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Kinematics of the Narro w-Line Regions in
the Seyfert Galaxies NGC 4151 and NGC
1068

by
VarendraDas

Under the Direction of D. Michael Crenshav

Abstract

We presen a study of high-resolution long-slit spectra of the narrow-line regions
(NLRs) of NGC 4151(a Seyfert1 galaxy) and NGC 1068(a Seyfert2 galaxy) obtained
with the SpaceTelescoe Imaging Spectrograph (STIS) aboard the Hubble Space
Telesope (HST). The spectrawereretrieved from the Multimission Archive at Space
Telescog (MAST) andwereobtainedfrom v eand sewenorbits of HST time resulting
in v e and sewen parallel slit con gurations at position anglesof 52 and 38 for
NGC 4151 and NGC 1068 respectively. The spectra have a spatial resolution of
0°2 acrossand 0°% along ead slit. Obsenations of [O111] emissionfrom the NLRs
were made using the medium resolution G430M grating aboard HST. The spectral

resolving power of the grating, R = — ' 9000, resulted in the detection of multiple

kinematic componerts of the [O111] emissionline gasalongead slit. Radial velocities

of the componerts were measuredusing a Gaussian tting procedure.



Biconical out o w models were generatedto match the data and for comparison
to previousmodels donewith lower dispersionobsenations. The generaltrend is an
increasein radial velocity roughly proportional to distancefrom the nucleus,followed
by a linear decreaseafter roughly 100 pc. This is similar to that seenin other
Seyfert galaxies,indicating commonaccelerationand decelerationmedanisms. The
full-width at half-maximum (FWHM) of the emissionlines readhes a maximum of
1000kms ! near the nucleus, and generally decreaseswith increasingdistance to
about 100kms 1! in the extendednarrow-line region (ENLR), starting at about 400
pc from the nucleus. In addition to the bright emissionknots, which generally t
our model, there are faint high velocity cloudsthat do not t the biconical outow
pattern of our kinematic model.

A comparisonof our obsenations with high-resolutionradio mapsshows that the
kinematics of the faint NLR cloudsmay be a ected by the radio lobesthat comprise
the inner jet. Howewer, the bright NLR clouds shav a smaoth transition acrossthe
radio knots in radial velocity and velocity dispersion plots and remain essetially
undisturbed in their vicinity, indicating that the radio jet is not the principal driving
force on the out o wing NLR clouds.

A dynamical model was deweloped for NGC 1068;it includesforcesof radiation
pressure,gravity, and drag due an ambient medium, simultaneously acting on the
NLR clouds. The velocity prole from this model was too steepto t the data,

which shov a more slowly increasingvelocity pro le. Gravity alone was not able



to slov down the clouds but with the drag forcesincluded, the clouds could slow
down, readhing systemicvelocities at distancesthat depend on the column densities
of the NLR gasand density of the intercloud medium. A biconical model using the
geometricparametersfrom our kinematic t, and the velocity law from the dynamic
t, wasusedto match the data. The resulting dynamic model represemted a poor t

to the data, indicating the needfor additional dynamical considerations.

Index Words: Seyfertgalaxies,NGC 4151,NGC 1068,AGN, NLR, Kinematics, Dy-
namics, Bicones,Uni ed Models
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{1{

In tro duction

The following presenation is basedon the study of two well-known and well-studied
galaxies,NGC 4151and NGC 1068. Thesetwo galaxiesare part of a generalclass
of galaxiesnow known as Seyferts, named after their discoverer, Carl K. Seyfert.
The Seyfert classis again only a part of a much larger collection of objects known
as Active Galactic Nuclei (AGN), which are galaxiesthat have very energeticcen-
tral regionsthat normally outshinesthe rest of the galaxy. Since Seyfert galax-
ies are the nearestand brightest AGN, they played a crucial role in establishing
the foundation upon which basic ideas of general classi cation schemesof AGN
emerged. The need for sud classi cation sdhemesis most pressingtoday, with
the appearanceof a "'zao' of di erent AGN types, and the demand for sud a clas-
si cation scheme stems from the acceptednorm that “the simplest theory is nor-
mally the best one'. A general classi cation system for AGN is highly desirable
becauseof the numerous classesthat exist and becausethe list of properties that
distinguish between the classesis large and growing. The properties that sepa-
rate the classesof AGN to date includes luminosity levels, radio power, detection
or absenceof broad or narrow emissionlines, detection or absenceof low- or high-

ionization emissionlines, the amourt of variability and polarization, brightnessin



the infrared (IR), ultraviolet (UV), or X-ray bands, cortinuum brightnessrelative
to emissionor absorption lines, etc. What is neededis a set of fundamertal pa-
rameters that would predeterminewhat properties the AGN should have. An ex-
ample of a sciertic movemert that strides for simplicity in understanding a broad
range of phenomenonis the classi cation of stars. The wealth of information from
stellar spectra would be overwhelming had it not beenfor the simple Hertzsprung{
Russellclassi cation that placed stars within a two-dimensionalframework of tem-
perature and luminosity that is governed by simple astrophysical laws. In the AGN
eld, the sametype of simpli cation is sough after so as to unite all classesof
AGN.

