highly-in
lined a

retion disk for the geometry of the nu
lear region(Fig. 5.1). In this model, the dynami
al 
enter is lo
ated between 
omponents A andB, while the maser emission o

urs on the surfa
e of the disk in sho
ks stimulatedby the intera
tion of a nu
lear wind with the disk. The asymmetry in blue- andred-shifted 
ux density is attributed to free-free absorption in the ionized wind,related to the o�-axis out
ow as tra
ed by 
omponents A, B, and C.The model proposed by Trotter et al. (1998) di�ers signi�
antly from that
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ording to these authors, the observedvelo
ity drift of the maser feature at 1190 km s�1 is mu
h larger than the velo
itydrift of the other maser features and is due to 
entripetal a

eleration. In a rotatingsystem, only the maser features nearest in proje
tion to the rotation axis areexpe
ted to show large velo
ity drifts. Consequently, the rotation axis would haveto pass 
lose to the 1190 km s�1 feature and through 
omponent B, the proposedlo
ation of the dynami
al 
enter. In this model (Fig. 5.1), the masers are embeddedin a torus of parse
 thi
kness misaligned with respe
t to the kp
-s
ale mole
ular diskby � 110Æ. It is not 
lear why the embedded maser emission should be distributedalong the observed lo
us. However, the out
ow axis is misaligned with respe
t tothe minor axis of the p
-s
ale rotating stru
ture signi�
antly more in the Trotteret al. (1998) model than in the Sawada-Satoh et al. (2000) model.5.1.2 MotivationThe Trotter et al. (1998) and Sawada-Satoh et al. (2000) models for the nu
learregion of NGC 3079 di�er primarily in the lo
ation of the dynami
al 
enter aswell as in the thi
kness and orientation of the rotating stru
ture. It is thus not
lear what is the 
orre
t geometri
 model for the inner parse
, what stimulates themaser emission, and why it predominantly tra
es the regions of the mole
ular diskapproa
hing the observer. Ambiguity also remains about the 
onne
tion of the
ontinuum 
omponents and the disk and the 
entral engine, about the relationship,if any, between the nu
lear a
tivity and the starburst, and about the 
onne
tionbetween the p
 and kp
-s
ale out
ows in this galaxy. Our study of NGC3079 is
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Figure 5.1.| Previously proposed models for the nu
lear region of NGC 3079. In themodel on the right, reprodu
ed from Trotter et al. (1998), the maser emission o

ursin a thin, almost edge-on, and turbulent disk aligned with, and rotating in the samesense as, the kp
-s
ale mole
ular disk. In the model shown on the left, adapted fromSawada-Satoh et al. (2000), the maser emission takes pla
e in a very thi
k, edge-ontorus misaligned signi�
antly with respe
t to the kp
-s
ale mole
ular disk. In bothmodels, the out
ow takes the form of a 
ollimated jet not well aligned with the axisof the rotating stru
ture.motivated by these outstanding questions and by the disagreements between the twoexisting models.In an e�ort to better understand the nu
lear region in NGC 3079, we attemptedto �t a geometri
 and dynami
al model of an in
lined, thi
k, turbulent disk to themaser positions and velo
ities reported by Trotter et al. (1998). The model not onlyreprodu
ed the known emission at velo
ities 930 � 1060 km s�1 but also predi
tedthe existen
e of emission at velo
ities 1190 � 1320 km s�1 lo
ated roughly south
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ities above 1222 km s�1. However, Nakai et al. (1995) marginally dete
teda 0:08 Jy peak at 1267 km s�1 using the 45-m teles
ope of the Nobeyama RadioObservatory (Fig. 5.2). Motivated by this dete
tion, we imaged with VLBI the watermaser emission in NGC 3079 in order to determine whether the red-shifted emissionlay south of the blue-shifted emission as predi
ted by our model. Re
ently, morered-shifted features have been dete
ted with the E�elsberg 100-m antenna (Hagiwaraet al. 2002). In this study, we present the �rst VLBI map of the red-shifted side ofthe a

retion disk in NGC 3079, and thereby hope to 
larify the geometry of theinner-p
.

Figure 5.2.| First possible dete
tion of red-shifted water maser emission in NGC3079. Spe
tra reprodu
ed from Nakai et al. (1995).Data 
alibration and redu
tion te
hniques are dis
ussed in Se
tion 5.2.Spe
tral-line and 
ontinuum images of the inner-p
 region are presented in Se
tion
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tion 5.4, we interpret the observed kinemati
s of the maser in terms of athi
k, 
ared, disordered, self-gravitating, and 
lumpy p
-s
ale disk, whi
h orbits a
entral mass of � 2� 106 M� en
losed within 0:4 p
. In this work, we assume thatNGC 3079 is at a distan
e of 17:3� 1:5Mp
 (Tully, Shaya, & Pier
e 1992), so that1mas 
orresponds to 0:084 p
. All velo
ities have been 
omputed in a

ordan
e withthe radio de�nition of Doppler shift and in the Lo
al Standard of Rest (LSR) frame.
5.2 Observations and CalibrationNGC 3079 was observed in spe
tral-line mode with the VLBA, augmented by thephased VLA and the E�elsberg (EB) 100-m antenna, for approximately 12 hours on2001 Mar
h 23. The sour
e was observed with 4� 16MHz IF bands, whi
h 
overeda velo
ity range of 726 to 1491 km s�1. The 5, 8, and 15GHz radio 
ontinuumobservations were made on 1996 De
ember 2 with the VLBA and the VLA phasedarray. The sour
e was observed with a 32MHz bandwidth in ea
h polarization andfor approximately three hours at ea
h frequen
y. Both spe
tral and 
ontinuum datawere pro
essed with the VLBA 
orrelator at the NRAO1.The data were redu
ed and 
alibrated with standard 
ontinuum and spe
tral-lineVLBI te
hniques in AIPS2. The amplitude 
alibration for the two experimentsin
luded 
orre
tions for atmospheri
 opa
ity. Antenna gain 
urves and measurements1The National Radio Astronomy Observatory is operated by Asso
iated Universities, In
., under
ooperative agreement with the National S
ien
e Foundation2Astronomi
al Image Pro
essing System
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alibrate amplitude data for ea
h of the VLBAstations. Amplitude 
alibration for the VLA was based on VLA s
ans of 3C286, forwhi
h we adopted a 22GHz 
ux density of 2:55 Jy, and on bootstrapping of 
uxdensities for VLBI 
alibrators. To minimize systemati
 errors due to atmospheri
opa
ity e�e
ts, only the VLA s
ans of VLBI 
alibrators obtained near the elevationof 3C286 were used in bootstrapping. The data in ea
h polarization were 
orre
tedfor the e�e
t of time variable sour
e paralla
ti
 angle, and the station positions were
orre
ted for motions due to plate te
toni
s by utilizing the US Naval Referen
eFrame solutions 9810 and 9513.In the 5, 8, and 15GHz data, the residual delays and fringe rates due to thetroposphere and 
lo
k un
ertainties were removed via observations of 
alibrators4C39.25, 3C273, OJ287, and OQ208. The �nal images of the nu
lear region of NGC3079 were obtained through appli
ation of self-
alibration. In the spe
tral data,the 
omplex bandpass shape and any ele
troni
 phase di�eren
e between the IFbands were removed by observation of 
alibrators 4C39.25, 1150+812, 1308+326,and 3C345. The position of the maser was 
orre
ted by a fringe rate analysis of10 spe
tral 
hannels in
luding the brightest spe
tral feature at 956 km s�1 withthe result: �2000 = 10h01m57:s802 � 0:001, Æ2000 = 55Æ40047:0026 � 0:01. Phase andamplitude 
u
tuations due to troposphere and 
lo
k un
ertainties were removedby self-
alibration of the brightest maser feature at 956 km s�1 and appli
ation ofthe resulting solution to all spe
tral 
hannels in all IF bands. After 
alibrating andimaging the spe
tral-line data set, the relative positions of the maser features wereobtained by �tting two-dimensional ellipti
al Gaussians to the distribution of themaser emission in ea
h spe
tral 
hannel. We obtained a 
ontinuum image at 22GHz
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y 
hannels. Table 5.1 lists beam dimensions andnoise levels at ea
h frequen
y. Table 5.2 lists the properties of all spe
tral-lineobservations of the water maser with the VLBA. The experiment presented in thisstudy images the widest velo
ity range of emission among all VLBA observationsmade to-date.Table 5.1: Half-power beam dimensions and noise levels.Frequen
y Major Minor P.A. RMS(GHz) (mas) (mas) (Æ) (mJy beam�1)5 3:6 2:4 14 0:0608 2:0 1:3 29 0:05515 2:0 1:3 �89 0:1122 0:30 0:26 �43 0:14a, � 2:3ba
ontinuumbspe
tral-line for a 
hannel width of 0:42km s�1.Table 5.2: VLBA studies of the water maser in NGC 3079.Trotter et al. 1998 Sawada-Satoh et al. 2000, 2002 This studyDate 1995 Jan 9 1996 O
t 20 1997 Mar 7 1997 O
t 2 2001 Mar 23V Rangea 880� 1204 590� 1008 832� 1222 832� 1222 726� 1491�V b 0:21 0:42 0:42 0:42 0:42�
 0:22 0:54 0:24 0:49 0:14�d 2:8 6:6 5:8 7:9 2:3aTotal velo
ity 
overage in km s�1bChannel spa
ing in km s�1
RMS noise level in the pseudo 
ontinuum image in JanskysdRMS noise level in the spe
tral-line image in JanskysTo estimate the fra
tion of the power imaged by the interferometer, we a
quireda single-dish spe
trum of NGC 3079 (see Fig.5.3) by position-swit
hing in a single
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e Network 70-m antenna in Robledo,Spain, on 2003 February 4, using an observing setup similar to that des
ribed inGreenhill et al. (2003). After integrating for a total of 2:5 hours, we a
hieved anRMS noise level in the spe
trum of 11mJy for 1:3 km s�1 
hannel spa
ing. Theantenna gain 
urve was obtained in a single tra
k by measurement of the elevationdependen
e of 1308+326 antenna temperature, 
orre
ted for atmospheri
 opa
ityestimated from a tipping s
an. The antenna eÆ
ien
y was estimated to be 0:43�0:01based on several measurements of antenna temperature for 3C286. From the RMSdeviation of our gain measurements about the best �t polynomial and the formalun
ertainty in the eÆ
ien
y, we estimate that the gain 
alibration of the antenna isa

urate to within 10%.
5.3 Results5.3.1 MaserIn agreement with previous observations of NGC 3079, we found that the maserexhibits a 
onspi
uous asymmetry whereby the blue-shifted emission signi�
antlydominates the dete
ted 
ux density (Fig. 5.3). The spe
trum of the imaged poweragrees satisfa
torily with the spe
trum dete
ted with the E�elsberg 100-m antenna10 days prior to the VLBI observation (see Fig.2
 in Hagiwara et al. 2002). Theobservation with the NASA Deep Spa
e Network 70-m antenna in Robledo, Spain,
ondu
ted 1.9 years later showed signi�
ant 
ux variability throughout the spe
trumex
ept for the strongest feature (Fig. 5.3). Su
h variations, however, are not unusual
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Figure 5.3.| Imaged-power and total-power spe
tra of the maser in NGC 3079. Thetotal power spe
trum (gray) was obtained by position-swit
hing with a 70-m DeepSpa
e Network antenna in Robledo, Spain on 2003 February 4. The spe
trum ofthe imaged power (bla
k line) is based on the VLBI observation 
ondu
ted on 2001Mar
h 23 and was 
omputed by summing the 
ux densities of the individual maserspots. (left inset) Imaged power spe
trum (bla
k) of the brightest maser featureat � 956 km s�1 and a Gaussian �t to the main peak (gray) 
orresponding to anisotropi
 luminosity of 131L�. (right inset) Total and imaged power spe
tra of thered-shifted emission with the verti
al s
ale expanded and the total power spe
trumshifted upward to fa
ilitate 
omparison. The verti
al arrow indi
ates the systemi
velo
ity of the galaxy (1125 km s�1).sin
e single-dish monitoring of the maser has revealed substantial 
ux variability ontimes
ales of years (Nakai et al. 1995; Baan & Has
hi
k 1996; Hagiwara et al. 2002).
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Figure 5.4.| Distribution of maser emission (
olored spots) and of the 22GHz 
on-tinuum (gray 
ontours) in the nu
lear region of NGC 3079. The 
olor of the maserspots indi
ates line-of-sight velo
ity in a

ordan
e with the bar on the right. The
ontinuum 
ontour levels are �3�; 3�; 5� � 2k=2 where � = 0:14mJybeam�1 andk = 0; 1; 2; 3; : : :. Contours above 5� are shaded. The gray 
urve en
loses the newlyimaged emission while the ellipse in the bottom right 
orner of the �gure illustratesthe resolution beam.As with the previous investigations (Trotter et al. 1998; Sawada-Satoh et al.2000), we found that the maser emission is distributed in a disordered linearstru
ture at P.A.� �10Æ (Fig. 5.4). Furthermore, the distribution of emission onthe sky is 
learly segregated by velo
ity with emission blue- and red-shifted withrespe
t to the systemi
 velo
ity lo
ated in the northern and southern se
tion ofthe image, respe
tively. To determine temporal 
hanges in the maser distribution,
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Figure 5.5.| Angular distribution of the water maser emission in NGC 3079 obtainedon 1995 January 9 (Trotter et al. 1998) and on 2001 Mar
h 23 (this study). The upperand lower two panels show emission blue- and red-shifted with respe
t to the systemi
velo
ity, 1125 km s�1, respe
tively. The velo
ity and angular s
ales are expanded tofa
ilitate 
omparison between the two epo
hs.
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ompared the maser positions obtained here with those of Trotter et al. (1998).Both the 1995 January 9 (Trotter et al. 1998) and the 2001 Mar
h 23 (this study)epo
hs were 
alibrated by referen
ing the phases of all spe
tral 
hannels to thebrightest maser feature at � 956 km s�1 and thereby are most likely registered tothe same volume of masing gas. Indeed, three-dimensional 
ux density-weighted
orrelation of the distribution of the maser emission presented in this study withthat presented in Trotter et al. (1998) indi
ates that the two epo
hs are aligned towithin � = 3:2 km s�1 in velo
ity and are registered by the self-
alibration te
hniqueto within � = 0:5mas on the sky (0:5mas 
orresponds to a transverse speed of0:02 
 over 6:25 years and is not an intrinsi
 measurement limit on the maser propermotions). In fa
t, spe
tra of nearly half of the maser emission 
lumps imaged inboth Trotter et al. (1998) and this study peak within 3.2 km s�1 of ea
h other, whi
his 
omparable to the � = 2:4 km s�1 half width of the brightest maser feature (Fig.5.3). The 
omparison of the two epo
hs (Fig. 5.5) indi
ates that 1) the newly imagedred-shifted emission is 
on�ned to a region south to south-west from the previouslyknown blue-shifted features, 2) several new blue-shifted features have appeared, 3)the maser feature lo
ated at (5:9;�10:5)mas appears to have drifted in velo
ity from1123 km s�1 to 1139 km s�1, a 
hange of � 16 km s�1 in 6.25 years, and 4) the maserfeature lo
ated at velo
ity � 940 km s�1 and at position (�1:4; 0:7)mas appears tohave moved westward with velo
ity of � 0:02 
 (� 6000 km s�1). The latter two 
asesmight ea
h be due to variability of separate and distin
t gas 
lumps rather thanphysi
al motions. Note that the maser feature that has drifted in velo
ity betweenTrotter et al. (1998) and this study is signi�
antly displa
ed on the sky from the� 1190 km s�1 maser feature (lo
ated at 3:1;�14:9mas), on whose velo
ity drift the



CHAPTER 5. SELF-GRAVITATING ACCRETION DISK IN NGC 3079 133model of Sawada-Satoh et al. (2000) depends. Based on the Trotter et al. (1998)and Hagiwara et al. (2002) studies, we pla
e an upper limit of 0:5 km s�1 yr�1 on thevelo
ity drift of the � 1190 km s�1 feature.