The presen study focuseson the kinematics and dynamicsof the NLR of Seyfert
galaxiesand their implications within the current uni cation picture of Seyfertgalax-
ies. BecauseSeyfertsare nearly and their NLRs are resohable with modern ground-
and space-basetklescopes,they arealsovery important in understandingthe physics
involved in the AGN process. The various classesof AGN are summarizedbelow,
starting with the most studied active galaxies,the Seyferts. The NLR is then dis-
cussedbrie y since most of this study is concertrated on the morphological, kine-
matical, and dynamical nature of this region. The ultimate questionsthat we are
attempting to answer are: (i) What medanismdrivesthe NLR gas?(ii)) What med-
anism slows down the gas? (iii) What are the implications of the kinematics of the

NLR for the uni ed model of Seyfertgalaxies?



A general outline of this dissertation is as follows. This chapter gives a brief
overview of the history of Seyfert galaxies, and their relation to the more general
classof active galaxies. We then discussstudies done previously on the NLRs of
NGC 4151,NGC 1068,and other Seyfertgalaxies. The obsenational aspects of this
study are presened in Chapter 2 and the analysis of the data follows in Chapter
3. Measuremets of the data are presened in Chapter 4 and kinematical models
are deweloped to t the data in Chapter 5. The kinematical ts to the data are
preserted in Chapter 6 and dynamical considerationsare addedto discussimportant
implications in Chapter 7. Finally, a discussionthat summarizesimportant results
and conclusionsand what they meanfor the NLR of Seyfert galaxiesand AGN in

general,is presenied in Chapter 8.

1.1 The Discovery of Seyfert Galaxies

Seyfertgalaxiesare a special classof AGN that require attention in this dissertation,
since we are studying two well known Seyfert galaxies,NGC 4151and NGC 1068.
The rst hint of galaxiesbeing active took place early in the 20th certury. At the
time, galaxiesother than our own Milky Way were referred to as “spiral nebulae'.
(Fath 1908) rst reported unusualbright emissionlinesin the spectrum of NGC 1068,
although most of his spectra from other spiral nebulaeshown absorptionlinesproduced
by the combined light of the stars in that system. Later in 1917 hydrogenemission

lines and other lines seenin gaseousiebulaewerediscoreredin NGC 1068by Slipher



(1917). He noted that the lines appear broaderthan expected. In the following year,
Campbell & Paddock (1918) noted broad \nebulium™ linesin NGC 4151, in which
they stated that \the character of the spectrum resenbles that of the spiral nebula
NGC 1068". In 1926,Hubble measuredand reported more of the unknown nebular
emissionlines in NGC 1068, NGC 4151 and other galaxies, with the same broad
features(Hubble 1926). After the Great Debatein 1920betweenHarlow Shapleyand
Heber D. Curtis, the “spiral nebulae'from which the nebular lines were coming from
were ewentually understood to be whole galaxies,outside of the Milky Way; howewer,
the nature of the "nebularlines' were still not known until 1928,when Bowen (1928)
identi ed them as strong forbidden lines of O11, O111, and N1i. More nebular lines
were discovered and eventually identi ed asweak forbidden lines of Sit, Siii, Nelil,
Nelv, Nev, Ar v, and Cli11 (Bowen 1936). In 1943,Carl K. Seyfert (Seyfert 1943)
reported that a small perceriage of galaxies have very bright nuclei that are the
sourcesof the unusually broad emissionlines produced by atomsin a wide range of
ionization states, and that thesenuclei are stellar (point-lik ) in appearance. Today
theseobjects are known as Seyfertgalaxies,and they compriseonly 1{2% of all bright
spiral galaxies. About 90% of the Seyfert galaxiesthat are resohable by telescopes

are spiral galaxies,mostly of type Sb or SBb (Carroll & Ostlie 1996).



1.2 The AGN Zoo

In the 1950s, numerousradio sourceswere identied with giant ellipticals in the
optical, whosespectra often shoved Seyfert-like emissionlines (Baade & Minkowski
1954). Thesecameto be known as Radio Galaxies,and analogousto Seyfert1 and
2 galaxies,they are further subdivided into broad-line radio galaxies(BLRGs) and
narrow-line radio galaxies(NLRGs), basedon the presenceor absenceof the broad
emissionlines (Osterbrock et al. 1975).

A systemic seart for radio loud objects led to the discovery of another class
of AGN, gquasars,short for quasi stellar radio sources(Scdmidt 1963). These are
stellar-like objects with emissionlines at large redshifts that are sometimessur-
rounded by faint wisps of a halo; these halos are often resoled into a distant par-
ent galaxy. The di erences between quasarsand radio galaxiesare that the radio
galaxiesare usually hosted by giant ellipticals, most of which have relatively small
redshifts, whereasthe hosts of quasarsare fuzzy, with predominartly large redshifts.
Searhesfor star-like objects with UV excesse$ike quasarsled to the discovery of a
large number of objects that have spectra very similar to quasars;in fact they were
\radio-quiet" quasars. These were given the name quasi-stellar objects, or QSOs,
to distinguish them from the radio-loud quasars. The QSOshave spectra similar to
those of BLRGs and Seyfert 1 galaxies,with bright power-law cortinua and broad
emissionlines, but are much more luminous, making them a whole new class of

AGN.



BL Lac objects are somewhatsimilar to quasarsdue to their point-lik e radio
emission,but they show few or even no spectroscopicemissionlines. Their cortinua
are normally featureless,highly variable, and highly polarized (Visvanathan 1969).
Similar objects with strong emissionlines are classi ed asoptically violently variable
objects (OVVs), and all-together thesetwo groupsare collectively labeledasblazars,
another AGN class.

LINERs, short for Low lonization Nuclear Emission-Line Regions, are a low-
luminosity classof AGN with strong low-ionization emissionlines, rst identi ed
by Hedkman (1980). The emissionlines[O1] 6300and[N11] 6548,6583are strong
and detectablein a large number of spiral galaxies,which make LINERs very com-
mon (Ho et al. 1994). SomeLINERs are consideredlow-luminosity Seyfertgalaxies,
but the relationship betweenLINERs and AGN is still not completelyclear (Peterson
1997).

Most AGNs are bright in radio wavelengths,and typically shav oneor two narrow
beamsof energeticparticles ejectedin oppositedirectionsaway from the certer. These
‘radiojets' aretypically weakin Seyfertgalaxies,and only extendout to a few hundred
parsecs,comparedto the large-scaleradio ejectionsseenin other AGN. Blazars are

thought to have one of their relativistic jets pointed directly toward the Earth.



1.3 The Classication of Seyfert Galaxies

The Seyfertclassof objects was divided into two groupswhenit was discoveredthat
their spectradid not quite match, at leastin the optical. The distinction betweenthe
two typesis basedlargely in part on a detailed study of 71 Seyfertgalaxiescarried out
by Khachikian & Weedman(1974). The Seyfert1 galaxiesare thosewhosehydrogen
Balmer and other permitted lines are broader than their forbidden lines, whereas
the Seyfert 2 galaxieshave comparableline widths for both permitted and forbidden
lines. The Seyfert 2 emissionlines have FWHM 500kms 1. Seyfert 1 galaxies
have these\narrow" permitted and forbidden emissionlines, and in addition they
have broad permitted lines (1000{8000kms ! FWHM). The widths of all of these
linesare attributed to Doppler broadening. The fact that there are no obsenationsto
date of broad forbidden linesindicate that the broadlinesin Seyfertlsoriginate close
to the nucleus,in a compact( 1 pc) broad-line region (BLR) with high densities
that collisionally de-excitethe low-transition probability statesthat give rise to the
forbidden lines. The forbidden lines on the other hand, arisefroma 1 kpc NLR of
lower densities. The BLR seemdo be absert or hidden in the Seyfert2s. The great
luminosity of Seyfertlsarisesfrom a featurelesscortinuum, whereasn the Seyfert2s,
the cortinuum is signi cantly lessluminous, and usually dominated by stellar light
in the optical. Normal H 11 galaxieswith bright stellar corestypically have FWHM of
200kms !, sothe “narrow lines' in Seyfertgalaxiesare narrow only relative to the

broad lines. Another good measuremet of distinction is the [O111]/H ratio, which



is very high in Seyfert 2s and implies a di erent ionizing sourcefor the Seyfert 2s
than in the H1i galaxies. The nearestbright Seyfert1 and 2 galaxiesare NGC 4151

and NGC 1068, respectively.

1.4 The Comp onents of Seyfert Galaxies

Seyfertgalaxiesare good represemativ esof the AGN class. The various componerts
that de ne the morphology of Seyferts are also presen in other galaxiesto some
degree. The current picture of an AGN can hencebe understood by considering
a typical Seyfert galaxy. Starting from the inner regionsof the galaxy, its certer
consistsof an enginethat is the powerhouseof the AGN. It is commonly believed
that in the certers of all AGN lies a supermassie black hole (SMBH) with a mass
of 10°{108 M for Seyfert galaxies. Normal galaxiesare thought to have "inactiv e"
SMBHSs. An accretiondisk that is the originator of the intenseradiation eld, often
outshining all of the stars combined in the host galaxy, surroundsthe SMBH. Feeling
the brunt of the radiation eld is the BLR, with a size of a few light days. The
BLR is an ervironment of dense(ny = 10°{10'2 cm 3) ionized clouds of gas that
is responsiblefor the high-velocity emissionlines that we see. Beyond the BLR and
extending out to at least a few hundred parsecsis the NLR, a lessdense(ny  10°
cm 3) region of ionized clouds (or ‘knots') that emits the narrow, permitted and
forbidden, lower-velocity emissionlines seenin optical and UV spectra of this region.

Frequertly enclosedwithin, and sometimesextending out to comparabledistancesas



the NLR, or even beyond, are two collimated, relativistic beamsof plasmathat make
up the radio jets, although these are much wealer in Seyfert galaxiesthan in radio
galaxiesor quasars.In someAGN, beyond the NLR is the ENLR, an ionized region
of gasthat intercepts radiation and whosemotion is similar to the rest of the host
galaxy on scalesof kpc. In casesvherethe host canbe resoled or seenin the glare of
the nucleus,the parent galaxiescan be anything from dwarf ellipticals to giant core
dominated (cD) galaxies, although in the caseof Seyfertsthey tend to be spirals.
A cartoon showing the various major componerts in a Seyfert galaxy is shovn in

Figure 1.1.