Figure 5.6.| Contours of the 5GHz 
ontinuum drawn at levels �2�; 4�; 6� � 2k=2where � = 0:060mJybeam�1 and k = 0; 1; 2; 3; : : :. Contours above 6� are shaded.Compa
t 
omponent D dete
ted by Trotter et al. (1998) at 5GHz with 
ux densityof 4:3� 0:5mJy would be lo
ated at (38:3;�31:9)mas in the above plot but was notdete
ted at a level of 6� = 0:36mJy. The maser features shown here as small �lled
ir
les were registered to the 5GHz 
ontinuum by aligning the positions of 
omponentB at 5 and 22GHz. The un
ertainties in this registration are 0:02mas and 0:03mas inRA and DEC, respe
tively. The 
onversion from the 
olor of the maser spots to theirline-of-sight velo
ity is given by the bar on the right. Beam dimensions are shown inthe bottom right 
orner.
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Figure 5.7.| Contours of the 8GHz 
ontinuum drawn at levels �3�; 3�; 6� � 2k=2where � = 0:055mJybeam�1 and k = 0; 1; 2; 3; : : :. Contours above 6� are shaded.The maser features are shown using small �lled 
ir
les 
olor 
oded by velo
ity ina

ordan
e with the bar on the right. The registration of the maser to the 8GHz
ontinuum was a
hieved by aligning the positions of 
omponent B at 8 and 22GHz.The un
ertainty in this registration is 0:01mas in both RA and DEC. The ellipse inthe bottom right 
orner of the �gure illustrates beam dimensions.5.3.2 ContinuumComponents A and B were dete
ted at all frequen
ies while 
omponent C wasdete
ted at 5, 8, and 15GHz, but not at 22GHz (Fig. 5.6, 5.7, 5.8, and 5.4).In agreement with previous reports, 
omponents A, B, and C are 
ollinear alongthe position angle of � 126Æ. To estimate the 
ux density, position, and position
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Figure 5.8.| Contours of the 15GHz 
ontinuum drawn at levels �2�; 4�; 6� � 2k=2where � = 0:11mJybeam�1 and k = 0; 1; 2; 3; : : :. Contours above 6� are shaded.Superposed on top of the 
ontinuum are the maser features registered to the 15GHz
ontinuum by aligning the positions of 
omponent B at 15 and 22GHz. The un
er-tainty in this registration is 0:01mas in both RA and DEC dire
tions. The bar onthe right indi
ates the relationship between the 
olor and the velo
ity of the maserfeatures. Beam dimensions are shown in the bottom right 
orner of the �gure.un
ertainty of ea
h 
ontinuum 
omponent, we �tted multiple two-dimensionalGaussian model 
omponents to the emission peaks at ea
h frequen
y (Table 5.3). Inagreement with previous reports (e.g., Sawada-Satoh et al. 2000) and supplementingour data with published positions, we found that the systemati
 motion of 
omponentA at 22GHz is 
onsistent with a transverse speed of 0:12 � 0:02 
 along P.A. of� 126Æ � 5Æ, whi
h is approximately away from 
omponent B (Fig.5.9). Note that
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hange (typi
al magnitude of � 0:35mas) from epo
h to epo
h in the positionof 
omponent B with respe
t to the referen
e maser feature does not appear to besystemati
 and is in
onsistent with formal measurement un
ertainties (Fig. 5.9).This observed s
atter might be due to the 
hange in morphology or position of either
omponent B or the referen
e maser feature. However, the time average position of
omponent B is approximately stationary with respe
t to the maser emission. Weemphasize that the jitter of 
omponent B, like the motion of E in the dire
tion of Breported by Middelberg et al. (2003), might not be a real but an apparent motiondue to 
hanging sour
e 
hara
teristi
s in a 
ow or a
ross sho
ks (e.g., Kellermann etal. 2004).Table 5.3: Chara
teristi
s of 
ontinuum 
omponents at 5, 8, 15, and 22GHz obtainedby two-dimensional multiple 
omponent Gaussian �ts to emission features.Frequen
y Component S� R � Major Minor P.A.(GHz) (mJy) (mas) (Æ) (mas) (mas) (Æ)5 B 13:4� 0:4 | | 3:63� 0:07 1:62� 0:03 19� 1A 4:7� 0:3 25:25� 0:05 126:5� 0:1 3:0� 0:1 1:60� 0:07 20� 3C 3:6� 0:5 17:8� 0:1 123:5� 0:4 3:4� 0:4 2:7� 0:3 109 � 19E 2:8� 0:6 25:9� 0:2 85:5� 0:5 4:0� 0:7 2:7� 0:4 32� 178 B 32:4� 0:2 | | 2:89� 0:01 1:87� 0:01 24:2� 0:3A 11:5� 0:2 25:07� 0:02 126:94� 0:03 3:11� 0:04 2:31� 0:03 140� 2C 9:7� 0:3 16:81� 0:03 124:4� 0:1 4:5� 0:1 2:58� 0:06 135� 2E 2:5� 0:2 25:90� 0:06 87:4� 0:2 2:9� 0:2 2:5� 0:2 175 � 2015 B 27:3� 0:3 | | 2:71� 0:02 1:95� 0:02 97:6� 0:6A 7:8� 0:5 24:84� 0:09 127:2� 0:2 4:6� 0:3 2:3� 0:1 128� 3C 3:7� 0:4 16:91� 0:09 124:6� 0:3 3:0� 0:2 2:0� 0:2 130� 722 B 40� 1 | | 1:09� 0:03 0:88� 0:03 31� 6A 28� 2 27:14� 0:03 127:96� 0:06 1:24� 0:06 1:08� 0:05 24� 14Note. | Angular separation R and position angle � are measured with respe
t to 
omponentB at ea
h frequen
y. The 5, 8, and 15GHz data were a
quired on 1996 February 12 while the22GHz data were obtained on 2001 Mar
h 23. Component D (S� = 4:3 � 0:5mJy) at positionr = 54:5� 0:4mas and � = 124:7Æ � 0:4Æ and dete
ted by Trotter et al. (1998) was not dete
ted ata level of 6� = 0:36mJy in this study. One mas 
orresponds to 0:084p
.We 
on�rmed the spe
tral turnover reported by Trotter et al. (1998) of
omponents A and B and 
onstrain the frequen
y of this turnover to the range
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Figure 5.9.| (left) Position of 
omponent B with respe
t to the referen
e maserfeature. The small s
atter (typi
al magnitude of � 0:35mas) in the relative positionof 
omponent B is not 
onsistent with formal measurement un
ertainties and mightbe due to morphologi
al or positional 
hanges in the referen
e maser feature or in
omponent B itself. (top right) Position of A with respe
t to the referen
e maserfeature. A �t to the four measured positions indi
ates that A is moving along P.A.� 126Æ � 5Æ, e�e
tively away from 
omponent B. (bottom right) Temporal motion ofA along the linear traje
tory in the top right panel, 
onsistent with a transverse speedof 0:12� 0:02 
. The 1995 January 9 epo
h was obtained from Trotter et al. (1998),epo
hs 1996 O
tober 20, 1997 Mar
h 7, and 1997 O
tober 2 are from Sawada-Satohet al. (2002), while 2001 Mar
h 23 epo
h is from this study. For points where errorbars are not visible, the errors are smaller than the plotting symbol.
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e more stringent 
onstraints on theturnover frequen
ies, we 
onsidered two simple spe
tral models for ea
h 
omponent.In the �rst model, we assumed that at lower frequen
ies the spe
tra are dominatedby syn
hrotron self-absorption (S� / �5=2) intrinsi
 to the sour
e, while at higherfrequen
ies the spe
tra are determined by opti
ally-thin syn
hrotron emission(S� / ��) also internal to the sour
e. Under these assumptions, the spe
tra of
omponents A and B 
an be 
hara
terized by S� = a�5=2(1� e�b���5=2), where a, b,and � are parameters of the model. The 
ux densities measured at three frequen
iesfor ea
h 
omponent uniquely determine the three parameters of the model, whi
hyielded � = �1:5 and �1:1, and turnover frequen
ies (i.e., frequen
y of maximum
ux density) of 9:0 and 9:6GHz for 
omponents A and B, respe
tively. For the datareported by Trotter et al. (1998), we obtained � = �1:5 and �1:3, and turnoverfrequen
ies of 9:1 and 9:0GHz for 
omponents A and B, respe
tively. However,if free-free absorption (�� / ��2:1) extrinsi
 to the sour
e dominates at lowerfrequen
ies instead of syn
hrotron self-absorption, then the spe
tra of 
omponents Aand B 
an be modelled by S� = a��e����2:1 (e.g., Bi
knell, Dopita, & O'Dea 1997;Tingay & Murphy 2001). For this model, we obtained � = �1:8 and �1:3 as wellas turnover frequen
ies of 8:7 and 9:5GHz for 
omponents A and B, respe
tively.Similarly, the 
ux densities reported by Trotter et al. (1998) yielded � = �1:8 and�1:6 as well as peak lo
ations of 8:8 and 8:7GHz. Thus, for both models and forboth data sets, spe
tral turnover frequen
ies lie in the range 8� 10GHz.The spe
tra of 
omponents A and B are reminis
ent of spe
tra of gigahertzpeaked spe
trum (GPS) sour
es, as already noted by Trotter et al. (1998). Thesesour
es are thought to arise from regions where jets intera
t with the dense
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knell et al. 1997). Their spe
tra peak in the frequen
yrange of 0:1 � 10GHz with high-frequen
y spe
tral indi
es of �1:3 . � . �0:5and low-frequen
y indi
es of � � 1. Be
ause of the similarity between the two
omponents and the GPS sour
es, we suggest that 
omponents A and B arise inregions where a relativisti
 out
ow is intera
ting with a dense ambient medium.Sin
e 
omponents A and B 
onsist of multiple 
omponents and do not exhibit a 
atspe
trum, neither A nor B is likely to be a jet 
ore (
f. Sawada-Satoh et al. 2000).Trotter et al. (1998) reported a dete
tion at 5GHz with SNR of 39 of a 
ompa
t4:3 � 0:5mJy 
omponent (D) lo
ated � 4 p
 southeast of B and 
ollinear with
omponents A, B, and C. However, we found no eviden
e above 0:36mJy (6�) levelof this 
omponent at 5GHz. Sin
e the 5GHz beam area of Trotter et al. (1998) was2:4� larger than the 5 GHz beam area in our study, the non-dete
tion of D 
ouldbe due to either resolution e�e
ts or sour
e variability. Component D was also notdete
ted at 5GHz by Middelberg et al. (2003).The 
ontinuum images at 5 and 8GHz revealed a new 
omponent (E) thatis not 
ollinear with previously known 
omponents A, B, C, and D (Fig. 5.6 andFig. 5.7). We dete
ted 
omponent E with signal-to-noise ratios (SNR) of 31 and16 at 5 and 8GHz, respe
tively (Kondratko et al. 2000). Middelberg et al. (2003)
on�rmed the dete
tion of E and also reported identi�
ation at 1.7 and 2.3GHz of anew 
omponent F lo
ated roughly 3:7 p
 from 
omponent B along P.A. of � 100Æ.Sin
e the beam size in the Trotter et al. (1998) study was larger than the beamsize in our study, 
omponent E should have been dete
ted by Trotter et al. (1998)with a SNR of at least 17 at 5GHz if its 
ux density were 
onstant. The failureof Trotter et al. (1998) to dete
t E indi
ates that the sour
e is most likely time
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Figure 5.10.| Spe
tra of 
ontinuum 
omponents A, B, and E and 
orrespondingspe
tral indi
es �, where S� / ��. The arrow indi
ates an upper limit on the 
uxdensity of 
omponent E at 15GHz. The e�e
t of resolution on the spe
tral index isprobably small be
ause the beam dimensions at the three frequen
ies are 
omparable(Table 5.1). Flux densities of the 
ontinuum 
omponents at 22GHz are not shownbe
ause they were obtained at a di�erent epo
h, and the emission is known to betime variable.variable. Indeed, 
omparison of our results with those of Trotter et al. (1998) revealsvariation in the 
ux density of 
ontinuum 
omponent A at 22GHz by a fa
tor of � 5over 6:2 years. If we 
ompare the results of Sawada-Satoh et al. (2000) and of thisstudy, the variation in the 
ux density of 
omponent A at 22GHz 
ould have beenas large as a fa
tor � 52 over 4:4 years (we note that, although Sawada-Satoh et al.(2000) 22GHz beam is larger, they fail to dete
t 
omponent A). In both 
ases, the
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ale of variability is greater than the light travel time within the 
omponents(< 2 yr).Our 
ux density estimates for 
omponent E indi
ate a spe
tral index of � = �0:2between 5 and 8GHz and a spe
tral index of � < �2:1 between 8 and 15GHz(Fig.5.10). The high-frequen
y de
line in the 
ux density of 
omponent E is toosteep to be 
onsistent with opti
ally-thin syn
hrotron emission (� = (1� p)=2), sin
eit would require p > 5:2, mu
h greater than the normally assumed value of p � 2:4,where p is the power law index on the ele
tron energy distribution (N(E) / E�p).However, for a situation where there is no 
ontinuous inje
tion of ele
trons into thesyn
hrotron sour
e and the pit
h angle distribution remains 
onserved, the 
oolingof high-energy ele
trons leads to a spe
tral index of � = �(2p + 1)=3 above a breakfrequen
y �b = [B=(1 G)℄�3[t=(1 yr)℄�2GHz (Kardashev 1962). Hen
e, nominally,a �eld of � 40mG would give �b � 10GHz after a 
ooling time of � 40 years, thetravel time of 
omponent E at 0:12 
 from the 
entral engine (refer to Se
tion 5.4.1).A value of p > 2:6 would be required to give a spe
tral index of � < �2:1 above thebreak frequen
y, 
onsistent with our observations. Using the same magneti
 �eldand extending the 
ooling time by � 5:8 years (i.e., the time di�eren
e between thetwo studies), we estimate a break frequen
y at the observing epo
h of Middelberget al. (2003) to be � 8GHz, 
onsistent with their dete
tion of E at 5GHz andnon-dete
tion of E at 15GHz. We note that their spe
trum appears to be shifted tolower frequen
ies be
ause it peaks between 1:7 and 5GHz rather than between 5 and8GHz as in our study. This shift is 
onsistent with an adiabati
 expansion of therapidly 
ooling syn
hrotron sour
e, for a sour
e lifetime of � 40 years, p � 2:6, andthe ratio of the turnover frequen
ies of � 1:4 (
orresponding to a shift of roughly
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y is di�erent from �b; Eq. 13.27 of Kellermann& Vers
huur 1988).
5.4 Dis
ussionIn what follows, we propose that the inner parse
 in NGC 3079 
ontains a nearlyedge-on, massive, thi
k, and 
ared disk. The disk orbits a mass of � 2 � 106M�en
losed within 0:4 p
, most likely a supermassive bla
k hole, and it is aligned withthe kp
-s
ale mole
ular disk. The disk is most likely self-gravitating, 
lumpy, andforming stars. A

retion onto the bla
k hole drives a jet that is misaligned with thedisk rotation axis and is intera
ting with the dense ambient medium. The presen
eof o�-axis aging syn
hrotron 
omponents may suggest the jet 
hanges orientation.The jet may 
oexist with a p
-s
ale wide-angle out
ow, whi
h is inferred from theobservation of masers at high latitudes above the disk and whi
h might be relatedto the known kp
-s
ale superbubble.5.4.1 Analysis of Maser Kinemati
sThe Disk Major Axis and the Dynami
al CenterThe largely north-south linear distribution of the maser emission, aligned with thekp
-s
ale mole
ular disk, as well as the segregation of the blue- and the red-shiftedemission on the sky are suggestive of a nearly edge-on p
-s
ale mole
ular disk. A�t to the angular distribution of maser emission yields the following disk majoraxis: �(mas) = (�0:17� 0:06)� Æ(mas) + (0:5� 0:7)mas, where � and Æ are right
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Figure 5.11.| Distribution of maser emission (
olored spots) and of the 22GHz 
on-tinuum (gray 
ontours) in the nu
lear region of NGC 3079. The 
olor of the maserspots indi
ates line-of-sight velo
ity in a

ordan
e with the bar on the right. The
ontinuum 
ontour levels are �3�; 3�; 5� � 2k=2 where � = 0:14mJybeam�1 andk = 0; 1; 2; 3; : : :. The nearly verti
al line is the proposed disk major axis while thegray nearly verti
al region illustrates the un
ertainty in the lo
ation and orientationof the axis. Also shown on the �gure is the out
ow traje
tory of 
omponent A atP.A. of 126Æ � 5Æ (as in Fig. 5.9), where the 
one shows the 1� un
ertainty in theorientation of this traje
tory. The interse
tion of the out
ow dire
tion with the diskmajor yields the lo
ation for the dynami
al 
enter (�lled symbol) where 70% and45% 
on�den
e regions for its lo
ation are illustrated by the 
entral 
ontours. Notethat the two easternmost and two westernmost maser features (outside the gray areadepi
ting the maser disk) are most likely asso
iated with the out
ow. The ellipse inthe bottom right 
orner of the �gure illustrates beam dimensions.
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Figure 5.12.| Average velo
ity hvi, en
losed total mass M(r), velo
ity dispersion�, and s
ale height h as a fun
tion of distan
e from the lo
ation of the dynami
al
enter along the disk major axis, i.e., impa
t parameter. At ea
h impa
t parameter,the four quantities under 
onsideration were 
omputed using an averaging apertureof radius 4mas (0:34 p
) and weighting F 
 for various values of 
, where F is themaser 
ux density and 
 is denoted by 
olor. The average velo
ity, velo
ity dispersion,en
losed mass, and disk s
ale height were 
omputed using hvi = [Pi F 
i ℄�1 Pi F 
i (vi�vsys), M(r) = hvi2r=G, �2 = [Pi F 
i ℄�1 Pi F 
i (vi � vsys � hvi)2, and h � r�=hvi,respe
tively, where the sums are over all maser features lo
ated within the averagingaperture, and r is the impa
t parameter. The 
urves were 
omputed in a quasi-
ontinuous fashion to emphasize the un
ertainty in the 
omputed parameters due todis
reteness in velo
ity and spatial sampling. The dotted lines show the analyti
alresults for a Keplerian edge-on disk of negligible mass around a [0:5; 2; 4℄ � 106M�point mass 
omputed using an averaging aperture of 4mas and under the assumptionthat the maser emission tra
es 
ompletely the midline of the putative disk.
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ension and de
lination measured with respe
t to the referen
e maser feature (Fig.5.11). The position angle of the proposed major axis is � �10Æ, in 
lose agreementwith the position angle of the kp
-s
ale mole
ular disk (P.A.� �11Æ; Koda et al.2002).We use the estimated disk major axis and the systemati
 motion of 
omponentA to establish the lo
ation for the dynami
al 
enter. The un
ertainty in the lo
ationand orientation of the disk major axis restri
ts the position of the dynami
al 
enterto lie within the gray nearly verti
al band in Fig.5.11. The systemati
 motion of
omponent A (Fig.5.9), on the other hand, limits the lo
ation of the dynami
al
enter to P.A.� �54Æ� 5Æ as measured with respe
t to A and illustrated as a 
one inFig.5.11. The interse
tion of these two lo
i yields (�; Æ) = (1:9� 1;�8:2� 2) for themean position of the dynami
al 
enter (shown in Fig. 5.11). Note that the proposedposition of the dynami
al 
enter lies in 
lose proximity to the interse
tion of the diskmajor axis with the line joining 
omponents A and B, whi
h was expe
ted sin
e thetraje
tory of A is nearly parallel to the line joining A and B. The position of thedynami
al 
enter proposed in this study is similar to that proposed in Trotter et al.(1998) but signi�
antly di�erent from that proposed by Sawada-Satoh et al. (2000)(Fig. 5.1).Disk Stru
tureTo study the disk stru
ture tra
ed by the maser emission, we 
omputed the averagevelo
ity hvi, the en
losed total mass M(r), the velo
ity dispersion �, and thedisk s
ale height h as a fun
tion of distan
e r from the putative dynami
al 
enter
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t parameter (Fig. 5.12). In this
omputation and the following analysis, we expli
itly assume that the kinemati
sof the maser emission tra
e the kinemati
s of the underlying mole
ular material,as is indeed the 
ase in the ar
hetypal maser galaxy NGC 4258. To 
ompute thefour average quantities at ea
h impa
t parameter, we used an averaging aperture ofradius 4mas (0:34 p
) and weighting fun
tion F 
, where F is the maser 
ux densityand 0 � 
 � 1. This parti
ular weighting s
heme was adopted to demonstrate thatthe general 
on
lusions inferred from this analysis are relatively insensitive to theobserved broad range of the maser 
ux density (Fig. 5.3). Moreover, at ea
h impa
tparameter, the average velo
ity and velo
ity dispersion were 
omputed in a