1.5 Unication of Seyfert Galaxies

In the past there have beena number of attempts to unify the di erent classesof
AGN with asfew fundamertal physical parametersas possible. The broad consensus
is that there are fewer intrinsic di erences among AGN than are obsened, and the
wide variety of AGN phenomenathat are seenin the various classesare due to a
small number of physical di erences and, to a large extert, on apparert di erences
due to orierntation e ects. The origin of this broad uni cation sdeme stemsfrom
the obsenation of Seyfertgalaxies,in particular Seyfert2 galaxies,wherethere was
interest in the missingbroad emissionlines and strong non-thermal cortinuum in an
otherwiseidentical spectrum betweenSeyfert1 and 2 galaxies. It hasbeensuggested

that Seyfert1l and 2 galaxiesare physically the same,but that the BLR in Seyfert
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disk + hot corona

Figure 1.1: Picture of a Seyfertgalaxy shaving the major componerts.

2 galaxiesis obscuredfrom view by a thick dusty torus surrounding the nucleus
(Osterbrock 1978)asillustrated in Figure 1.1. There have beenmodi cations to the
morphological nature of the torus over the years; for example, the latest claim is
that the torus consistsof clumpy, dusty cloudsthat are cortinuously ablating o the
accretion disk, rather than a static, smooth toroidal structure (Elitzur & Shlosman
2006). But the overall picture remainsthat Seyfert galaxiesviewed face-onrelative
to the torus are of type 1, whereasthosethat are viewed edge-onare of type 2, and
that the fraction of the sky blocked by the torus determinesthe relative numbers of

type 1 and 2 sources.
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The main obsenational evidencefor the uni ed model camein a paper by An-
tonucci & Miller (1985), where they discovered weak broad emissionlines in the
polarization spectrum of the Seyfert 2 galaxy NGC 1068. Antonucci & Miller pro-
posedthat the polarized broad lines were due to re ection by dust or electrons of
the nuclear light that is hidden from our line-of-sight (LOS) by an optically thick
source. The simplestgeometryfor this dusty sourceof obscurationis a torus. A sec-
ond argumert that strengthenedthe uni cation of Seyfert1 and 2 galaxiesis that the
polarization of type 1 galaxiestendsto be parallel to the jet axis, whereasthe polar-
ization of type 2 galaxiestendsto be perpendicularto the jet axis (Antonucci 1983).
Antonucci explained that Seyfert 2 galaxiestherefore have to be oriented appraxi-
mately edge-onwith their jet axesperpendicularto the LOS, with the torus blocking
any radiation comingdirectly from the BLR. Thirdly, the obsened continuum ux of
Seyfert 2 galaxiescannot producethe emission-line uxes that we see(Kinney et al.
1991;Mulchaeyet al. 1994),which indicatesthat the sourceof the cortinuum is being
blocked in thesetype of galaxies. This missingradiation is not a problem for Seyfert
1s,which againindicatesit arisesfrom an orientation e ect. Fourthly, obsenations of
strong mid-IR cortinuum ux from hot dust in the certers of Seyfert 2s support the
presenceof a dusty torus near the cortinuum source(Storchi-Bergmannet al. 1992;
Murayama et al. 2000;Rhee & Larkin 2000,2005). Finally, narrow-band imagesof
the emissionlines from the NLRs of Seyfertsoften reveal biconical structures, sup-

posedlyproducedby the collimation of radiation by the obscuringtorus (Poggel988;
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Tadhunter & Tsvetanov 1989;Evanset al. 1991;Kriss et al. 1992;Evanset al. 1993;
Wilson et al. 1993;Arribas et al. 1996;Sdmitt & Kinney 1996;Sdmitt et al. 2006).
Sincethen, it wasrealizedthat the sameuni cation might apply to BLRGs and NL-
RGs, which are the radio-loud analoguesto Seyfert1 and 2 galaxiesrespectively. In
addition, the Blazar classof AGN is thought to be viewed with the line-of-sigh very
closeto the jet axis, the only orientation that could explain the "beamed'radiation
e ect that resultsin the ultra-luminous appearanceof theseobjects and the apparert
superluminal motion of many of their radio componerts. Seyfert galaxiesare there-
fore the badbone upon which current uni cation schemesare based,mainly because
they are relatively nearby and bright, and hencethe most intensely studied AGN in

the sky.

1.6 The NLR of Seyfert Galaxies

The NLR in Seyfertgalaxiespreserts an interesting componert for study becausat is
the only componert that can be spatially resohed in the optical. HST imagesof the
NLR have for the rst time distinguishedtheir structures, which have resultedin the
advancemen in understandingof the physical processesn the NLR. Photoionization
studies have helped us understand the physical conditions in the NLR gassud as
its ionization state, abundancesdensities, etc. (e.g., Kraemer & Crenshav 2000b).
Howewer there are still important questionsthat remain mostly unanswered to this

day. Firstly, what drivesthe NLR gas?It is thought by somethat the NLR is largely
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ionizedand driven laterally away from the jet axis by the radio jet (Pedlar et al. 1989;
Taylor et al. 1992;Axon et al. 1998;Capetti et al. 1999),while others claim that the
NLR gasis beingionizedand drivenin out o w by the certral engine(Hutchingset al.
1999;Crenshav et al. 2000;Ruiz et al. 2001;Crenshav & Kraemer 2000b). Another
mystery that remainsto be explainedis the velocity behavior and con nement of
the NLR gas, which ows to large distanceswithout breaking apart. The answers
to thesequestionswill shedconsiderabldight on the dynamical processest work in
the nuclei of Seyfertsin particular and AGN in general. It is with thesequestionsin
mind that we have undertaken this dissertation. We will attempt to answer someof

the questionsin the remaining sectionsand in the chaptersto follow.

1.6.1 lonization of the NLR

The ionization medanism of the NLR of Seyfert galaxieshas been scrutinized in-
tenselyover the past few decades.The two leading medanismswere photoionization
(seeKoski 1978;Ferland & Osterbrock 1986, and referencegherein) and shock ion-
ization (seeDopita & Sutherland 1995,and referencegherein). Photoionization was
suggestedas the dominarnt sourceof energyto produce the emissionlines seenin
the NLR as early as 1964 (Greenstein & Sdmidt 1964; Oke 1965), where it was
showvn that shacks would not su ce to produce cortinuous energy in a small re-
gion over large timescales. Models by Osterbrock & Parker (1966) shoved that
photoionization can accourt for both high and low ionization emissionlines seen

in QSOs.
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Recerntly, studies have shavn that most of the emissionlines seenin the NLR
can be accourted for by assuminga certral ionization sourceilluminating a multi-
componert gas(Kraemer et al. 2000;Kraemer & Crenshav 2000a;Groveset al. 2004,
and referencegherein), although an additional localized sourceof ionization which
may be due to shacks was detectedin NGC 1068at the point wherethe NLR gas
decelerates. Mundell et al. (2003) showved that the misalignmert of the radio jet
and NLR in NGC 4151 supports photoionization of the NLR by the AGN as the
dominant excitation medanism, but that enhancedoptical emissionobsened in a
few clouds bounding the radio jet might be shock related. Sinceit is now generally
acceptedthat photoionization is the dominant sourceof ionization of the NLR gas,
with shacks possibly cortributing in localizedregions,we will focusthis dissertation
onthe kinematicsand dynamicsof the NLR, to gain moreinsight into the acceleration,

and possibly deceleration,mehanismsof the gas.

1.6.2 Kinematics and Dynamics of the NLR

1.6.2.1 Ground Based Studies

Ground-basedstudies of the NLR of Seyfert galaxieshave beenlimited to spatial
resolutionsof 50 pc for even the most nearby ones(Kaiser et al. 2000, and ref-
erencestherein). These studies have relied primarily upon spatially integrated line
pro les to understand the dynamics of the NLR (Schulz 1990; Veilleux 1991). The

problemwith theseground basedstudiesis that the emission-linepro les of the NLR



15

gas can be explained by many di erent types of dynamical models, sud as infall,

rotation and out o ws (Vrtilek 1983;Krolik & Vrtilek 1984;Vrtilek 1985). The rst

evidencefor radial outow in the NLR was presetted in a ground-basedstudy by
Walker (1968). Later, Bell & Seaquist(1980)and Hedkman et al. (1981) claimedthat

generalout o w is requiredto map the motions of the NLR cloudsbut that tangertial

motions with somerandom componert is possible. He&kman et al. (1981) analyzed
and presened measuremets of spatially integrated line pro les with spectral reso-
lution  130kms ! for a sampleof 27 Seyfert galaxies. They found that the blue
asymmetriesseenin the line proles of [O111] can be explained by either infall or
out o w depending on the location of the dust in the NLR. In the out o w scenario,
the recedinggas on the far side will be prefererially hidden from the obsener by
intervening dust, hencethe blue asymmetryin the line pro les. Howeer, if the dust
is located primarily within the clouds, and the cloudsare in infall, then the far side
will be viewed preferertially by an obsener, again resulting in the blue asymmetry
seenin the line pro les. Hedkman et al. (1981) arguedfor out o w becauseinfalling
cloudswould have a di cult time losingangular momertum and reading high veloc-
ities in an axisymmetric disk system. Krolik & Vrtilek (1984) modeledthe motion of
the NLR gasby assumingthat the gasis embeddedin a hot sparsemedium, which
drags the cloudsin outow. They also managedto replicate the blue asymmetry
seenin the line pro les. Subsequenstudiesprovided mourting evidencefor out o ws

of the NLR gas. Mathews & Veilleux (1989) argued strongly for gasout o w, based
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upon stability requiremerts of the constituerts clouds. Cecil et al. (1990)wereableto
isolate kinematic subsystemsfrom the line pro les of NGC 1068, and they modeled
the kinematics of the gas basedupon acceleratedgas out o w due to a high-speed

thermal wind.