ordan
ewith hvi = [Pi F 
i ℄�1 Pi F 
i (vi � vsys) and �2 = [Pi F 
i ℄�1 Pi F 
i (vi � vsys � hvi)2,respe
tively, where the sums are over all maser features lo
ated within the averagingaperture. Assuming Keplerian rotation and spheri
al symmetry, we estimated theen
losed mass as M(r) = hvi2r=G, where r is the impa
t parameter. Under theassumption of hydrostati
 equilibrium and axisymmetri
 potential, the disk s
aleheight is given by h � r�=hvi. Note that the two easternmost and two westernmostmaser features have been omitted from this analysis be
ause they do not appearto be asso
iated with the disk (Fig. 5.11). Their in
lusion would not 
hange our
on
lusions signi�
antly.Rotation, the En
losed Mass, and the Disk MassThe 
omputed average velo
ity displays a red-blue asymmetry about the adoptedvsys and estimated dynami
al 
enter and is thus 
onsistent with rotation (Fig. 5.12).The Keplerian rotation law yields a mass of � 2 � 106M� en
losed within 0:4 p
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losed mass, � 106M�, from
onsideration of the blue-shifted emission only. In our 
ase, however, both theblue- and the red-shifted emission provide independent and 
onsistent estimatesof en
losed mass. We note that sin
e the maser features may lie somewhat awayfrom the disk midline or the disk might be somewhat tilted from edge-on, the
omputed en
losed mass is a lower limit, but is probably 
orre
t to within fa
torsof order unity. For a 
entral mass of 2� 106M� and an inner radius of 0:4 p
, themaximum 
entripetal a

eleration (i.e., velo
ity drift) and the maximum propermotion would be 0:05 km s�1 yr�1 and 2�as yr�1, respe
tively. The mu
h largerapparent velo
ity drifts and motions (Fig. 5.5) are most likely due to variability ofseparate gas 
lumps and ma
ros
opi
 random motions among 
lumps rather thanglobal kinemati
s, whi
h makes a measurement of velo
ity drifts and proper motionsdue to the gravitational potential of a 
entral mass diÆ
ult if not impossible.Sin
e the rotation 
urve of both blue- and red-shifted features is 
at,i.e., M(r) / r, the mass of the 
ir
umnu
lear p
-s
ale disk is signi�
antwith respe
t to the 
entral mass. In fa
t, the disk mass within 0:7 p
, thedistan
e from the dynami
al 
enter to the brightest maser feature, is roughlyMd(0:7 p
) � M(0:7 p
) �M(0:4 p
) � 106M�. The mass of the entire disktra
ed by the maser emission (< 1:3 p
) might be as large as 7 � 106M� but thisis un
ertain by a fa
tor of a few. Interestingly, if we extrapolate M(r) / r tolarger radii, we estimate a mass of � 4� 108M� en
losed within 76 p
, whi
h is insurprisingly good agreement with the 7� 108M� dynami
al mass inferred from COobservations (Koda et al. 2002).
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retion RateThe mean mass density 
orresponding to 2 � 106M� en
losed within 0:4 p
is 106:8M� p
�3. The relatively high mean mass density for NGC 3079 issuggestive of a massive 
entral bla
k hole as opposed to a dense star 
luster (e.g.,Maoz 1995a), whi
h is 
onsistent with the X-ray observations of the nu
leus.The estimated en
losed mass of � 2 � 106M� is in agreement with proposed
orrelations between bulge velo
ity dispersion and bla
k hole mass (Gebhardt etal. 2000a, 2000b; Ferrarese & Merritt 2000; Ferrarese et al. 2001). If we adoptMBH = 1:2� 108M� [�=(200 km s�1)℄3:75 (Gebhardt et al. 2000a, 2000b), then thevelo
ity dispersion of the bulge, 40 km s�1 < � < 160 km s�1 (Shaw, Wilkinson, &Carter 1993), is 
onsistent with a bla
k hole mass of 105:5�7:7M�, although theheavy dust obs
uration might bias the measured dispersion.To estimate the mass a

retion rate as well as the a

retion time-s
ale, we�rst approximate the luminosity of the nu
leus. Sin
e the 2� 10 keV luminosity isprobably � 5% of the AGN bolometri
 luminosity (e.g., Kuraszkiewi
z et al. 2003,Elvis et al. 1994), we obtain an AGN bolometri
 luminosity of � 5� 109�10 L� fromthe X-ray data analysis reported by Iyomoto et al. (2001). The Eddington luminosityof a 2 � 106M� obje
t is 7 � 1010 L� and, assuming that all of the en
losed massis 
on
entrated in a supermassive bla
k hole, the approximate luminosity of the
entral engine yields an Eddington ratio of 0:08� 0:8, whi
h is 
onsistent with the0:01 � 1 range obtained for Seyfert 1 galaxies, representative supermassive bla
khole systems (e.g., Padovani 1989; Wandel 1999). Assuming a standard a

retioneÆ
ien
y of � 0:1 (Frank, King, & Raine 2002), we obtain mass a

retion rate



CHAPTER 5. SELF-GRAVITATING ACCRETION DISK IN NGC 3079 149of _M = 0:007LBol;10M� year�1, where LBol;10 is the AGN bolometri
 luminosityin units of 1010 L�. The disk mass 
omputed above yields an average a

retiontime-s
ale of t =Md(r)= _M � 108 L�1Bol;10 years at a radius of 0:7 p
 (Table 5.4).Table 5.4: Parameters of the 
entral engine and p
-s
ale disk in NGC 3079.Quantity EstimateCentral mass (r < 0:4 p
) � 2� 106M�Mean mass density � 106:8M� p
�3Disk mass (0:4 p
 < r < 0:7 p
) � 106M�Disk mass (0:4 p
 < r < 1:3 p
) . 7� 106M�Disk s
ale height 0:05 p
 < h < 0:5 p
AGN bolometri
 luminosity � 5� 109�10 L�Eddington ratio 0:08� 0:8A

retion rateb 0:007 LBol;10 M� year�1A

retion time-s
alea;b 108L�1Bol;10 yearsToomre Q-parameter 0:01 < Q < 0:02Clump sizea < 0:006 p
Clump massa < 5� 102M�Jeans mass 0:3� 53M�Rotation perioda 4� 103 yearsClump 
ooling time-s
alea < 60 yearsClump free-fall time-s
ale 102:5�4:0 yearsClump 
ollision time-s
ale 104�5 yearsRo
he limita n > 5:3� 108 
m�3aComputed at the lo
ation of the brightest maser feature, r = 0:7p
.bLBol;10 is the AGN bolometri
 luminosity in units of 1010L�.Disordered, Thi
k, and Flared DiskThe disk in NGC 3079 is di�erent from the ar
hetypal Keplerian disk in NGC4258 in that the velo
ity stru
ture of the former is mu
h more disordered. Therotation tra
ed by the maser emission in NGC 3079 is 
hara
terized by relativelylarge velo
ity di�eren
es a
ross relatively small areas on the sky. For instan
e, thevelo
ity dispersion (�) as 
omputed using an averaging radius of 4mas (0:34 p
)
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ity di�eren
e betweenneighboring maser features is 144 km s�1 a
ross a region as small as 0:1 p
. The largevelo
ity dispersion is most likely indi
ative of ma
ros
opi
 random motions amongthe mole
ular 
lumps responsible for the maser emission rather than turbulen
ewithin the 
lumps (Se
tion 5.4.2). As already noted above, the variability in theangular distribution and in the spe
trum of the maser (Figs. 5.3, 5.5) is a dire
t
onsequen
e of these ma
ros
opi
 random motions. Although a signi�
ant fra
tionof the orbital velo
ity, the 
omputed velo
ity dispersion is everywhere mu
h smallerthan the es
ape velo
ity of a � 2 � 106M� 
entral obje
t (ves
ape > 110 km s�1 inthe region supporting maser emission) and thus has little impa
t on the stabilityof the underlying rotating stru
ture. Although we favor the ma
ros
opi
 randommotions of 
lumps as the origin of the observed high dispersion, we note the smallsize of the dominant maser feature (< 5� 1016 
m) for whi
h � � 14 km s�1, and wespe
ulate there may be some regions in whi
h turbulen
e is signi�
ant but does notinterfere with maser a
tion (e.g., Wallin, Watson, & Wyld 1998).The 
omputed velo
ity dispersion 
an be used to infer the disk thi
kness.Be
ause � is a 
onsiderable fra
tion of the orbital velo
ity, the rotating stru
tureis most likely geometri
ally thi
k (e.g., Alves & Nelson 2000; Wains
oat, Freeman,& Hyland 1989). Moreover, sin
e � does not de
rease with the impa
t parameter,the disk s
ale height ought to in
rease with the distan
e from the 
enter, i.e., thedisk is probably 
ared. In parti
ular, the s
ale height, 
omputed using h � r�=hviappropriate in the 
ase of hydrostati
 equilibrium, is on the order of 0:05 p
 at animpa
t parameter of 0:5 p
 and might be as large as h � 0:5 p
 at a radius of 0:9 p
(Fig. 5.12). The 
omputed s
ale height is in reasonable agreement with the apparent



CHAPTER 5. SELF-GRAVITATING ACCRETION DISK IN NGC 3079 151thi
kness of the disk inferred from the dispersion of the maser spots about the diskmajor axis, h � 0:25 p
 at r � 0:7 p
 (see Fig. 5.11).5.4.2 Clumpy Star-Forming DiskThe Toomre-Q parameter 
hara
terizes the stability of the a

retion disk and we 
anestimate it based on our measurements and an assumption about the temperatureof the maser medium. The Q parameter is given by Q = 

s=(�G�), where 
 isthe angular rotation rate, � is the surfa
e density, and 
s is the sound speed. If weassume that the mass distribution in the a

retion disk has 
ir
ular symmetry, then� = (dM=dr)=(2�r) and we 
an write Q = 2v
s=(GdM=dr). Using M(r) = v2r=Gand the fa
t that the orbital velo
ity of v � 150 km s�1 is approximately 
onstantwith radius (Fig. 5.12), we estimate a radius independent value of roughlydM=dr = v2=G � 3� 1021 g 
m�2. The sound speed in a neutral medium is given by
s = 0:04T 1=2 km s�1 (e.g., Maoz & M
Kee 1998) and most models of maser emissionfrom water vapor require the gas temperature to lie in the range 300� 1000K (e.g.,Des
h et al. 1998). With these parameters we obtain Q = 0:01 � 0:02, where therange re
e
ts only the un
ertainty in temperature. Ex
ept for possible temperaturevariation, our estimate of Q is independent of radius sin
e both the orbital velo
ityand dM=dr are to �rst order 
onstant with radius. Sin
e Q is signi�
antly less thanunity, the disk appears to be gravitationally unstable in the region supporting themaser emission. The 
at rotation 
urve, whi
h implies signi�
ant a

retion disk masswith respe
t to the bla
k hole mass, is fundamentally responsible for the low value ofQ. The value of Q we estimate is rather robust if our fundamental assumption that
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ities of the masers are due to the gravity of the en
losed mass holds true.From our estimate of dM=dr, we parameterize the disk surfa
e density as� � 250 (r=0:7 p
)�1 g 
m�2, i.e., about 430 and 130 g 
m�2 at the inner and outerradii of 0:4 and 1:3 p
, respe
tively. (The empiri
ally derived power law index of �1is not unreasonable; for instan
e, � / r�3=4 for a radiatively 
ooled gas pressuredominated � disk with a 
onstant rate of a

retion throughout the disk.) Using thes
ale height in Fig. 5.12, our estimate for disk surfa
e density, and � = 2hh�i, we
ompute mean density that varies from about 0:3� 108mH 
m�3 to 3� 108mH 
m�3over the observed disk. The densities dedu
ed here lie 
omfortably within thenormally required range of H2 number densities of 107 to 1010 
m�3 for maseremission (e.g., Des
h et al. 1998). Our determination here of the average density of amaser medium is probably the �rst a

urate determination of this quality for waterin general.The ultimate fate of an a

retion disk 
hara
terized by Q < 1 depends on thebalan
e between 
ooling and heating. It has been argued that the disk will maintainQ � 1 by rearrangement of surfa
e density to redu
e � or by heating throughturbulen
e (Lin & Pringle 1987; Hur�e 2000; Gammie 2001). However, the energyrequired to maintain Q � 1 is prohibitive (Goodman 2003) and, in the 
ase ofNGC 3079, would require temperatures as high as 106K. Furthermore, 
ooling times
ales might be suÆ
iently short that a Q � 1 
riterion is unsupportable (Shlosman& Begelman 1989; Monaghan & Lattanzio 1991), in whi
h 
ase, the disk wouldfragment into 
lumps (e.g., Gammie 2001; Kumar 1999).We 
onsider the 
lumpy disk model in detail by 
omputing 
lump size and
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ation within the disk, the distan
e from the dynami
al
enter to the brightest maser feature, 0:7 p
. The gas number density requiredfor gravitational 
ollapse in a strong tidal �eld is given by the Ro
he limit,n > 5:3 � 108 (M(r)=2 � 106M�) (0:7 p
=r)3 
m�3, whi
h is 
onsistent with theH2 number density required by the presen
e of the maser emission. Furthermore,as derived by Vollmer, Be
kert, & Dus
hl (2004), an upper limit on the radius ofa self-gravitating 
lump subje
t to tidal shear is R
 < �
s=p8
, from whi
h weobtain R
 < 0:006 p
 and an upper limit on the 
lump mass of 5 � 102M�. It isinstru
tive to 
ompare this upper limit to the Jeans mass, mJ = (�
2s=G)3=2��1=2,whi
h is 0:3 � 53M� given the 
onditions ne
essary to support maser emission.Sin
e the Jeans mass and the Ro
he limit are 
onsistent with the upper limit on
loud mass and with H2 number density inferred from the presen
e of the maseremission, respe
tively, fragmentation and star formation is expe
ted to o

ur withinthe 
lumps.In addition to the Jeans mass analysis, straightforward 
onsiderations ofenergeti
s also suggest that individual 
lumps are sus
eptible to 
ollapse. Thetime in whi
h a 
lump will radiate its binding energy via bla
k-body emission isgiven by t
 � (GM2
 =R
)=(4�R2
�T 4
 ) � 2:3 � (GM
mHhnH2i)=(3�T 4
 ) where M
,R
, T
, hnH2i are the 
lump's mass, radius, e�e
tive temperature, and average H2number density, respe
tively (e.g., Goodman 2003). In our 
ase, M
 < 4� 102M�,T
 > 300K, and hnH2i � 1010 
m�3, whi
h yields t
 < 60 years. However, ifline emission is the dominant 
ooling me
hanism then the time-s
ale be
omest
 � (GM2
 =R
)=(4�R3
�=3) � (2:3)2 � (4�Gm2HR2
hnH2i=3)(�=hnH2i)�1 where�=hnH2i is the total 
ooling rate per H2 mole
ule in erg s�1. Using the 
ooling rates
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 < 0:006 p
, the expression above is maximized forhnH2i = 1010 
m�3 and T
 = 300K, whi
h results in t
 < 40 years. If 
ooling of thegas by 
old dust grains dominates, then, using R
 < 0:006 p
, dust temperatureof Td � 200K (Collison & Watson 1995), and the 
ooling rate per unit volume ofHollenba
h & M
Kee (1989), we obtain a 
ooling time-s
ale of at most 5 years.Thus, the time in whi
h a 
lump will radiate all of its binding energy either viabla
k-body radiation, line emission, or heating of 
old dust is mu
h less than thea

retion time-s
ale and even the disk rotation period (Table 5.4) and, 
onsequently,
lumps 
ollapse on their free-fall time-s
ale resulting in star formation. In our 
ase,the free-fall time-s
ale is pR3
=GM � (3�GmHnH2)�0:5 = 102:5�4:0 years, dependsonly on the hydrogen number density implied by the 
onditions ne
essary for maserampli�
ation, and is four orders of magnitude smaller than the 
omputed a

retiontime-s
ale.Star formation 
an also be triggered by 
ollisions among 
lumps. W49N, themost luminous water maser in our Galaxy, provides probably the best example ofhow 
lump-
lump intera
tion 
an indu
e O-type star formation (Serabyn, G�usten,& S
hulz 1993). To estimate the 
ollision time-s
ale, we must obtain the mean
lump separation. Using the s
ale height in Fig. 5.12, we estimate the volume ofthe entire disk as tra
ed by the maser emission to be roughly 2 p
3. Mass of theentire maser disk of � 7 � 106M� and a 5 � 102M� upper limit on 
lump massyield > 1:5 � 104 
lumps in the disk and mean 
lump separation of ls < 0:03 p
.Hen
e, the 
ollision time-s
ale, � 
�1 (ls=R
)2 (Kumar 1999), is � 104�5 years andin fa
t depends only on disk size, disk mass, and H2 number density inferred fromthe presen
e of the maser emission. Sin
e the 
ollision time-s
ale is mu
h less than
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retion time-s
ale, 
ollisions among 
lumps might also be a signi�
ant pro
essin triggering star formation and overall evolution of the disk.In summary, sin
e Q� 1, the p
-s
ale 
ir
umnu
lear disk in NGC 3079 is mostlikely gravitationally unstable and therefore 
lumpy. Furthermore, the Jeans mass,the Ro
he limit, as well as 
ooling and 
ollision times
ales are suggestive of starformation within the 
lumps through either 
lump 
ollapse or 
lump 
ollisions. On
ea 
lump 
ollapses, star formation pro
eeds via a

retion of gas from the p
-s
alea

retion disk onto the Hill sphere of the stellar obje
t, as 
onsidered in detail byMilosavljevi�
 & Loeb (2004). The star formation eÆ
ien
y of giant mole
ular 
louds(M = 101�3M�) and dark mole
ular 
ores (M = 1M�) ranges from 0:1 to 5%while the star formation times
ale and the lifetime of hot massive stars is on theorder of 106 years (e.g., Blitz & Thaddeus 1980; Larson 1982; Wilking & Lada 1983;Myers 1985; Silk 1985, 1987). Thus, the long a

retion time-s
ale and the largepotential 
lump mass 
omputed above are 
onsistent with the relatively slow andineÆ
ient pro
ess of star formation (Table 4).5.4.3 Pumping of Maser Emission by the Central EngineSin
e the nu
leus of NGC3079 
ontains a 
ompa
t hard X-ray sour
e, irradiationof mole
ular gas is a plausible means of ex
iting maser emission (e.g., Neufeld,Maloney, & Conger 1994). In maser sour
es su
h as NGC4258 and Cir
inus,irradiation over a wide range of radii is a
hievable be
ause the disks are warped(Herrnstein, Greenhill, & Moran 1996; Greenhill et al. 2003). In NGC3079, the diskin whi
h the masers lie does not appear to be warped, in whi
h 
ase maser ex
itation
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) depends on penetration of X-rays inthe disk plane. However, be
ause maser a
tion requires high densities, the disk mustbe inhomogeneous, whi
h is 
onsistent with our earlier stability arguments. For aminimum H2 density of 108 
m�3, a 
olumn within the disk be
omes Compton thi
kfor lengths greater than � 0:02 p
. However, for a line-of-sight �lling fa
tor of � 2%,the 
olumn 
ould pass X-rays to a radius of � 1:3 p
.For an irradiated slab of gas, Collison & Watson (1995) estimate a maseremission rate of � 4000L� per p
�2 of surfa
e area beamed in the plane of theslab. For a model spheri
al gas 
lump of radius � 0:005 p
 that is irradiated on oneside, the integrated output is on the order of 0:3L�, whi
h is mu
h less than theisotropi
 luminosity inferred from the strength of individual maser features (e.g.,131L�; Fig.5.3). We suggest instead that the emission from the observed masersis narrowly beamed along our line of sight by the overlap of 
lumps with similarDoppler velo
ities, whereby the integrated output of ea
h is dire
ted toward us (e.g.,Degu
hi & Watson 1989; Kartje et al. 1999). To support the peak observed isotropi
luminosity, we require two 
lumps, ea
h 0:005 p
 in size, separated by on the orderof 0:1 p
, whi
h is reasonable in light of the � 1:3 p
 radius of the disk. We notethat ampli�
ation of ba
kground 
ontinuum emission by individual 
lumps 
an alsogenerate strongly forward beamed maser emission, but we do not dete
t 
ontinuumemission in the vi
inity of the disk above 0:84mJy (6�) at 22GHz. On the otherhand, the two easternmost and westernmost maser features do lie in 
lose vi
inityto 
ontinuum 
omponents B and C, and we spe
ulate that maser emission observedaway from the disk, where the density of 
lumps is probably greatly redu
ed, maybe the result of 
ontinuum ampli�
ation.