1.6.2.2 Space Based Studies

With the launch of HST and its high angular resolution ( 0%%1), the NLR of Seyfert
galaxieshasreceived considerableattention. With the limited long-slit capability of
the Faint Object Camera(FOC), and later the expandedcapability of STIS, detailed
constrairts on the kinematicsof the NLR in Seyfertand other galaxiesbecamepossi-
ble. In turn, thesekinematic studiesprovide good diagnosticsupon which dynamical
analysescanbe based. In the following sectionwe summarizepreviouskinematic and
dynamic studiesof the NLR.

The structure of the NLR resentlesa biconicalgeometryand sud a geometrywas
expectedfrom a simpleuni ed model, dueto collimation by a thick torus (Antonucci
& Miller 1985). Both Sdulz (1990)and Evanset al. (1993) have modeledthe NLR of
NGC 4151andfoundit to be consisten with a biconicalgeometry In an HST study
doneon a sampleof Seyfert1 and 2 galaxies,Sdimitt & Kinney (1996)comparedboth
Seyferttypesto study their NLR morphologies,and found triangular structures in
most of their Seyfert2s,and circular structuresin most of their Seyfert1s, consister

with the uni ed model and biconical structure for the NLR (seealso Sdmitt et al.
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2003a,b). Veilleux et al. (2001) modeledthe inner regionsof the Seyfertgalaxy NGC
2992,and found that the ionized gascanbe tted with a biconical structure.

The biconical geometry seemsto be ubiquitous in the NLR of Seyfert galaxies,
and two competing theorieshave emergedto explain the kinematics of the NLR gas.
One line of studiessuggestghat the ow of the NLR gasis laterally away from the
bicone/radio jet axis, which could be due to the radio jet's hot expanding cocoon.
The other theory is that of radial out o w of the gas,due for example,to accelerated
line driving by intense radiation from the certral engine. In the next discussion,
we explain some of the work done by researters in these two areas, and in this
dissertation we intend to shedmore light on the nature of the driving medanism of

the NLR gas.

Lateral Flow Mo dels - Basedon FOC long-slit spectra, seweral authors suggest
that the NLR cloudsare acceleratedby interactions betweena radio jet and the ISM,
sudh that cloudsare carried away laterally from the radio jet axis by an expanding
cocoon of shacked gas (Axon et al. 1998; Capetti et al. 1999; Winge et al. 1999,
and referencegherein). In Capetti et al. (1999), long slit FOC spectra were taken
perpendicular to the radio jet of Mrk 3. They found that in someslits, the [O111]
emissionline velocities split into two systemsseparatedby seweral hundredsof kms *
apart on either side of the jet. One of the systemsis recedingand the other oneis
approading relative to the host systemicvelocity, which Capetti et al. interpreted

as expansionof gas away from the jet. In Axon et al. (1998) the same splitting
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of velocities acrossa radio jet was obsened in NGC 1068 and also interpreted as
expansionof the gasaway from the radio jet. The jet-driven modelssuggestthat the
lateral expansionof the shocked cocoon will produce both blueshifted and redshifted
velocities with approximately equal magnitudes along the jet/bicone axis at eadh
location in the NLR, regardlessof axis orientation. A clear represetation of this
picture is shavn in Figure 6 in Nelsonet al. (2000). Becauseof the excellent radio
data we obtained, we will test these scenariosfor possibleradio jet and NLR cloud

interactionsin later chapters.

Radial Flow Mo dels - Biconical out o w modeling of the NLR using STIS data
was previously done by our group for NGC 1068 (Seyfert 2), Mrk 3 (Seyfert 2),
NGC 4151 (Seyfert 1), and by other researters (seefor example Hutchings et al.
1998, 1999; Kaiser et al. 2000; Nelsonet al. 2000; Cecil et al. 2002, and references
therein). The NLR of NGC 1068wasmodeledby Crenshav & Kraemer (2000b)with
data taken with the G430L grating of STIS. The radial velocity measuremets were
made using the bright [O111]] 5007 emissionline with a 0%l wide slit at position
angle202 . Accelerationof the gasto  100pc and subsequehdecelerationbadk to
systemicvelocity was inferred. Their model consistedof a simple biconical out o w
geometry which is evacuated along the axis and tilted slightly out of the plane of
the sky to match the amplitudes of blueshifted and redshifted clouds. Blueshifted
and redshifted cloudswere obsened in both the northeastand southwest parts of the

bicone, which could explain the \line-splitting” obsened by Axon et al. (1998).
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The NLR of Mrk 3 was modeled by Ruiz et al. (2001) using a combination of
STIS medium resolution slitlessand low resolution long slit data. A similar geomet-
ric/kinematic model matched the data well. Clouds were seento acceleratecloseto
the nucleus,then deceleratebad to systemicvelocity, a trend which is seenin other
Seyfertgalaxies. In an analysisof 10 Seyfert galaxies,Ruiz et al. (2005) studied the
kinematics of the NLR using slitless spectroscoly at high spectral resolution. Each
wasobsenedwith the STIS 1024x1024ixel CCD detector through an open aperture
(52°° 52°9 and dispersedwith the G430M grating. A high resolving power of
9000allowed velocity measuremets downto 33 kms 1 in the vicinity of the [O111]

5007line. Each target wasobsened during a singleHST orbit. Although modeling
was not done, the tell-tale signsof accelerationand decelerationof the gas seemed
to be presen in almost all of their Seyfertgalaxies. In all the above papers, the ob-
senations and modelsindicate that the dominant acceleratingmedanism emanates
from within tensof parsecdrom the certral engineand that the accelerationis radial
rather than lateral from the radio jet axis.

In Crenshav et al. (2000), the NLR of NGC 4151 was similarly modeled with
two slit positions, eat 0°% wide, at position angles221 and 70 . The axis of the
biconewasttilted to match the blueshifted and redshifted clouds, which cortrary to
NGC 1068, occurred exclusiwely in the southwest and northeast cones,respectively.
With an inclination of the bicone axis with respect to the plane of the sky of 40 ,

they found that the models t the data reasonablywell.
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In the rst truly dynamical model of the NLR basedon HST kinematics, Everett
& Murray (2006) attempted to t the NLR velocities in NGC 4151, basedon mea-
suremeits doneby Das et al. (2005, seealsox4.1). They tested an isothermal Parker
wind model which assumeghermally expandingwinds (Parker 1965). By assuming
a sphericalcloud geometry they let the Parker wind drag along the enbeddedNLR
clouds. As the Parker wind acceleratedy thermal expansionand slowly losesheat by
adiabatic cooling, the clouds are also acceleratedto high speeds. They then let the
Parker wind ram into a low density ambient mediumto slow the velocity of the wind,
and hencethe clouds, badk down to the systemicvelocity. The model explains the
velocity pro le of the NLR of NGC 4151, but su ers from the fact that an isother-
mal wind cannot be sustainedout to large distances. Also, the masspro le of the
SMBH plus galaxy, which determinesthe temperature pro le for their model, is not
exactly known for NGC 4151. Hencewhile their model wasnot successfubn physical
grounds, it is worth noting its relative successn matching the NLR kinematics.

Cecilet al. (2002)analyzedse\eral complexesand knots of gasthat coverthe ertire
NLR of NGC 1068usinglong-slit STIS obsenations. Thesewere sampledinto radial
velocity pro les, with someknots showing radial velocities as high as  3200kms 1.
Simple biconical out o w models were overlaid on their [O111] spectral imagesfor all
slit positions, and velocities were compared. They also overplotted model velocities
wherethe gasis allowed to expandaway from the radio jet axis. They suggestthat

a higher maximum velocity than was found in Crenshav & Kraemer (2000b) was
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required to better match the blue wing of the northeast cone. The red wing was
not matched. The lateral expansionmodel also predicted larger velocities for the red
wingsthan the data shoved. They suggestthat the redshifted bright emissionseenin
the northeast coneis causedby the cloudsbeing pushedinto the galactic disk by the
expansionof the radio lobe, and that thesecloudsare most likely draggedalong the
galactic disk. This may explain the clouds' lower velocities. The blueshifted clouds
are acceleratedaway from the galaxy and su er no sud fate, and hencetheir higher
velocities. They also suggestthat the high-velocity knots in the northeast can be
explainedby ablation of massiwe infalling dusty clouds.

We have remeasuredthe Cecil et al. (2002) obsenations of NGC 1068 as part
of this dissertation, speci cally for testing simple velocity models by separatingthe
multiple emissioncomponerts seenalong the slit. Also we wanted to make detailed
comparisonbetweenthe NLR cloudsand the radio knots to look for any disturbances
in the clouds'velocities that would prove or disprove the lateral expansion o w model
of the radio jet. Our initial study of the kinematicsin NGC 1068, using the dataset
of Cecil et al. (2002), was published in Das et al. (2006). Our other large dataset
comesfrom our long-slit obsenations of NGC 4151,which were rst publishedin Das

et al. (2005).
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Observ ations

2.1 HST Observations of NGC 4151

We obtained a total of v e long-slit STIS spectra from the archivesof MAST. These
obsenations were taken by J. Hutchings (Pl on proposal ID 8473)on 2000July 02
with v e orbits of HST time and we analyzedthem in collaboration with the Pl and
Co-Is on the proposal. The slits were alignedin the sky in a parallel con guration at
position angle of 57: 8 (rotation of the slit from N to E), and co-align well with the
long axis of the NLR of NGC 4151shawn in Figure 2.1. In ead orbit of HST, there
were a total of three exposuresper slit with a total of 40 minutes of integration
for slit 1 and 48 minutes for the remaining slits. Ead slit position was obsened
with an angular width of 0°2 and an angular height of 52°¢ and the ertire light path
through the STIS apparatus and medium resolution G430M grating restricted the
wavelength dispersionto = 0.28A pixel 1, resulting in a spectral resolvingpower
of R= = 9000in the optical. The grating peaked at 4961 A and transmitted
light from a bandpassof 4820{5100A, which included the redshiftedH  4861line
and the [O111] 49595007 emissionlines as well. For our measuremets, we used

the [O111] lines becausethey are bright, with 5007being brighter than 4959. The
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angular resolution of the STIS CCD is 0% pixel !, but the data from ead slit were
oversampledat 0°05 pixel ! and saved onto a grid of 1024x1024pixels. Each slit
position thereforeresultedin 1024 spectra, someof which were very noisy.