CHAPTER 5. SELF-GRAVITATING ACCRETION DISK IN NGC 3079 157Under the assumption that 
lumps are opti
ally thi
k, irradiation of individual
lumps by a 
entral sour
e 
reates a disso
iation region on the inward fa
ing side,whi
h results in anisotropi
 emission of mi
rowave photons preferentially alongthe length of the disso
iation region. This pattern may be used to explain whywe observe maser emission in the vi
inity of the disk midline but not 
lose to theline of sight to the 
entral engine. Clumps on the front and ba
k sides of the diskbeam maser photons along axes that are substantially in
lined to our line of sight.Furthermore, we spe
ulate that the observed variability of maser spe
trum (Nakaiet al. 1995; Baan & Has
hi
k 1996; Hagiwara et al. 2002) and the observed variationin angular stru
ture (Fig. 5.5) may be the result of pairs of 
lumps moving in andout of alignment along the line of sight. The presen
e of the maser feature at � 956km s�1 in the spe
trum of NGC 3079 sin
e the dis
overy of the maser (Henkelet al. 1984; Has
hi
k & Baan 1985; Baan & Has
hi
k 1996) and the � � 30 km s�1dispersion due to bulk random motion (Fig.5.12) pla
e a lower limit on the 
lumpsize of � 0:001 p
, 
onsistent with the upper limit (Table 5.4). Year-to-year variationin the 
ux density of some maser features might be due to in
omplete overlaps onthe sky of the X-ray disso
iation regions.5.4.4 Out
owComponents E and FComponent E, identi�ed by Kondratko et al. (2000), and 
omponent F, identi�ed byMiddelberg et al. (2003), might be remnants of jet emission along former axes of awobbling jet, 
urrently tra
ed by 
omponents A, B, and C. The apparent de
rease
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y of 
omponents E and F with distan
e from the 
entral engine(Middelberg et al. 2003) and the shift of the spe
trum of 
omponent E towards lowerfrequen
ies with time (Se
tion 5.3.2) are indire
tly supportive of the hypothesisthat both 
omponents are rapidly 
ooling and adiabati
ally expanding remnants ofjet emission. Although the stru
ture of the 
ontinuum is diÆ
ult to understandin detail, we spe
ulate that 
omponents A and B are regions where the jet, in its
urrent orientation, intera
ts with a dense ambient medium, an inferen
e supportedby their GPS-like spe
tra (Se
tion 5.3.2).Alternatively, 
onsidering the lo
ation of E (Fig. 5.13) and of F (Middelberget al. 2003) within the opening angle of the kp
-s
ale superbubble, these two
omponents might provide eviden
e for a p
-s
ale wide-angle out
ow, most likelyan inward extension of the kp
-s
ale superbubble. In this interpretation, the twoVLBI 
omponents 
ould be moving knots or sho
ks as the ionized wide-angle windintera
ts with the dense ambient medium along the edges of the 
ow as seen inproje
tion. If this hypothesis is true, then new 
ontinuum 
omponents are expe
tedto appear on both sides of the 
entral engine but within the opening angle of thesuperbubble. However, it is 
urrently not possible to distinguish between the twomodels proposed above and more sensitive images and proper motion studies of the
ontinuum 
omponents extending over a longer time frame are ne
essary. Given thepossible sour
e lifetimes and transverse speeds (Se
tion 5.3.2), time baselines on theorder of a de
ade are ne
essary.
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Figure 5.13.| (left) [NII℄ + H� image of the superbubble (�lled 
olor 
ontours)obtained with the HST (Ce
il et al. 2001) and the soft X-ray image of the same(un�lled bla
k 
ontours) obtained with the Chandra X-ray Observatory (CXO). TheX-ray image has been 
onvolved with a Gaussian of 0:6400 FWHM. The 
ross indi
atesboth the VLBI-derived position of the maser sour
e with respe
t to the X-ray emissionas well as the 0:600 un
ertainty in the CXO absolute astrometry (Chandra X-ray Centerwebsite: http://
x
.harvard.edu/
al/ASPECT/
elmon/). Note that the position of anearby soft X-ray emission peak: �2000 = 10h01m57:s91�0:06, Æ2000 = 55Æ40047:007�0:6is o�set from the dynami
al 
enter of the maser disk by � 100. The alignment ofthe two images has been a

omplished by 
omputing their two-dimensional 
ross-
orrelation. Although the un
ertainty in the HST absolute positions might be aslarge as few ar
se
onds, Monte Carlo simulations of the 2D 
orrelation, performedby repeatedly adding Gaussian or Poisson noise to the original images, indi
ate thatthe two images are registered to within 0:1600. (right) Proposed model for the nu
learregion of NGC 3079, a VLBI image of 8GHz 
ontinuum (see Fig.5.7), and a mapof 22GHz maser emission (shown as spots 
olor-
oded by Doppler velo
ity). Wepropose a thi
k and 
ared disk (shown in a 
ross-se
tion) that is slightly tilted withthe west side being 
loser and that is aligned with both the kp
-s
ale mole
ular diskand the axis of the kp
-s
ale superbubble. The 
olor 
oding indi
ates the Dopplershift of the disk material. The water maser emission tra
es the disk and may arisefrom X-ray irradiated 
lumps within the disk, whi
h is unstable to fragmentation.An o�-axis jet tra
ed by the 
ontinuum 
omponents A, B, and C probably 
oexistswith a wide-angle out
ow (yellow), most likely an inward extension of the kp
-s
alesuperbubble. The out
ow may result in an uplift of 
lumps from the disk surfa
e,whi
h would explain the high latitude maser features and their asso
iation in velo
itywith the most proximate side of the disk.
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iatedwith the nu
lear starburst. The spe
tral index of E, � < �2:1 between 8 and 15GHz (Fig. 5.10), is mu
h steeper than what has been observed in radio supernovae(� & �0:9; Weiler et al. 1986; Weiler, Panagia, & Sramek 1990; Allen & Kronberg1998; M
Donald et al. 2001, 2002; Bartel et al. 2002) . The extremely steepspe
trum of F, � � �6:1 between 1.7 and 2.3GHz, is also not 
ompatible with aradio supernova. Furthermore, the radio supernovae in the prominent starburstgalaxy M82 s
aled to the distan
e of NGC 3079 would have 
ux densities (. 0:1mJy)below our dete
tion limits at 5 and 15GHz (M
Donald et al. 2002).Wide-Angle Out
ow on Parse
 S
alesThe existen
e of a wide-angle out
ow in NGC 3079 was hypothesized in previousstudies of the nu
leus. Based on VLA data, Duri
 & Seaquist (1988) �rst suggestedthat a wide-angle wind is responsible for a bipolar \�gure eight" stru
ture along theminor axis of the galaxy in radio 
ontinuum. A wide-angle out
ow on p
-s
ales hasbeen suggested to explain a blue-shifted OH absorption 
omponent and two weakOH emission features dete
ted from the nu
leus (Baan & Irwin 1995; Hagiwara et al.2004). By 
onsidering the energeti
s and morphology of the kp
-s
ale superbubbleobserved in H� with the HST, Ce
il et al. (2001) argued that the bubble is in
atedby a wide-angle out
ow rather than a pre
essing jet. Wide-angle out
ows seem tobe quite 
ommon among Seyfert galaxies (Colbert et al. 1996a,b, 1998) and onehas been imaged on p
-s
ales in the Cir
inus galaxy, the nearest Seyfert 2 nu
leus(Greenhill et al. 2003). Guided by this result, by the presen
e of mole
ular gas asdense as the disk gas at high latitudes above the disk, (i.e., the two eastermost and
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e of a kp
-s
alesuperwind, we suggest a wide angle out
ow on p
-s
ales in NGC 3079.It has been suggested that winds are driven by photoionized evaporationof matter from an inner surfa
e of a torus (Krolik & Kriss 2001), by radiationand gas pressure a
ting on an a

retion disk (Murray et al. 1995), or by themagneto-
entrifugal uplift of gas and dust from an a

retion disk (Emmering,Blandford, & Shlosman 1992; K�onigl & Kartje 1994, Kartje et al. 1999). Inaddition, ram pressure of a wide-angle out
ow 
an entrain 
lumps at the surfa
e ofan a

retion disk. If the wind is suÆ
iently dense to e�e
tively shield the 
lumpsfrom the 
entral engine and the 
lumps 
an be 
on�ned, then they 
an potentiallyrise to high latitudes above the rotating stru
ture (see Fig. 7 in Kartje et al. 1999)while still maintaining, to some degree, the rotational velo
ity imprinted by theparent disk. In light of this, the fa
t that the line-of-sight velo
ities of the twoeasternmost and the two westernmost features (Fig. 5.11) re
e
t the velo
ity of themost proximate side of the disk 
an be explained if these 
lumps were uplifted fromthe disk surfa
e and 
arried to high latitudes by a dense wide-angle out
ow. Wethus 
onsider the four maser features lo
ated signi�
antly out of the plane of thedisk as indire
t eviden
e for a p
-s
ale wide-angle out
ow, likely an inward extensionof the kp
-s
ale superbubble. The fa
t that some 
louds attain large latitudes abovethe disk surfa
e while others remain within or in a 
lose proximity to the thi
k diskmight be due to a mixture of heavy and light 
lumps within the disk. We note that,due to beaming e�e
ts of maser emission, the a
tual number of the 
lumps upliftedmight be mu
h greater than the four 
lumps that are observed to be asso
iated withthe wind.
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-s
ale wide-angle out
ow is un
lear, wesuggest that it is unlikely to be driven by star formation in the p
-s
ale a

retiondisk. The me
hani
al luminosity required to blow out a superbubble from thegala
ti
 disk in NGC 3079 is � 3 � 1041 erg s�1 (Veilleux et al. 1994). FollowingStri
kland et al. (2004b), su
h a luminosity would require � 104 (t=Myr) supernovae
orresponding to a 
luster of mass 5� 105 (t=Myr)M�, assuming a thermalizationeÆ
ien
y of � 1, an energy release of 1051 ergs per supernova, and a starburstlifetime t equal to the dynami
al age of the superbubble, � 106 years (Veilleuxet al. 1994). The predi
ted 
luster mass is an order of magnitude greater than the21; 000 � 79; 000M� mass of one of the most massive star 
lusters known, R136in 30 Doradus, with a half-mass radius of 0:5 p
 (Campbell et al. 1992; Brandl etal. 1996; Massey & Hunter 1998). Su
h massive 
lusters are thus extremely rare,
onstituting only a fra
tion of � 5 � 10�5 of all star 
lusters (Stri
kland et al.2004b). More reasonable values of the starburst lifetime (� 40Myr) would requirean even more extreme 
luster mass and number of supernovae, e�e
tively ex
ludinga p
-s
ale 
luster as a progenitor of the kp
-s
ale superbubble. Supernovae lo
alizedin multiple starburst regions and distributed over larger s
ales (e.g., kp
) mightstill 
ontribute signi�
antly to the wide-angle out
ow, although the degree of this
ontribution is un
ertain (Stri
kland et al. 2004a,b).One 
onsequen
e of the broad out
ow that we hypothesize | or the 
anted jetmarked by 
ontinuum 
omponents A, B, and C | may be the uniform weaknessof maser emission south of the dynami
al 
enter. Sin
e AGN out
ows are ionized,di�erential attenuation of the maser emission is readily a
hieved for free-freeabsorption with a small di�eren
e in ele
tron density and 
orresponding emission
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h that the lines of sight tothe maser emission traverse outside of the disk (Fig.5.13), the observed two orderof magnitude 
ux density di�eren
e between blue- and red-shifted features may beexplained by a fa
tor of at most � 2 di�eren
e in lo
al ele
tron number density(provided that � > 1 in the dire
tion of the blue-shifted maser emission). In the 
aseof a 
anted jet, an enhan
ement in density may be readily a
hieved given that thejet is in
lined toward the apparently weaker masers (see also Trotter et al. 1998),but a density inhomogeneity in the wide-angle out
ow might also be the 
ause ofthe di�erential attenuation. However, in either 
ase, it is interesting to note that thebalan
e of blue- and red-shifted emission 
an be readily governed by fa
tors extrinsi
to the maser emitting regions both in 
ase of NGC3079 and NGC4258 (Herrnsteinet al. 1996). This may be generalizable to other maser sour
es and 
ontrasts withthe models of Maoz (1995b) and Maoz & M
Kee (1998).
5.5 SummaryWater maser emission in the a
tive nu
leus of NGC3079 has re
ently been re
ognizedto 
over a � 450 km s�1 range 
entered on the systemi
 velo
ity of the galaxy. Wehave mapped for the �rst time maser emission over this entire velo
ity interval. Wehave also imaged non-thermal 
ontinuum emission between 5 and 22GHz that arisesin 
lose proximity to the mole
ular gas underlying the masers. Based on the analysisof the spe
tral-line and 
ontinuum maps, we 
on
lude the following.1. The largely north-south distribution of maser emission, aligned with a known
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-diameter mole
ular disk, and the segregation of blue- and red-shiftedmaser emisssion on the sky strongly support the model of Trotter et al. (1998)in whi
h the masers tra
e a nearly edge-on mole
ular disk about 1 p
 in radius.2. The dynami
al mass en
losed within a 0:4 p
 radius is 2� 106M�, and for a40 to 160 km s�1 stellar bulge velo
ity dispersion is 
onsistent with 
orrelationsbetween 
entral mass and dispersion reported for broad samples of galaxies(Gebhardt et al. 2000a, 2000b; Ferrarese & Merritt 2000; Ferrarese et al. 2001).The ratio of bolometri
 to Eddington luminosity is 0:08� 0:8, 
onsistent witha

retion eÆ
ien
ies of 0:01� 1 for Seyfert 1 systems.3. The disk rotation 
urve is relatively 
at, whi
h is 
onsistent with a mass of. 7� 106M� between radii of 0:4 and 1:3 p
.4. The angular distribution of maser emission is not as well ordered in NGC3079as in other \maser galaxies" (e.g., NGC4258). The velo
ities of adja
ent
lumps of maser emission 
an di�er by tens of km s�1 on s
ales of � 0:1 p
. Asa result, we suggest the disk is relatively thi
k (h=r � 0:1 to 0:5) and may be
ared.5. Based on stability, 
ooling, and times
ale arguments, we argue that the diskis self-gravitating, 
lumpy, and appears to meet the ne
essary 
onditions forstar-formation. The maser emission most likely o

urs due to 
lumps irradiatedby X-rays from the 
entral engine and overlapping on the sky, yielding longgain paths and narrow beam angles.6. We report dete
tion of a very steep spe
trum syn
hrotron 
omponent (E)that is not 
ollinear with the previously 
laimed 
ompa
t jet. The spe
trum
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onsistent with an aging ele
tron energy distribution. The observation of a\reli
" favors the hypothesis that the jet in NGC3079 has 
hanged dire
tion.In addition to the jet, we observe mole
ular gas that is dense enough to supportmaser emission at high latitudes above the disk. From this, we infer that thejet 
oexists with a wide angle out
ow originating at parse
 or smaller s
ales.The proposed model 
an be tested through further VLBI study of the 3079 AGN.More sensitive images and proper motion studies of the 
ontinuum 
omponents,with a longer time baseline, may help to determine the nature of 
omponents Eand F. If they are sho
ks in a wide angle out
ow rather than remnants of jetemission, then new 
ontinuum 
omponents are expe
ted to appear within thear
 subtended by the superbubble. The presen
e of star-formation in the innerparse
 
an be 
on�rmed with an ultra sensitive sear
h for M82-like radio supernovaremnants. A proper motion and monitoring study of the maser emission wouldbe 
hallenging (i.e., motions < 2�as yr�1), but 
ould be used to 
orroborate theproposed geometry for the inner parse
, although it might be diÆ
ult to disentanglemotions due to kinemati
s from apparent motions due to lo
al e�e
ts, su
h as 
lumpalignments. Hosting a 
entral engine, a jet, a thi
k and self-gravitating a

retiondisk, and possibly a wide-angle out
ow, and star-formation, the nu
leus of NGC3079 
onstitutes a nearby laboratory for diverse astrophysi
al phenomena and is astrong 
andidate for the study of the starburst-AGN 
onne
tion and of the 
omplexintera
tions between gas, stars, and supermassive bla
k holes.We would like to thank Gerald Ce
il for providing HST images in digital formand Craig Heinke for help in pro
essing the CXO image. We thank the anonymous
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omments.



Chapter 6
Parse
-s
ale A

retion Disk inNGC3393
Paul T. Kondratko, Lin
oln J. Greenhill, James M. MoranTo be submitted to The Astrophysi
al Journal
Abstra
tWe present a Very Long Baseline Interferometry map of water maser emission inthe nu
lear region of NGC3393. The maser emission o

upies a linear distributionat P.A.� �34Æ, perpendi
ular to both the kp
-s
ale radio jet and the axis of thenarrow line region. The position-velo
ity diagram displays a red-blue asymmetryabout the systemi
 velo
ity and estimated dynami
al 
enter, and is thus 
onsistentwith rotation. Assuming Keplerian rotation and an edge-on disk, we obtain a massof (3:1 � 0:2) � 107M� en
losed within 0:36 � 0:02 p
 (1:48 � 0:06mas), whi
h167
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orresponds to a mean mass density of � 108:2M� p
�3 (the mass and the innerradius might be as high as [3:5�0:2℄�107M� and 0:41�0:02 p
, respe
tively, due tosystemati
 errors). We also report the measurement with the Green Bank Teles
opeof velo
ity drift | a manifestation of 
entripetal a

eleration within the disk | of5 � 1 km s�1 yr�1 in the � 3880 km s�1 maser feature, whi
h is most likely lo
atedalong the line of sight to the dynami
al 
enter. For this feature, we estimate a diskradius of 0:17� 0:02 p
, whi
h is smaller than the inner disk radius (0:36� 0:02 p
)of emission that o

urs along the midline (i.e., the line of nodes). The emissionalong the line of sight to the dynami
al 
enter evidently o

urs mu
h 
loser to the
enter than the emission from the disk midline, 
ontrary to the situation in the twoar
hetypal maser systems NGC4258 and NGC1068.
6.1 Introdu
tionNGC3393 is a fa
e-on early spiral (Sa) galaxy 
lassi�ed opti
ally as Seyfert 2(V�eron-Cetty & V�eron 2003). It displays a prominent ring and intera
ts weaklywith a 
ompanion 60 kp
 away (S
hmitt et al. 2001a). There is 
ompelling eviden
ethat the galaxy 
ontains an a
tive gala
ti
 nu
leus (AGN). The X-ray spe
tra of thesour
e exhibit a 6:4 keV Fe K� line | an unambiguous indi
ator of nu
lear a
tivity(Maiolino et al. 1998b; Guainazzi et al. 2005). Compton-thi
k, 
old re
e
tionmodel applied to the BeppoSax X-ray data yields an observed 2 � 10 keV 
ux of3:9�10�13 erg 
m�2 s�1 absorbed by a 
olumn density of > 1025 
m�2 (Maiolino et al.1998b). If we assume, following Comastri (2004), that the observed 2� 10 keV 
ux is1� 10% of the unabsorbed 2� 10 keV 
ux due to re
e
tion and s
attering, then the
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 2� 10 keV luminosity is 108:5�9:5 L�. Based on XMM and BeppoSax data,Guainazzi et al. (2005) report absorbing 
olumn density of �4:4+2:5�1:1�� 1024 
m�2, aspe
tral index of 2:8+1:2�0:7, and an observed 
ux of �9+6�4� � 10�14 erg 
m�2 s�1, whi
h
orresponds to an intrinsi
 2 � 10 keV luminosity of 1010:2+2:0�1:1 L� (as 
omputed byPortable Intera
tive Multi-Mission Simulator1). In the 
ontext of the AGN uni�edmodel, su
h a high 
olumn density is indi
ative of an almost edge-on obs
uringstru
ture along the line of sight to the nu
leus (Lawren
e & Elvis 1982; Antonu

i1993). Furthermore, images of the inner-kp
 reveal out
ows from the nu
leus,
onsistent with the presen
e of an AGN. The Narrow Line Region (NLR) as tra
edby [O III℄ emission has an S-shaped morphology with an opening angle of � 90Æand extends � 400 p
 on either side of the nu
leus along position angle (P.A.) of� 55Æ (S
hmitt & Kinney 1996; Cooke et al. 2000). Very Large Array (VLA) andAustralia Teles
ope Compa
t Array (ATCA) observations reveal a double-sided jetwith a total extent of � 700 p
 along P.A.= 56Æ (S
hmitt et al. 2001b) or P.A.� 45Æ(Morganti et al. 1999). The existen
e of an AGN in the nu
leus of NGC3393 is thuswell established by the available data.NGC3393 does not show eviden
e of signi�
ant nu
lear star formation. TheIRAS 
uxes measured on � 30 kp
 s
ale (assuming IRAS beam of � 20; Moshir, M.,et al. 1990) are 
onsistent with a total infrared luminosity of 1010 L�, a dust mass of� 5� 105M�, and two relatively 
ool dust 
omponents at 30 and 130K (Diaz et al.1988). Under the assumption that star formation alone 
ontributes to the infrared
ux, the IRAS luminosity yields a star formation rate of � 4 M� yr�1 on kp
1http://heasar
.gsf
.nasa.gov/Tools/w3pimms.html
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ales (Veilleux et al. 1994), whi
h is not 
onsistent with a high level of star-forminga
tivity. Detailed stellar population synthesis work by Cid Fernandes et al. (2004)
on�rms that the blue opti
al spe
trum of the 
entral � 200 p
 is dominated byan old stellar population (> 2:5 � 109 yrs) with a small 
ontribution (14%) to thefeatureless 
ontinuum from an AGN. A starburst therefore most likely does not playa signi�
ant role in the nu
leus of NGC3393.The NGC3393 nu
leus is also a sour
e of water maser emission, whi
h is
urrently the only resolvable tra
er of warm dense mole
ular gas in the inner parse
of AGN beyond � 1Mp
. The maser spe
trum of NGC3393 shows a 
hara
teristi
spe
tral signature of rotation in an edge-on disk: two 
omplexes (� 70mJy)symmetri
ally o�set by � 600 km s�1 from the systemi
 velo
ity (hen
eforth,high-velo
ity emission) and a single spe
tral 
omplex (� 28mJy) within 130 km s�1of the systemi
 velo
ity (hen
eforth, low-velo
ity emission; Kondratko et al. 2006).Very Long Baseline Interferometry (VLBI) maps of seven water maser sour
es thatshow similar spe
tral signatures have been interpreted in a 
ontext of a model inwhi
h the maser emission tra
es a nearly edge-on disk of mole
ular material 0:1 to1 p
 from a supermassive bla
k hole: NGC4258 (Miyoshi et al. 1995; Herrnsteinet al. 2005), NGC1386 (Braatz et al. 1997a), NGC4945 (Greenhill et al. 1997b),NGC1068 (Greenhill & Gwinn 1997), NGC3079 (Trotter et al. 1998; Yamau
hiet al. 2004; Kondratko et al. 2005), IC 2560 (Ishihara et al. 2001), Cir
inus (Greenhillet al. 2003). The maser spe
trum of NGC3393 thus provides indire
t eviden
e foran edge-on p
-s
ale mole
ular disk orbiting a supermassive bla
k hole.VLBI maps of nu
lear water maser emission have been used to a

uratelyestimate bla
k hole masses and p
-s
ale a

retion disk geometries. In three water



CHAPTER 6. PARSEC-SCALE ACCRETION DISK IN NGC3393 171maser systems mapped with VLBI | NGC4258 (Miyoshi et al. 1995), NGC1068(Greenhill & Gwinn 1997), and the Cir
inus Galaxy (Greenhill et al. 2003) |position and line-of-sight velo
ity data provided eviden
e for di�erential rotationand enabled a

urate estimation of bla
k hole mass and p
-s
ale mole
ular diskstru
ture. In another system, NGC3079, the rotation 
urve tra
ed by the maseremission appears 
at and was interpreted in the 
ontext of a p
-s
ale, thi
k, edge-on,self-gravitating, and possibly star forming mole
ular disk (Kondratko et al. 2005).In addition to mapping p
-s
ale mole
ular disk stru
ture and a

urately weighingsupermassive bla
k holes, nu
lear water maser emission has also been used as adistan
e indi
ator. Distan
e determination is possible for systems where a detailedknowledge of the stru
ture of the disk from VLBI is 
ombined with a measurementof either maser proper motions or drifts in line-of-sight velo
ity of spe
tral features(i.e., 
entripetal a

eleration). The distan
e to NGC4258 obtained in this manner isthe most a

urate extragala
ti
 distan
e thus far, is independent of standard 
andle
alibrators su
h as Cepheids (Herrnstein et al. 1999), and has 
ontributed to theanalysis of the Cepheid period-luminosity relation (Freedman et al. 2001; Newmanet al. 2001; Ma
ri et al. 2006).In this work, we present a VLBI map of the p
-s
ale a

retion disk as tra
edby water maser emission and the determination of bla
k hole mass in NGC3393.Data 
alibration and redu
tion te
hniques are dis
ussed in Se
tion 6.2. Spe
tral-lineimages of the inner-p
 region are presented in Se
tion 6.3. In Se
tion 6.4 we interpretthe observed kinemati
s of the maser in terms of a nearly edge-on p
-s
ale mole
ulara

retion disk that orbits a 
entral mass. In this work, we adopt NGC3393 systemi
velo
ity from 21 
m line measurements of 3750 � 5 km s�1 (Theureau et al. 1998),
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h yields a distan
e of 50Mp
 for a Hubble 
onstant of 75 km s�1Mp
�1. Withthis adopted distan
e, 1mas 
orresponds to 0:24 p
.
6.2 Observations and CalibrationNGC3393 was observed in spe
tral-line mode with the Very Long Baseline Array(VLBA) of the NRAO2, augmented by the phased VLA and the Green BankTeles
ope (GBT), for approximately 5 hours on 2004 April 26/27. The sour
ewas observed with 8 � 16MHz intermediate-frequen
y (IF) bands that 
overed
ontinuously a velo
ity range of 3048 to 4430 km s�1. Limits on the VLBA 
orrelatordata rate ne
essitated two 
orrelator passes (with 256 
hannels per IF) and resultedin two separate data sets that do not overlap in velo
ity: one in left-
ir
ularpolarization 
overing the velo
ity range from 3048 to 3737 km s�1, the other inright-
ir
ular polarization extending from 3737 to 4430 km s�1. The data wereredu
ed using Astronomi
al Image Pro
essing System. The amplitude 
alibrationin
luded 
orre
tions for atmospheri
 opa
ity. Antenna gain 
urves and measurementsof system temperature were used to 
alibrate amplitude data for ea
h of the VLBAstations. Amplitude 
alibration for the VLA was based on the measurements withthe VLA of 
ux densities for VLBI 
alibrators with respe
t to 3C286, for whi
hwe adopted a 22GHz 
ux density of 2:56 Jy. To minimize systemati
 errors due toatmospheri
 opa
ity e�e
ts, we used in this 
alibration only VLA s
ans of VLBI
alibrators with elevations 
losest to the elevation of 3C 286 (e = 28Æ, 28� 29Æ, 54Æ,2The National Radio Astronomy Observatory is operated by Asso
iated Universities, In
., under
ooperative agreement with the National S
ien
e Foundation



CHAPTER 6. PARSEC-SCALE ACCRETION DISK IN NGC3393 17343Æ, 64Æ for 3C 286, 1055-248, 4C 39.25, 0727-115, 0748+126, respe
tively).The data in ea
h polarization were 
orre
ted for the e�e
t of sour
e paralla
ti
angle on fringe phase. The zenith path delay over ea
h antenna was estimatedvia observations of � 10 strong (> 0:5 Jy) 
alibrators with sub-mas positions for� 1 hour before and � 1 hour after the main imaging experiment. The residualmultiband delays after applying this 
alibration were < 0:2 ns, whi
h 
orrespondsto a phase error of at most 1Æ for a 16MHz IF band (Table 6.1). Time variationin delays and fringe rates due to the troposphere and 
lo
k un
ertainties as well asele
troni
 phase di�eren
e among bands were removed via � 4min observations ofstrong (3 � 7 Jy) 
alibrators (0727-115, 0748+126, 4C 39.25) approximately everyhour. We estimate that this 
alibration is a

urate to within 0:2 ns and 1mHz fordelays and rates, respe
tively; we note that a residual rate of 1mHz results in aphase error of 0:5Æ if not 
orre
ted over a 1 hour time span, an approximate timeseparation between the 
alibrator s
ans (Table 6.1). The 
omplex bandpass shapesof ea
h antenna were 
orre
ted using the data on 0727-115, 0748+126, and 4C39.25.Phase and amplitude 
u
tuations due to the troposphere and 
lo
k un
ertaintieswere removed via observations every � 100 s of 1055-248, lo
ated 2:4Æ away fromNGC3393, self-
alibrating the data on 1055-248, and applying the resulting phaseand amplitude solutions to the target sour
e. As a result of this pro
ess, the positionof the maser on the sky 
an be determined relative to 1055-248. Based on VLA dataobtained at two epo
hs in B and BnA 
on�guration, we estimate the 22GHz 
ux of1055-248 to be 0:38 � 0:03 Jy. This measurement as well as the photometri
 datafrom the NASA extragala
ti
 database (NED) and from NRAO VLA Sky Survey(0:33 Jy at 1:4GHz; Condon et al. 1998) suggest that 1055-248 is a 
at spe
trum
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Table 6.1. Sour
es of phase error in the VLBI experiment.Name Equation(a) ��(b)(degrees)Un
ertainty in group delay estimate (2���) "r 32�2 � TSTA� 1p��3t
al # 0:5� 1Residual delay error due to 
alibrator position error (2���) �0:4� 10�9 B5000 km ��
5mas� 0:07� 0:2Residuals in atmospheri
 delay (2���)��atm < 0:6Un
ertainty in fringe rate estimate (2���) �!!o t < 0:5Residual fringe rate from imperfe
t astrometry (2���) �0:13� 10�3 B5000 km ��
1mas� t!o 0:3� 1Errors in baseline length (2���)�B
 0:2Errors due to imperfe
t 
alibrator astrometry (2���)B��p
 0:2Phase 
alibrator-target angular separation K�mm b�km deg; bkm = � hsin e �� + vat
y
2 � < 40where � = 56 for bkm < 1:2(a)Adopted from Herrnstein (1997) ex
ept for the last entry whi
h is based on Carilli & Holdaway (1999). �� = 8MHz is the video bandwidth (i.e., the bandwidtha
ross whi
h various 
alibrations are applied and over whi
h the resulting errors are propagated), TS � 1000 Jy is a representative system equivalent 
ux density ofVLBI antennas, TA = 3 � 7 Jy is the 
ux density of delay/rate 
alibrators (i.e., 0727-115, 0748+126, 4C 39.25), t
al � 3:5min is the delay/rate 
alibrator s
an duration,��
 = 0:3�1mas is the un
ertainty in the delay/rate 
alibrator position (Ma et al. 1998), B � 5000 km is an approximate baseline length, ��atm < 0:2 nse
 is the residualmultiband delay after 
orre
ting for the zenith path delay over ea
h antenna, �! < 1mHz is the residual rate after 
orre
ting for time variation in delays and fringerates due to the troposphere and 
lo
k un
ertainties, t = 1:5 hrs is an approximate time separation between the delay/rate 
alibrator s
ans, !o = 22GHz is the observingfrequen
y, �B � 2 
m is a representative un
ertainty in baseline length, 
 is the speed of light, ��p = 0:86mas is the un
ertainty in the phase 
alibrator (1055-248) position(Beasley et al. 2002), bkm is an e�e
tive baseline length in km, K = 200 � 600 is a 
onstant that depends on weather 
onditions (values assumed here are for the VLAsite), va < 15ms�1 is the tropospheri
 pattern speed, h � 2 km is the water vapour s
ale height, e � 25Æ is a representative antenna elevation, �� = 2:4Æ is the angularseparation between the phase 
alibrator and the target sour
e, t
y
 � 100 s is the time between su

essive phase 
alibrator observations, and �mm = 13 is the observingwavelength in mm.(b)Phase error.
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e and is therefore expe
ted to be unresolved on mas s
ales. In fa
t, usingthe sour
e model obtained from self-
alibration, we estimate that 90% of 1055-248
ux 
omes from a point sour
e. The 
alibrator appears nearly point-like also in anarrow bandwidth (250 kHz� 3:4 km s�1), whi
h 
on�rms the quality of bandpass
alibration. Based on the 
onsideration of the tropospheri
 stru
ture fun
tion aspredi
ted by the Kolmogorov turbulen
e theory (Carilli & Holdaway 1999), weestimate that the interferometer phase towards 1055-248 reprodu
es that towardsNGC3393 to within �rms < 40Æ, whi
h 
orresponds to a loss of signal on the targetsour
e of at most 1 � exp[��2rms=2℄ = 25% (assuming water vapour s
ale height of� 2 km, a representative antenna elevation of � 25Æ, and a tropospheri
 patternspeed of < 15 km s�1; Table 6.1). The un
ertainty in phase due to 
alibrator-targetangular separation is the most signi�
ant sour
e of error in this experiment anddepends sensitively on the assumed pattern speed, whi
h is not well 
onstrained forthis experiment (Table 6.1).After 
alibrating and imaging the spe
tral-line data set, the positions and theintegrated 
uxes of the maser features were obtained by �tting two-dimensionalellipti
al Gaussians to the distribution of the maser emission on the sky in ea
hspe
tral 
hannel. The resulting un
ertainties in maser spot positions based on �ts are
onsistent to within 60% with the theoreti
al expe
tations for a given signal-to-noiseratio and beam size. The synthesized beam dimensions were 3:5 � 1mas atP.A.� �1Æ and the resulting noise level was � 5mJy in � 3:4 km s�1 spe
tral
hannels, a spe
tral breadth 
omparable to the linewidth. To estimate the fra
tionof the power imaged by the interferometer and to monitor the maser with an aim todete
t velo
ity drifts, we a
quired with the GBT single-dish spe
tra of NGC3393
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on�guration and 
alibration des
ribed in Kondratko et al. (2007). Wenote that all velo
ities have been 
omputed in a

ordan
e with the opti
al de�nitionof Doppler shift and in the helio
entri
 referen
e frame.
6.3 ResultsThe spe
trum of imaged power agrees to within 2� with the total power spe
trumobtained with the GBT � 9 months after the VLBI observation (Fig. 6.1 and Table6.2). Di�eren
e between the two spe
tra might be due to sour
e variability, assingle-dish monitoring of water maser sour
es has revealed substantial 
ux variabilityon times
ales of months to years (this work for NGC3393 and Baan&Has
hi
k1996 for other sour
es). The maser emission is distributed on the sky in a lineararrangement at P.A.� �34Æ (Fig. 6.2 and Table 6.2), perpendi
ular to both thekp
-s
ale radio jet (P.A.� 45Æ or � 56Æ from Morganti et al. 1999 and S
hmitt etal. 2001b, respe
tively) and the axis of the NLR (P.A.� 55Æ; S
hmitt & Kinney1996; Cooke et al. 2000). The distribution of maser emission on the sky is 
learlysegregated by velo
ity: emission red- and blue-shifted with respe
t to the systemi
velo
ity is lo
ated in the north-western and south-eastern parts of the image,respe
tively. Although the two VLBA 
orrelator passes do not overlap in velo
ity, we
an nevertheless pla
e a limit on their registration by aligning the mapped systemi
maser spots in the two data sets. If we assume that the mapped low-velo
ityfeatures arise at the same lo
ation on the sky, then the two 
orrelator passes areregistered to within 0:3 � 0:1mas and 0:9 � 0:3mas in RA and DEC, respe
tively.The systemati
 o�set between the two 
orrelator passes 
an also be estimated by
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alibration of one data set to the other. The transfer of phase andamplitude solutions from self-
alibration on 1055-248 from one 
orrelator pass tothe other results in an o�set of 1055-248 from map 
enter of 0:30 � 0:02mas and0:52 � 0:06mas in RA and DEC, respe
tively, whi
h is 
onsistent with the o�setsbased on the lo
ation of the low-velo
ity maser features. Radio maps of the inner-kp
are suggestive of a jet perpendi
ular to the distribution of maser emission on thesky. However, we �nd no eviden
e at a 4� = 2:4mJy level for the 22GHz 
ontinuumon � 50 p
 s
ale.
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Figure 6.1.| Top: A weighted average of �ve total-power spe
tra of the maserin NGC3393 obtained with the GBT on 2005 O
tober 17, 2006 January 22, 2006Mar
h 23, 2006 April 28, and 2006 May 23 with an e�e
tive resolution of 108 kHz(� 1:5 km s�1) and 1� = 0:6mJy. Bottom: Imaged-power (histograms and the
orresponding �lled 
ir
les) and total-power spe
tra (bla
k tra
e) of the maser inNGC3393. Total-power spe
trum was obtained with the GBT on 2005 January 15and has an e�e
tive resolution of 108 kHz (� 1:5 km s�1). The spe
trum of the imagedpower is based on the VLBI observation 
ondu
ted on 2004 April 26/27 and shows in-tegrated 
ux (�lled 
ir
les), integrated 
ux minus 1� (grey histogram), and integrated
ux plus 1� (open histogram) from a �t of a two-dimensional ellipti
al Gaussian modelto the distribution of the maser emission on the sky in ea
h spe
tral 
hannel. We notethat the peak 
ux densities and the integrated 
uxes of maser spots, both based on�ts, are 
onsistent to within 1�. The low-velo
ity feature at � 3880 km s�1 (verti
alarrow), for whi
h we report a velo
ity drift of a = 5� 1 km s�1 yr�1, was not dete
tedin the VLBI experiment.
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ities, positions, and integrated 
uxes formapped maser emission in NGC3393.Velo
ity(a) RA(b) DEC(b) Flux(
)(km s�1) (mas) (mas) (Jy)3154:3|3157:7 �0:3� 0:2 �0:9� 0:4 0:04� 0:013157:7|3161:1 �0:5� 0:3 �0:4� 0:7 0:04� 0:023161:1|3164:6 �0:3� 0:2 �0:4� 0:4 0:04� 0:013199:0|3202:5 �0:3� 0:2 �0:5� 0:5 0:04� 0:013202:5|3205:9 �0:1� 0:2 �1:7� 0:4 0:014� 0:0083205:9|3209:4 0:0� 0:2 �2� 1 0:03� 0:013223:2|3226:6 0:1� 0:1 �1:5� 0:3 0:015� 0:0063727:1|3730:5 �0:8� 0:2 1:0� 0:6 0:012� 0:0093730:5|3734:0 �1:1� 0:3 0:3� 0:6 0:02� 0:013771:6|3775:0 �1:3� 0:2 �0:2� 0:3 0:02� 0:024255:1|4258:6 �2:5� 0:2 2:3� 0:7 0:04� 0:014258:6|4262:0 �2:1� 0:2 1:3� 0:5 0:03� 0:014267:3|4270:7 �2:5� 0:1 1:9� 0:6 0:02� 0:014270:8|4274:2 �2:5� 0:2 1:5� 0:3 0:02� 0:014305:5|4308:9 �2:3� 0:2 1:2� 0:5 0:02� 0:014308:9|4312:4 �2:0� 0:2 1:0� 0:6 0:03� 0:024312:4|4315:9 �2:0� 0:1 1:2� 0:4 0:06� 0:024315:9|4319:3 �2:13� 0:09 1:6� 0:2 0:05� 0:014319:4|4322:8 �2:20� 0:07 1:6� 0:2 0:06� 0:014322:8|4326:3 �1:9� 0:1 1:8� 0:4 0:03� 0:01(a)Range of mapped opti
al helio
entri
 velo
ities.(b)Right as
ension and de
lination relative to�2000=10:48:23.4660 and Æ2000=-25:09:43.478. A priori positionfor the maser was �2000=10:48:23.45 and Æ2000=-25:09:43.6 withun
ertainty of �0.003 from Kondratko et al. (2006).(
)Integrated 
ux from a �t of a two-dimensional ellipti
alGaussian model to the distribution of the maser emission onthe sky in ea
h spe
tral 
hannel.
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Figure 6.2.| Distribution of maser emission in the nu
lear region of NGC3393. Po-sition un
ertainties are 1� and the 
olor of the maser spots indi
ates helio
entri
opti
al line-of-sight velo
ity in a

ordan
e with the bar on the right. The adoptedlo
ation for the dynami
al 
enter (bla
k 
ir
le) is 
omputed from the positions of thelow-velo
ity maser features. A line �tted to the distribution of maser emission on thesky (P.A.� �34Æ) is orthogonal to the kp
-s
ale radio jet (P.A.� 45Æ or � 56Æ fromMorganti et al. 1999 and S
hmitt et al. 2001b, respe
tively) and to the axis of theNLR (P.A.� 55Æ with an opening angle of � 90Æ S
hmitt & Kinney 1996; Cooke et al.2000). The horizontal dotted line shows the adopted systemi
 velo
ity of 3750 km s�1.The 
oordinates are relative to �2000=10:48:23.4660 and Æ2000=-25:09:43.478.
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Figure 6.3.| Maser spe
tra of features at � 3880 km s�1 and � 4051 km s�1 obtainedwith the Green Bank Teles
ope and the results of Gaussian 
omponent de
omposition.Emission in the immediate vi
inity of the systemi
 velo
ity, � 3750 km s�1, was tooweak to allow Gaussian 
omponent de
omposition and is not shown.
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omponent de
omposition of � 3880 km s�1 and� 4051 km s�1 spe
tral features in NGC3393.�2R(a) Velo
ity(b) Drift(
) Amplitude(d) FWHM(e) Date(km s�1) (km s�1 yr�1) (mJy) (km s�1)1.2 3871:0� 0:9 5:3� 0:7 . . . . . . 2005 Jan 155� 2 4� 1 2005 O
t 1710� 2 2:6� 0:6 2006 Jan 229� 2 4:1� 0:9 2006 Mar 2310� 1 5:2� 0:8 2006 Apr 289� 2 3:7� 0:9 2006 May 233874:9� 0:2 5:3� 0:2 6� 2 3:6� 0:7 2005 Jan 1541� 2 3:4� 0:3 2005 O
t 1743� 2 3:3� 0:2 2006 Jan 2232� 2 3:2� 0:3 2006 Mar 2329� 2 2:4� 0:2 2006 Apr 2815� 2 4:2� 0:6 2006 May 233878:9� 0:2 4:4� 0:2 14:5� 0:9 5:2� 0:5 2005 Jan 1525� 5 1:1� 0:3 2005 O
t 1714� 2 1:6� 0:3 2006 Jan 224� 2 2:5� 0:9 2006 Mar 233� 1 3� 1 2006 Apr 28. . . . . . 2006 May 232.0 4050:91� 0:01 0:003� 0:009 . . . . . . 2005 O
t 17. . . . . . 2006 Jan 22119� 5 0:99� 0:04 2006 Mar 23300� 5 0:80� 0:01 2006 Apr 28254� 8 0:80� 0:02 2006 May 234051:9� 0:1 �0:05� 0:09 . . . . . . 2005 O
t 1713� 3 1:4� 0:4 2006 Jan 2211� 4 1:4� 0:5 2006 Mar 2333� 6 0:7� 0:2 2006 Apr 2823� 4 1:2� 0:4 2006 May 234053:06� 0:07 �0:7� 0:6 32� 5 0:9� 0:2 2005 O
t 177� 3 1:4� 0:8 2006 Jan 22
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Table 6.3|Continued�2R(a) Velo
ity(b) Drift(
) Amplitude(d) FWHM(e) Date(km s�1) (km s�1 yr�1) (mJy) (km s�1). . . . . . 2006 Mar 236� 2 1:4� 0:7 2006 Apr 28. . . . . . 2006 May 23(a)Redu
ed 
hi-squared for a least squares solution that determines velo
ity drifts,amplitudes, peak 
entroids, and widths of all Gaussian 
omponents at all epo
hssimultaneously.(b)Velo
ity of a Gaussian 
omponent at the referen
e epo
h (2005 January 15 and2005 O
tober 17 for � 3880 km s�1 and � 4051 km s�1 features, respe
tively).(
)Velo
ity drift of a Gaussian 
omponent.(d)Amplitudes of a Gaussian 
omponent at the listed epo
hs.(e)Full widths at half maxima of a Gaussian 
omponent at the listed epo
hs.
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ity spe
tral features are expe
ted to drift in velo
ity sin
e theyare lo
ated within the disk where the 
entripetal a

eleration ve
tor is along theline of sight. With an aim to dete
t these velo
ity drifts, we monitored NGC3393with the GBT and report the measurement of the 
entripetal a

eleration in thelow-velo
ity 
omplex at � 3880 km s�1 (Fig. 6.3 and Table 6.3). Using the 
odedes
ribed in Humphreys et al. 2007, we de
omposed the 
omplex at ea
h epo
hinto three Gaussian 
omponents and used an iterative least squares te
hnique tosolve simultaneously for velo
ity drifts, amplitudes, peak 
entroids, and widths ofall Gaussian 
omponents at all epo
hs. We obtain a redu
ed �2 of 1:2 and velo
itydrifts of 5:3� 0:7, 5:3� 0:2, and 4:4� 0:2 km s�1 yr�1 for 
omponents at 3871:0� 0:9,3874:9 � 0:2, and 3879 � 0:2 km s�1, respe
tively, where the referen
e epo
h for
omponent velo
ities is 2005 January 15. In addition, spe
tra obtained sin
e 2004O
tober 17 reveal a strong (< 0:3 Jy) feature at � 4051 km s�1 that was presentneither in earlier spe
tra of the sour
e nor in the VLBI map (Fig. 6.3 and Table6.3)). The �rst three epo
hs on this line were 
onsistent with a negative 
entripetala

eleration, as would be expe
ted for low-velo
ity emission that arises from behindthe dynami
al 
enter. However, the line stopped drifting in re
ent spe
tra of thesour
e. We note that su
h behavior 
an be reprodu
ed by a variation in strengthof multiple 
omponents that do not drift in velo
ity (i.e., stationary 
omponents).In fa
t, from a Gaussian de
omposition of the �ve available epo
hs, we infer thatthe data on this 
omplex are 
onsistent (redu
ed �2 of 2:0) with three variable butstationary (< 0:7 km s�1 yr�1) Gaussian 
omponents at 4051, 4052, and 4053 km s�1.High-velo
ity emission is not expe
ted to drift in velo
ity sin
e it is lo
ated along thedisk midline where the 
entripetal a

eleration ve
tor is perpendi
ular to the line of
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ted 
omplex at � 4051 km s�1 may behigh-velo
ity emission. We note that low-velo
ity emission that arises from behindthe dynami
al 
enter has not been dete
ted to date from known nu
lear watermaser sour
es. This non-dete
tion 
an be explained if free free absorption by anintervening ionized gas is 
onsiderable (e.g., Herrnstein et al. 1996) or the presen
eof a ba
kground nu
lear 
ontinuum sour
e is ne
essary to generate via ampli�
ationlow-velo
ity emission luminous enough for us to dete
t (e.g., Herrnstein et al. 1997).
6.4 Dis
ussionWe interpret the linear distribution of the maser emission, perpendi
ular to theradio jet and to the axis of the NLR, as well as the segregation of the blue- andthe red-shifted emission on the sky in the 
ontext of a p
-s
ale mole
ular disk.We assume that the disk is nearly edge-on and, based on the measured positive
entripetal a

eleration, we infer that the low-velo
ity emission lies in front of andalong the line of sight to the dynami
al 
enter. The distribution of maser emissionon the sky is 
onsistent with a straight (i.e., unwarped) disk. We note that a 4thdegree polynomial �t to the maser distribution yields a marginal (i.e., � 10%)improvement in �2 over a straight line �t. Thus, the eviden
e for a warp is at mosttentative with our signal-to-noise ratio (SNR).We use the mean position of the low-velo
ity maser features to estimate the lo
a-tion of the dynami
al 
enter (Fig. 6.2) andp(RAi �RABH)2 + (DECi �DECBH)2to 
ompute the impa
t parameter. The resulting position-velo
ity diagram displaysa red-blue asymmetry about the adopted vsys and estimated dynami
al 
enter and
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Figure 6.4.| Impa
t parameter-velo
ity diagram for the mapped maser emission inNGC3393. A �t of the Keplerian rotation law to the high-velo
ity features (�lledgrey 
urves) yields a mass of (3:1 � 0:2) � 107M� en
losed within 0:36 � 0:02 p
(1:48 � 0:06mas). From the measured velo
ity drift (a = 5 � 1 km s�1 yr�1), weinfer the radius of the systemi
 feature at � 3880 km s�1 of rsys = pGMBH=a =0:17 � 0:02 p
, whi
h 
orresponds to 
sys = qGMBH=r3sys = a3=4=(GMBH)1=4 =0:005 � 0:001 rad yr�1 (�lled grey 
one). The systemi
 velo
ity estimates are fromthe NED (1� and 3� un
ertainties are quoted and plotted, respe
tively). In all the
al
ulations, we adopted NGC3393 systemi
 velo
ity from 21 
m line measurementsof 3750� 5 km s�1 (Theureau et al. 1998).is thus 
onsistent with rotation (Fig. 6.4). From a �t of the Keplerian rotation tothe high-velo
ity features (�2R = 0:6), we obtain a mass of (3:1 � 0:2) � 107M�
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losed within 0:36 � 0:01 p
 (1:48 � 0:06mas; to estimate the minimum impa
tparameter from high-velo
ity data, we used the probability distribution fun
tion fora minimum of random variables following the Ri
e distribution). The �t to the blue-or the red-shifted emission alone yields (3:0� 0:3)� 107M� or (3:2� 0:2)� 107M�,respe
tively. If one 
orrelator pass is shifted 0:9mas so that its single low-velo
itymaser feature overlaps the two low-velo
ity features in the other data set, then themass be
omes (3:5� 0:2)� 107M� en
losed within 0:41� 0:02 p
 (1:71� 0:07mas),whi
h re
e
ts the sensitivity of our results to systemati
 errors. We note that, inaddition to the Keplerian rotation, the data are also 
onsistent (in the sense that�2R . 1) with v / r� for �1 � � � �0:1. In parti
ular, we obtain a minimumof �2R = 0:4 at � = �0:2, whi
h suggests that un
ertainties in the data areoverestimated by a fa
tor of � 1:6 and whi
h 
orresponds to a mass of 2:6� 107M�en
losed within 0:36 p
 (if we assume spheri
al symmetry). Under this model,the mass of the disk tra
ed by the high-velo
ity maser emission (0:36 � 1 p
) is1:9 � 107M�, whi
h should be 
ompared to disk masses (
omputed on similars
ales) of � 7 � 106M� and � 9 � 106M� for NGC3079 (Kondratko et al. 2005)and NGC1068 (Lodato & Bertin 2003), respe
tively. A 
at rotation 
urve model,whi
h gives 1:1� 107M� en
losed within 0:16 p
, is ex
luded by the data (�2R � 20),unless velo
ity dispersion on the order of 30 km s�1 is in
luded. Su
h a large velo
itydispersion would most likely be indi
ative of ma
ros
opi
 random motions amongthe mole
ular 
lumps responsible for the maser emission rather than turbulen
ewithin the 
lumps.The mean mass density 
orresponding to 3:1�107M� en
losed within 0:36 p
 is� 108:2M� p
�3. The relatively high mean mass density for NGC3393 is suggestive
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entral bla
k hole, whi
h is 
onsistent with the X-ray observations ofthe nu
leus. The estimated en
losed mass of (3:1� 0:2) � 107M� is in agreementwith proposed 
orrelations between bulge velo
ity dispersion and bla
k hole mass(Gebhardt et al. 2000a, 2000b; Ferrarese & Merritt 2000; Ferrarese et al. 2001).If we adopt MBH = 1:2 � 108M� [�=(200 km s�1)℄3:75 (Gebhardt et al. 2000a,2000b), then the velo
ity dispersion of the bulge, 184� 18 km s�1 from the 
entral� 35 kp
 (Terlevi
h et al. 1990) or 157� 20 km s�1 from the 
entral � 200 p
 (CidFernandes et al. 2004), is 
onsistent with a bla
k hole mass of (9 � 4)� 107M� or(5� 2)� 107M�, respe
tively.Based on an average quasar spe
tral energy distribution (Fabian & Iwasawa1999; Elvis et al. 2002), the 2� 10 keV luminosity is 1� 3% of the AGN bolometri
luminosity and we obtain a bolometri
 luminosity for NGC3393 of 1010:0�12:2 L�from the 2� 10 keV X-ray data tabulated by Kondratko et al. (2006). We note thatthis estimate for the AGN bolometri
 luminosity is 
onsistent with the total IRASluminosity of the sour
e of � 1010 L� (measured on � 30 kp
 s
ale; Moshir et al.1990). The Eddington luminosity of a 3� 107M� obje
t is 1012 L�. Assuming thatall of the en
losed mass is 
on
entrated in a supermassive bla
k hole, the bolometri
luminosity of the 
entral engine yields an Eddington ratio of > 0:01, whi
h is
onsistent with the 0:01 � 1 range obtained for Seyfert 1 galaxies, representativesupermassive bla
k hole systems (e.g., Padovani 1989; Wandel et al. 1999), but largerthan for adve
tion dominated a

retion 
ow systems (e.g., 10�3:6�1 Herrnstein et al.1998; Yuan et al. 2002). Assuming a standard a

retion eÆ
ien
y of � 0:1 (Frank,King, & Raine 2002; see also Mar
oni et al. 2004), we estimate a mass a

retion rateof _M = 0:007� 1M� year�1.
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entral mass of (3:1 � 0:2) � 107M� and the measured 
entripetala

eleration of a = 5� 1 km s�1 yr�1, we estimate disk radius of the systemi
 maserfeature at � 3880 km s�1 of rsys = pGMBH=a = 0:17 � 0:02 p
, whi
h be
omes0:18 � 0:02 p
 if the low-velo
ity emission in the two 
orrelator passes is alignedand whi
h is signi�
antly smaller than the inner disk radius of the high-velo
ityemission (0:36� 0:02 p
). Evidently, the systemi
 emission in NGC3393 arises mu
h
loser to the dynami
al 
enter than the high-velo
ity emission, whi
h is in 
ontrastto the situation in NGC4258 (Herrnstein et al. 2005) and NGC1068 (Greenhillet al. 1997b), where disk radii of low-velo
ity features are 
onsistent with thoseo

upied by high-velo
ity emission. It has been suggested that the systemi
 emissionin NGC4258 resides in a bowl that is a 
onsequen
e of an in
lination-warped disk(Herrnstein et al. 2005). Su
h a warp in the a

retion disk stru
ture might alsodetermine the preferred radial lo
ation of the low-velo
ity features in NGC3393.The resulting orbital velo
ity of the � 3880 km s�1 maser feature is 890� 60 km s�1(whi
h might be as high as 920� 60 km s�1 due to systemati
 errors). We note thatthe 130 km s�1 o�set of this feature from the adopted systemi
 velo
ity might bedue its lo
ation within the disk at a non-zero azimuthal angle � from the line ofsight to the 
entral engine. Using this velo
ity o�set, we estimate � = 8Æ and theresulting 
orre
tions to the derived radius and orbital velo
ity are mu
h smaller thanthe 
orresponding un
ertainties. The newly dete
ted feature at � 4051 km s�1 thatwe postulate to be high-velo
ity emission was not dete
ted in the VLBI experimentbut would appear at a large disk radius and therefore 
an be used to 
onstrain thedisk size. From the 
omputed en
losed mass and r = GMBH=v2, we estimate thatthe a

retion disk extends from 0:17� 0:02 p
 to 1:5� 0:1 p
 (from 0:18� 0:02 p
 to
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 if the low-velo
ity emission in the two 
orrelator passes is aligned).
6.5 Con
lusionWe have mapped for the �rst time the maser emission in the nu
lear region ofNGC3393. We interpret the linear distribution of the maser emission and thesegregation of the blue- and the red-shifted emission on the sky in the 
ontext of a p
-s
ale nearly edge-on mole
ular disk that orbits a 
entral mass of (3:1�0:2)�107M�en
losed within 0:36� 0:02 p
 (1:48� 0:06mas). We also report the measurementof 
entripetal a

eleration, a = 5� 1 km s�1 yr�1, in the low-velo
ity maser featureat � 3880 km s�1, whi
h yields disk radius of 0:17� 0:02 p
 for the derived 
entralmass. The low-velo
ity emission in NGC3393 o

urs mu
h 
loser to the dynami
al
enter than the high-velo
ity emission, 
ontrary to the situation in NGC4258 andNGC1068, the two ar
hetypal maser systems. An independent estimate for the diskradius of the low-velo
ity features would be provided by the measurement of theirproper motions. For a distan
e D, a 
entral mass 3:1 (D=50Mp
) � 107M�, anda radius 0:17 (D=50Mp
)1=2 p
, we expe
t motions of � 4 (D=50Mp
)�3=4 �as yr�1,whi
h would be 
hallenging to measure in light of the maser variability and weakness.Alternatively, a measurement of the position-velo
ity gradient in the low-velo
itymaser features would provide an independent estimate for their radial lo
ationwithin the disk (rsys = 0:17 [D=50Mp
℄ [�=0:27Mp
 yr�1 rad�1℄�2=3 p
, where Dis the distan
e and � = v=� is the impa
t parameter-velo
ity gradient). We werepre
luded from making this measurement due to the low signal-to-noise ratio in ourVLBI map. However, it is un
lear what improvement in SNR would be ne
essary



CHAPTER 6. PARSEC-SCALE ACCRETION DISK IN NGC3393 191to yield this measurement, as there is a dearth of low-velo
ity features even in thesensitive single-dish spe
tra of the sour
e. An independent estimate for the diskradius of the low-velo
ity features either from proper motions or position-velo
itygradient 
ould be used to determine a distan
e to NGC3393, a result of 
onsiderablevalue sin
e the galaxy is within the Hubble 
ow (vsys = 3750 km s�1) and thus mightbe used to establish a Hubble relation independent of standard 
andle 
alibratorssu
h as Cepheids.
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Chapter 7
Con
lusion
This dissertation presents results of extensive surveys for water maser emission
ondu
ted with the two NASA Deep Spa
e Network (DSN) 70-m antennas atTidbinbilla, Australia and at Robledo, Spain and with the 100-m Green BankTeles
ope (GBT) in Green Bank, West Virginia. We dete
ted 23 new water masersour
es, eight of whi
h are high-velo
ity systems. The VLA positions of the newlydis
overed emission are 
onsistent with the opti
al positions of the host nu
lei, whi
h
orroborates the asso
iation of the dete
ted emission with nu
lear a
tivity. Thesurvey results reported here and in Greenhill et al. (2003) resulted in a 60% in
reasein the number of known nu
lear water maser sour
es, from � 37 to � 60, the largestin
rease sin
e the seminal work by Braatz et al. (1997b). This 
onsiderable growthhas enabled us to 
onsider or revisit statisti
al properties of the nu
lear water masersour
es. For the 30 sour
es with available hard X-ray data, we found a possible
orrelation between unabsorbed X-ray luminosity (2 � 10 keV) and total isotropi
water maser luminosity of the form L2�10 / L0:5�0:1H2O . This relationship is 
onsistent192



CHAPTER 7. CONCLUSION 193with the model proposed by Neufeld et al. (1994) in whi
h X-ray irradiation ofmole
ular a

retion disk gas by the 
entral engine ex
ites the maser emission. Braatzet al. (1997b) previously reported marginal predisposition for water maser emissionto o

ur in edge-on a
tive galaxies. However, we �nd no eviden
e for this preferen
ebased on the survey dete
tion rates among highly in
lined (> 70Æ) AGN and basedon the distribution of gala
ti
 plane in
linations for known water maser systems.This null result is 
onsistent with studies that have shown la
k of 
orrelation betweengala
ti
 plane orientation and nu
lear jet or narrow line region dire
tion.In this work, we also report the �rst VLBI map of water maser emission inNGC3393. Emission in this system appears to follow Keplerian rotation and tra
esa linear stru
ture between disk radii of 0:36 and � 1 p
. The size of the maser diskin NGC3393 is thus 
omparable to that in NGC1068 (0:6� 1:3; Greenhill & Gwinn1997; Lodato & Bertin 2003) but larger than that in NGC4258 (0:16 � 0:28 p
;Herrnstein et al. 2005) and Cir
inus (0:11�0:40 p
; Greenhill et al. 2003). Assumingan edge-on disk and v / r�0:5, the inferred 
entral mass is (3:1 � 0:2) � 107M�en
losed within 0:36 � 0:02 p
, whi
h should be 
ompared to masses of � 107M�(within 0:6 p
), (3:9 � 0:1) � 107M� (within 0:16 p
), and (1:7 � 0:3) � 106M�(within 0:11 p
) for NGC1068 (Greenhill & Gwinn 1997; Lodato & Bertin 2003),NGC4258 (Herrnstein et al. 2005), and Cir
inus (Greenhill et al. 2003), respe
tively.An alternative model, v / r�0:2, yields a marginally better �t to the positionsand line-of-sight velo
ities of maser emission, in whi
h 
ase, the 
entral mass(within 0:36 p
) and disk mass tra
ed by the maser emission (0:36� 1 p
) be
ome2:6� 107M� and 1:9� 107M�, respe
tively.We also presented the �rst VLBI map of the red-shifted high-velo
ity emission



CHAPTER 7. CONCLUSION 194in NGC3079. The newly mapped emission allowed us to re
onsider the dynami
sof the system. The largely north-south distribution of emission, aligned with akp
-s
ale mole
ular disk, and the segregation of blue- and red-shifted emission onthe sky are suggestive of a nearly edge-on mole
ular disk on p
-s
ales. Positionsand line-of-sight velo
ities of maser emission are 
onsistent with a 
entral mass of� 2 � 106M� en
losed within � 0:4 p
. Trotter et al. (1998) reported a similaren
losed mass, � 106M�, from 
onsideration of the blue-shifted emission only. Inour 
ase, however, both the blue- and the red-shifted emission provide independentand 
onsistent estimates of the en
losed mass. Be
ause the rotation 
urve tra
edby the maser emission is 
at, the mass of the disk (within 1:3 p
) is signi�
ant andmight be as large as 7 � 106M�. Based on the kinemati
s of the system, we alsoproposed that the disk is geometri
ally-thi
k, subje
t to gravitational instabilities,and hen
e most likely 
lumpy and star-forming. The a

retion disk in NGC3079 isthus signi�
antly di�erent from the 
ompa
t, thin, warped, di�erentially rotatingdisk in the ar
hetypal maser galaxy NGC4258.VLBI studies of high-velo
ity systems like the two presented in this dissertationreveal the spe
ta
ular diversity of supermassive bla
k masses and p
-s
ale nu
learstru
tures. The inferred 
entral masses range from 106 up to 108M�, while the maseremission appears to tra
e not only 
ompa
t, thin, di�erentially-rotating a

retiondisks but also jets, wide-angle out
ows, and disorganized geometri
ally-thi
k rotatingstru
tures. The two systems 
onsidered here 
ontribute to this variety: the disk inNGC3393 appears to be di�erentially-rotating, as also observed in the ar
hetypi
alwater maser system NGC4258, while the disk in NGC3079 has a 
at rotation 
urveand is disorganized, thi
k, and 
aring. NGC3079 study has provided what might
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e of star-formation in a p
-s
ale a

retion disk and the se
ondexample of 
lumps hydromagneti
ally uplifted from the surfa
e of an a

retion disk(�rst is Cir
inus; Greenhill et al. 2003). Estimates for the binding masses in thesetwo systems are highly signi�
ant, sin
e VLBI study of water maser emission is
urrently the most pre
ise method of determining bla
k hole masses, and hen
eEddington luminosities. VLBI results presented here have elu
idated the geometryand dynami
s of p
-s
ale stru
tures in these two AGN and the relationship ofthese stru
tures to their host galaxies. In NGC3393 study, we also reported themeasurement of 
entripetal a

eleration and demonstrated the feasibility of a VLBIexperiment despite the sour
e weakness; as a result, NGC3393 now 
onstitutes agood 
andidate for the determination of the maser distan
e. At the very least,further synthesis imaging e�orts will reveal stru
tures in the inner-p
 of AGN andyield additional bla
k hole mass estimates, whi
h might result in an independentestimate for the slope of the M � � relationship and thus provide a stringent test ofother te
hniques for the determination of bla
k hole masses.The NGC3393 VLBI experiment su�ered from low signal-to-noise-ratio (SNR)due to te
hni
al diÆ
ulties with the GBT and thus another imaging attempt iswarranted. If the sensitivity of the GBT 
an be fully exploited, then an in
rease inSNR by a fa
tor of roughly 2 is feasible. Two imaging tra
ks as opposed to one wouldyield another p2 in
rease, for a total improvement in SNR by a fa
tor of nearly3. These enhan
ements might enable the determination of the position-velo
itygradient for the systemi
 maser features and hen
e yield an independent estimatefor their disk radius. However, it is not 
lear what improvement in SNR would bene
essary to yield this measurement, as there is a dearth of low-velo
ity features even
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tra of the sour
e. Nevertheless, another attempt tomake this measurement is 
ertainly justi�ed, as an independent estimate for the diskradius of the systemi
 emission 
ould be used to determine a distan
e to NGC3393,a result of 
onsiderable value sin
e the galaxy is within the Hubble 
ow (vsys = 3750km s�1) and thus might be used to establish a Hubble relation independent ofstandard 
andle 
alibrators su
h as Cepheids. A proposal to re-observe NGC3393 intwo tra
ks with VLBA + GBT + VLA has been a

epted and the data was a
quiredon January 31st 2007.Synthesis imaging studies of other systems are 
ontinuing with an aim todetermine bla
k hole masses, disk geometries, and possibly maser distan
es. VLBIdata on IC 2560, MRK1419, NGC1386, UGC3789, NGC6323, and NGC4945 havealready been a
quired, and in some 
ases (UGC3789, NGC6323, IC 2560, NGC4945)pro
essed and modelled. Data on the three high-velo
ity systems dis
overed withthe GBT (2MASXJ08362280+3327383, NGC6264, and UGC09618NED02)have already been obtained and 
orrelated. Among these sour
es, NGC6264,UGC09618NED02 (this work), IC 2560 (Ishihara et al. 2001), MRK1419 (Henkelet al. 2002), and NGC6323 (L. Greenhill 2007, private 
ommuni
ation) are best
andidates for the determination of distan
e, as there already exists an unambiguousdete
tion of 
entripetal a

eleration in these systems. Attempts to dete
t 
entripetala

eleration in other sour
es and e�orts to improve the already existing measurementsare 
ontinuing with the GBT. Five epo
hs of GBT data on MRK0034 have alreadybeen a
quired while another epo
h on 2MASXJ08362280+3327383, NGC6264, andUGC09618NED02 will be obtained in Winter 2007. To 
on�rm the 
entripetala

eleration measurement reported in this dissertation, the monitoring of NGC3393
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ontinue until early 2007. The additional single-dish data willextend the temporal baseline and possibly redu
e the un
ertainty in the velo
itydrift measurement by fa
tors of � 2 and nearly 3, respe
tively (latter result is basedon numeri
al simulations). These single-dish e�orts when 
ombined with robustmodels of a

retion disks from synthesis imaging experiments might yield anotheran
hor point in the extragala
ti
 distan
e ladder.Surveys for water maser emission are also ongoing. The GBT program to dete
twater maser emission in galaxies host to Cepheid and type Ia supernovae is 
omingto 
ompletion. A sear
h for water maser emission among Sloan Digital Sky SurveyAGN has re
ently yielded new dete
tions (J. Braatz 2006, private 
ommuni
ation).The dis
overy of water maser emission from a quasar at redshift z = 0:66 (Barvainis& Antonu

i 2005) has proven a 
atalyst for surveys among more distant AGN,although no other high-z sour
es have been dis
overed to date. We 
ontinue deepintegrations on known non-high-velo
ity systems with the GBT with an aim todete
t weak high-velo
ity features, emission that might have been missed withless-sensitive apertures. These e�orts will in
rease the number of known water masersour
es and of high-velo
ity systems. Su
h a growth will not only yield a larger poolof 
andidates for the determination of bla
k hole masses and maser distan
es butalso allow for the evaluation of statisti
al properties of nu
lear water maser sour
es.For instan
e, if veri�ed using a larger sample of sour
es, the proposed 
orrelationbetween X-ray and water maser luminosities would be valuable in the modelling ofmaser ex
itation, identi�
ation of maser-ri
h samples of AGN using hard X-ray skysurveys, and perhaps modelling of the hard X-ray ba
kground. Eviden
e for thepreferen
e of maser emission to o

ur in edge-on galaxies might emerge from a larger
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lear water maser sour
es, whi
h would in
rease our understanding ofthe geometry of the inner parse
 in AGN and its relationship to the kp
-s
ale stellardisk. The majority of individual data points that 
onstitute the Henkel et al. (2005)luminosity fun
tion are 
omputed from three or fewer number of sour
es. A largersample of known sour
es would thus yield an improved maser luminosity fun
tion,whi
h in turn 
ould 
larify not only the distin
tion between star-forming and nu
learwater maser sour
es but also our prospe
ts of dete
ting sour
es at 
osmologi
allysigni�
ant redshifts (Henkel et al. 2005). Both the luminosity fun
tion and the
orrelation between water and X-ray luminosities would also bene�t from a propertreatment of maser variability, a sour
e of signi�
ant systemati
 error. X-ray studiesof galaxies host to water maser emission are 
urrently ongoing and should 
ontinue
on
urrently with the survey work. The measurement of the X-ray spe
tra above10 keV for additional water maser systems would 
ontribute to the evaluation ofthe putative 
orrelation between X-ray and water maser luminosities and of the
orrelation between maser luminosity and absorbing 
olumn density (Madejski et al.2006; Zhang et al. 2006).In the near term, synthesis imaging studies of water maser emission withVLBI will bene�t from the fully operational Expanded Very Large Array (EVLA).The goal of the EVLA proje
t is to improve most of the 
apabilities of the VLAby at least an order of magnitude. The most signi�
ant enhan
ement is theinstallation of a new digital 
orrelator (
ommissioning planned for 2009), whi
hwill provide wide bandwidths (� 2GHz) and up to 262; 144 spe
tral 
hannels. Inaddition, the signal path of ea
h antenna will be overhauled to allow for operationat any frequen
y between 1 and 50GHz and for an instantaneous IF bandwidth
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h polarization (from 50MHz, 
urrently). As a result, the
ontinuum sensitivity between 10 and 50GHz will improve by a fa
tor of � 20.Currently, it is often not possible to 
over the full extent of water maser emissionbe
ause of either the relatively narrow 2� 50MHz bandwidth or the restri
tions onwhere these 50MHz bands 
an be pla
ed (only dis
rete frequen
ies are permitted,20:5 + [n � 0:3℄ + [m � 0:05℄ � 0:1 � 0:0101GHz, where n and m are integers).It is the in
rease in 
ontinuum sensitivity and frequen
y agility that will mostsubstantively enhan
e the importan
e of the phased EVLA as an element in futureVLBI experiments, as it will improve the array's frequen
y 
overage and tuning
exibility and de
rease the time required for phasing the array (either by de
reasingthe requisite integration time on stronger 
alibrators or by enabling the use of weaker
alibrators 
loser to the target, thereby de
reasing the slew time).In the more distant future, both the survey work and the follow-up synthesisimaging studies will be advan
ed substantively by the operational Square KilometerArray (SKA). If built to 
urrent spe
i�
ations, SKA will be two orders of magnitudemore sensitive than the present 100-m 
lass teles
opes, and therefore permit dete
tionof water maser emission at 
osmologi
ally signi�
ant redshifts (Morganti et al.2004). The most luminous high-velo
ity water maser known (IRASF22265-1826;peak 
ux density of � 300mJy) would be dete
table out to z � 0:4 with themost sensitive teles
opes 
urrently in operation (Henkel et al. 2005). The SKA,however, would extend this limit to distan
es 10� greater and might in
rease thenumber of known maser sour
es by three orders of magnitude (Morganti et al.2004). Nearby targets 
ould be surveyed with in
reased sensitivity whi
h wouldhave signi�
ant rami�
ations for survey 
ompleteness. One limitation of VLBI is
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e of nearby (< 1Æ) 
alibrators for phase referen
ing. From a survey withthe Ryle Teles
ope at 15GHz, Taylor et al. (2001) estimate a di�erential sour
e
ount of 8 � S100mJy��2mJy�1 str�1, whi
h yields 8 � 104 �mJyS � str�1 for theangular density of sour
es with strength greater than S. We thus expe
t to haveone phase referen
e 
alibrator of strength > 5mJy at 15GHz (or > 3:8mJy at22GHz, assuming the standard �0:7 for the spe
tral index) within 0:25 degrees of anarbitrary target sour
e. A 
ontinuum sour
e of su
h a strength would be suÆ
ientfor the 
alibration of the interferometer phase in a VLBI experiment involving theSKA.1 In prin
iple then, any newly dis
overed high-velo
ity system would have asuitable nearby phase referen
e 
alibrator. The anti
ipated sensitivity of the arraywould thus signi�
antly in
rease the number of potential 
alibrators and hen
ein
rease the number of targets suitable for mapping with VLBI. For follow-upimaging studies, SKA, when 
ombined with other outrigger antennae, would providean order of magnitude improvement in sensitivity, whi
h would in
rease both thedistan
e at whi
h imaging is possible and the number of suitable targets by halfan order of magnitude and approximately two orders of magnitude, respe
tively(Morganti et al. 2004). A VLBI experiment involving the SKA 
ould resolve p
-s
alea

retion disks up to z � 0:1; thus, to map potential high-velo
ity dis
overies atz � 0:4, an addition of an orbiting radio teles
ope su
h as VSOP2 or iARISE wouldbe required. The resulting phenomenal growth in the number of targets would1A 
ontinuum sour
e of strength > 3:8mJy would be dete
ted with a signal-to-noise ratio of atleast 4 in a single atmospheri
 
oheren
e time (� 30 s at 22GHz) on a baseline between the SKA
ore and a 25-m antenna, where we assumed a 16MHz observing bandwidth and system equivalent
ux densities of 0:56 and 1100Jy for the SKA and the 25-m dish, respe
tively (Morganti et al. 2004).
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k hole mass and distan
e estimations. Su
h measurements
ondu
ted for a large sample of water maser systems would produ
e multiple an
horpoints in the extragala
ti
 distan
e ladder, provide stringent tests of other te
hniquesfor determination of bla
k hole masses, yield an independent estimate for the slopeof the M � � relation, and result in a 
ensus of p
-s
ale nu
lear stru
tures, withsigni�
ant impa
t on 
osmology and our understanding of the AGN environment.
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Appendix
8.1 A
quisition and Pro
essing of Single-dishSpe
tral DataThe 70-m Deep Spa
e Network (DSN) antennae at Tidbinbilla, Australia, andRobledo, Spain, are equipped with 
ooled HEMT re
eivers that 
over a frequen
yrange 18 � 26GHz and deliver a single left-
ir
ular polarization 
hannel. Thesignal is �rst limited by a 600MHz bandpass �lter and then down
onverted to aband 
entered at 321:4MHz. The se
ond down
onversion results in a 400MHzband 
entered at 200MHz (400MHz � 5350 km s�1 at 1:3 
m, assuming the radiode�nition of Doppler shift). The signal is then 
orrelated using a 2 bit, 4096-lag,four-level digital spe
trometer. To obtain total power spe
tra of ea
h sour
e, theteles
ope is moved repeatedly between the target sour
e and the referen
e positionon the sky (separated by � 0:125Æ). The 
orrelator integrates at ea
h position of202
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ope for approximately 30 s and the overhead due to antenna slew is � 20 s(� 67% ineÆ
ien
y). Thus, every � 50 s, an auto
orrelation (AC) array of size 4096is written in a Flexible Image Transfer System (FITS) format and 
ontains � 30 s ofeither on-sour
e or o�-sour
e data.The GBT re
eiver delivers four independent signals: two beams, ea
h with twopolarizations. The spe
tra in this 
ase are obtained with two 200MHz IFs 
on�guredto overlap by 50MHz. The 
enter of the resulting 350MHz instantaneous bandwidthis tuned to the systemi
 velo
ity of ea
h target sour
e (350MHz � 4880 km s�1 fora representative re
essional velo
ity of 5000 km s�1, assuming the opti
al de�nitionof Doppler shift). The 
orrelator is 
on�gured to yield 
hannel spa
ing of 24:4 kHzand 16384 
hannels for ea
h 200MHz window. To obtain total-power spe
tra ofea
h sour
e, the antenna is moved by 30 every 2min between two positions on thesky so that a target is always present in one of the two GBT beams. The overheaddue to antenna slew in this 
ase is only � 20 s (� 17% ineÆ
ien
y). Every 2minand for ea
h independent signal path, a new FITs �le is 
reated and 
ontains anauto
orrelation (AC) array of size 16384.In what follows, we des
ribe the data pro
essing approa
h adopted for the DSNdata. In the 
ase of the GBT, the pro
essing is analogous but requires additionaldata bookkeeping due to the presen
e of the four independent signals. The s
ript,written in the Intera
tive Data Language (IDL), �rst obtains a list of all FITS �lesthat satisfy a sele
tion 
riterion (i.e., �les that either 
orrespond to a user-spe
i�edsour
e name or are lo
ated in a spe
i�ed dire
tory). The s
ript then 
ontinuesthrough the list, and, for ea
h two adja
ent elements in the list, obtains the ACfun
tions for the neighboring on-sour
e and o�-sour
e s
ans (see Fig. 8.1 for a
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al demonstration). Quantization 
orre
tion is �rst applied to both on-sour
eand o�-sour
e AC fun
tions (Fig. 8.1). The two fun
tions are then separatelyprepared for the Fast Fourier Transform (FFT) in a

ordan
e with the standard
onvention: lag 0 is pla
ed into the 0th array element, lag 1 is loaded into arrayelements 1 and N � 1, et
., where N is double the size of the AC array (N = 8192and N = 32768 for the DSN and the GBT, respe
tively). The following IDL 
odea

omplishes the loading pro
ess:N=8192a
temp=dblarr(N)
han=dindgen(N/2+1)a
temp(
han)=a
_off(
han)a
temp(N-
han(1:N-1))=a
_off(
han(1:N-1))a
temp(N/2)=a
temp(N/2-1)Note that the 
oeÆ
ient 
orresponding to the Nyquist frequen
y (i.e., array elementN=2) is e�e
tively equated to the AC bias, whi
h 
an be a

omplished by settingthat 
oeÆ
ient equal either to the (N=2 � 1)th AC element (as shown here for theDSN data) or to an average of the AC fun
tion over higher lags (as for the GBT).We found no noti
eable di�eren
e between these two approa
hes.Before the a
tual transformation, Hanning window is also applied to the data.To obtain an exa
t expression for the Hanning window in lag spa
e, we �rst de�nethe window in the frequen
y domain using the weights [0:25; 0:5; 0:25℄ and thenFourier transform ba
k:



CHAPTER 8. APPENDIX 205window=dblarr(N)window(0)=0.5window(1)=0.25window(N-1)=0.25window=FFT(window,1,/double)The resulting spe
tral window (at array elements 0; : : : ; N � 1) is e�e
tively the
osine fun
tion shifted upward (Fig. 8.1). We maintain both the original andthe smoothed data throughout data pro
essing. The a
tual Fourier transform isa

omplished in the following manner:spe
_off=(double(FFT(a
temp,-1)))(0:N/2)spe
_off_s=(double(FFT(a
temp*window,-1)))(0:N/2)for the o�-sour
e s
an for instan
e. To apply the Hanning window k times,we would use window^k in the above. The FFT results in four data produ
ts:on-sour
e spe
trum Son, o�-sour
e spe
trum Soff , and their two Hanning-smoothed
ounterparts. The total power spe
trum is then 
omputed using S = Son � SoffSoff ,and similarly for the smoothed data.At this stage, the system temperature and gain 
alibration is applied. Themultipli
ative 
alibration fa
tor (from raw \
orrelator" units to Jy) is given byfa
tor = exp(tau/sin(e*!pi/180.))*(Tsyson+Tsysoff)/2.*$( 2.*k/(7000.^2*!pi/4.* gain(e) )/1.E-23 )
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onstant in 
gs units, e is the antenna elevationaveraged a
ross the two s
ans under 
onsideration, the fun
tion gain(e) returnsantenna gain at an elevation e, 7000 is the diameter of the DSN teles
opes in 
m,tau is the opa
ity (obtained separately using a tipping s
an), and Tsyson andTsysoff are average system temperatures (in K) a
ross the on-sour
e integrationand o�-sour
e integration, respe
tively. For the GBT (Fig. 8.2), the gain polynomialis given bygain = -0.018644534+0.071262825*e-0.0032179002*e^2+8.0399697d-005*e^3+-1.2328783d-006*e^4+1.0759349d-008*e^5-3.9829447d-011*e^6.For the DSN antennae in Tidbinbilla, Australia, and Robledo, Spain, the gain isgiven bygain = 0.174012+0.0139313*e-0.000156126*e^2and gain=0.43*(-1.1737563+0.12943496*e-0.0023824174*e^2+1.2627183e-005*e^3),respe
tively (Figs. 8.3-8.4). A fully 
alibrated total power spe
trum in Jy units isthen obtained simply by multiplying the raw total power by fa
tor. The resultingspe
trum (thereafter, an individual total power spe
trum) 
orresponds to � 60 sand 4min of data for the DSN and the GBT, respe
tively. As the s
ript 
ontinuesthrough the list of all FITS �les that satisfy a spe
i�ed 
riterion, the pro
edure justdes
ribed is repeated for every pair of adja
ent on-sour
e and o�-sour
e s
ans.
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ti
 maser emission typi
ally requires hours ofintegration on a target sour
e and it is therefore ne
essary to appropriately 
ombinethe individual total power spe
tra into a 
omposite produ
t. For this purpose, we
ompute the noise level in the individual total power spe
trum in four distin
t ways:� Simple sample varian
e: 1n� 1Xk (Sk � hSi)2, where n is the number ofspe
tral 
hannels used in the average� Sample varian
e of the spe
trum with the running mean removed:1n� 1Xk (Sk � Avgk)2, where Avgk gives the value of the running mean atspe
tral 
hannel k� Fit of a Gaussian model to a histogram (number versus 
ux)� Fit of a Gaussian model to a histogram after the removal of the running meanTo redu
e the impa
t of band-edge irregularities, we typi
ally use the inner 75% ofthe spe
trum in the above 
al
ulations. The running mean is 
omputed using abox
ar of width 256 
hannels, whi
h 
orresponds to a spe
tral width (� 340 km s�1)that is larger than the broadest maser feature 
urrently known.Following the noise level 
al
ulation, the s
ript performs automati
 
aggingof data. An individual total power spe
trum is not in
luded in the 
ompositeaverage if any of the four 
omputed noise levels either ex
eed the expe
ted noiselevel by a fa
tor of � 1:5 (whi
h signi�es noisy data) or is below the expe
tation(whi
h signi�es algorithm failure). Here, the expe
ted noise level is 
omputed fromthe radiometer equation: q 2�on�� � fa
tor, where �� is the 
hannel width in Hz(97:6 kHz and 24:4 kHz for the DSN and the GBT, respe
tively), �on is the time
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e (� 30 s and 2min for the DSN and the GBT, respe
tively),and a fa
tor of 2 a

ounts for the division in the 
al
ulation of the individual totalpower spe
tra, i.e., S = Son � SoffSoff . If an individual total power spe
trum passes thenoise level test, it is in
luded in the 
omposite spe
trum with weight 1=�2. Based onempiri
al tests, we have determined that the fourth method is the most reliable inestimating �.
8.2 Iterative Hanning SmoothingTotal-power spe
tra presented in this work have been smoothed by an appli
ation ofa Hanning window. In the 
ase of the DSN data, the spe
tra have been smoothedonly on
e, whi
h has an e�e
t of improving the rms noise level by a fa
tor of p3=8.In the 
ase of the GBT spe
tra, however, the Hanning window has been applied fourtimes and it is important to understand the dependen
e of the resulting noise levelon the number of the appli
ations of the Hanning window. In what follows, we derivean expression for the noise level in a spe
trum Hanning smoothed multiple times.We �rst express the smoothed spe
trum in terms of the original spe
trum, i.e., interm of a spe
trum for whi
h the neighboring 
hannels are independent. Using there
ursive de�nition of the Hanning window, we obtain for the jth spe
tral 
hannel:

Sj;n = �14�n 2nXk=00B� 2nk 1CASj�n+kwhere n is the number of appli
ations of the Hanning window, Sk is kth spe
tral
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hannel in the original spe
trum, and the fun
tion 0B� 2nk 1CA gives the Binomial
oeÆ
ient \k 
hoose 2n". Taking the varian
e of both sides and simplifying, wearrive at: �2n = �2o 1p� � �12 + 2n�� [1 + 2n℄where �(x) is the 
omplete gamma fun
tion and �o and �n are the noise levels (i.e.,standard deviations) in the original and the smoothed n times spe
tra, respe
tively.The expression above is the exa
t expression for the varian
e of a spe
trum Hanningsmoothed n times. Figure 8.5 
ompares this theoreti
al result to the 
al
ulationsbased on a
tual spe
tral data.
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Figure 8.1.| Graphi
al summary of the data pro
essing approa
h adopted for theDeep Spa
e Network data: an auto
orrelation (AC) fun
tion that is returned by thedigital 
orrelator and stored in the online FITS �les (top, left), the same fun
tionbut prepared for the Fast Fourier Transform (FFT; top, right), the quantization
orre
tion applied to the AC data (middle, left), the Hanning window as it appearsin the lag domain (middle, right), FFT of the AC fun
tion (in this parti
ular 
ase,an on-sour
e spe
trum, Son; bottom, left), and an individual total power spe
trum,(Son � Soff)=Soff , before the appli
ation of gain and Tsys 
alibration and with therunning mean shown (bottom, right).
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Figure 8.2.| Gain 
urve for the 100-m Green Bank Teles
ope based on measurementsof opa
ity 
orre
ted antenna temperature for NGC7027 at � 1:4 
m (R. Maddalena2003, private 
ommuni
ation). Throughout these measurements, the surfa
e a
tua-tors | mounted beneath the aperture paraboloid | dynami
ally adjusted the surfa
eof the antenna to 
orre
t for thermal and gravitational deformations. The gain 
urveindi
ates an eÆ
ien
y of 0:63 at 30Æ.
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Figure 8.3.| Multiple estimates for the gain 
urve of the 70-m Deep Spa
e Networkantenna in Tidbinbilla, Australia. To 
alibrate the survey data, we estimated the gain
urve from measurements of opa
ity 
orre
ted antenna temperature for PKS1921-293and PKS1830-211, whose 
uxes were 
alibrated against 3C 286 (2:54 Jy at 21:8GHz).The resulting peak aperture eÆ
ien
y is 0:48� 0:05 at 45Æ � 5Æ. A gain 
urve in useprior to this 
alibration (Mar
h-Harbison) is shown for 
omparison.
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Figure 8.4.| Gain 
urve for the 70-m Deep Spa
e Network antenna in Robledo,Spain. We estimated the gain 
urve and aperture eÆ
ien
y through measurement ofopa
ity 
orre
ted antenna temperature of 3C 147 (1308+326), for whi
h we adopteda 
ux density of 1:82 Jy at 22:175GHz. The resulting peak eÆ
ien
y is 0:43� 0:09 at43Æ � 5Æ elevation, whi
h yields a sensitivity of 1:7� 0:3 JyK�1. Gain 
urves in useprior to our 
alibration (DSNRA and EVN) are shown for 
omparison.
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Figure 8.5.| Improvement in the noise level frommultiple appli
ations of the Hanningwindow for a
tual spe
tral data (
ir
les) and as expe
ted from theoreti
al 
onsidera-tions (bla
k line). Note the small but systemati
 dis
repan
y between the data andthe model.
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