We useda systemicredshifted velocity of 997kms !, basedon H1 obsenations
of the outer regionsof the host galaxy (Pedlar et al. 1992). A Hubble constart of
75kms *Mpc ! givesusadistanceof 13.3Mpcto NGC 4151 ,with 0% correspnding
to a projected linear distanceof 6.4 pc on the sky. The obsenational parametersfor

NGC 4151are shavn in Table 2.1.

Table 2.1: Obsenational Parametersfor NGC 4151.

Slit Dataset Date Start Exp
position time  time (s)

1 O5KT01010 2000-07-02 03:01:00 2379
2 O5KT01020 2000-07-02 04:29:00 2865
3 O5KT01030 2000-07-02 06:06:00 2865
4 O5KT01040 2000-07-02 07:42:00 2865
5 O5KT01050 2000-07-02 09:19:00 2865

The top panel of Figure 2.1 shavs an [O111] image of the inner 4%of the NLR of
NGC 4151asit would appearin the sky. The imageshows the clumpy nature of the
emission-lineclouds and the appraoximate biconical shape of the region. The bright
spot in the certer correspndsto the cortinuum and [O111] peak and was used as
a referencepoint to certer the slits. The slit placemens and orientation are shavn
in the bottom panel of the image. Slit 1 was certered on the optical cortinuum

peak, where the SMBH presumably resides,and the remaining slits were taken at



23.0

22.1

21.2

20.3

DEC 39° 24" arcsec

19.4

18.5

24

23.0

22.1

21.2

20.3

DEC 39° 24' arcsec

19.4

18.5

32.7 32.6 325
RA 12.0" 10.0™ seconds

11 |
1782.9 3

2.8

32.7 32.6 325
RA 12.0" 10.0™ seconds

Figure 2.1: Top: WFPC2 [O111] imageof the NLR of NGC 4151showing the clumpy
nature of the cloudsand the bright cortinuum peak wherethe SMBH lies.

Bottom: Sameimage showving the placemen of the v e slits by STIS. The circle
enclosesan artifact producedby WFPC2. North is up and eastis to the left.
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Figure 2.2: Spectral imageof slit 1 of the NLR of NGC 4151shaowing the two [O111]
emissionlines  4959,5007. Northeastis up in this image.

0°2 and 0°% on either side, parallel to slit 1. This [O111] imagewastaken by Holland
Ford on 1995January 22 (ProposallD: 5124)with the Wide Field Planetary Camera
2 (WFPC2) cameraaboard HST. The narrow band lter F502N was usedwith 260
secondsof exposureto allow passageof the [O111]] 5007 emissionline. One can see
in this image that most of the emissioncomesfrom within 2%°of the bright certral

knot, although [O111] emissioncan be traced as far as 6°°on either side. The slits are
appraximately aligned with the long axis of the NLR for this galaxy. Later we will

seethat the kinematic major axis of the NLR is alsoalong this orientation.

Figure 2.2 shaws a fully reducedSTIS spectral image of the twin [O111] emission
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lines, asthey appearedthrough slit 1 (the data reduction is descriked in x2.5). The
image is shavn without the redshift correction of the host galaxy. The bright hor-
izontal line through the image is the optical cortinuum emissionproduced by the
nucleus. The top of the image correspndsto the northeast direction and the hori-
zonal scaleis in wavelength. Both [O111] lines clearly shov an overall trend, in that
the majority of cloudsin the upper regionare recedingor redshifted and thoseclouds
in the bottom part of the image are approading or blueshifted with respect to the
host galaxy. Closeto the nucleus,within 2% the cloudstend to have high velocity
dispersions. One can seeat somepositions multiple knots of [O111] gasat di erent
wavelengths,indicating the presenceof multiple clumps of gasalongthe line of sigh,
at di erent distancesand velcocities from the obsener. The samekinds of patterns
can be seenin Figures 2.3{2.4, with the exception of the bright cortinuum that is
shavn in Figure 2.2 (slit 1). In all the slits, the position measuredalong the vertical
is with respect to this bright cortinuum; sofor slits 2{5, which do not intercept this
cortinuum, the position along ead slit was measuredwith respect to the samepixel

location in the dispersiondirection that correspnd to the cortinuum in slit 1.
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Figure 2.3: Spectral imagesof slits 2 (top) and 3 (bottom) of the NLR of NGC 4151
shawing the two [O111] emissionlines. Northeastis up in this image.
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Figure 2.4: Spectral imagesof slits 4 (top) and 5 (bottom) of the NLR of NGC 4151
shawing the two [O111] emissionlines. Northeastis up in this image.
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2.2 Radio Maps of NGC 4151

As part of the study we obtained the high resolution radio map of the radio jet of
NGC 4151from Mundell et al. (2003) shovn in Figure 2.5. The map was taken with
the 10-elemen Very Long BaselineArray (VLBA) plus the 27 antennas of the Very
Large Array (VLA) and coversa region of 3°2 (210 pc) along the jet axis. The radio
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Figure 2.5: The radio map of NGC 4151showing the knotty structure of the jet and
the location of the supermassie black hole. North is up and eastis to the left.

map was imagedin 21 cm cortinuum radio emission,which correspndsto a fre-
quencyof 1.4 GHz, and hasan angular scaleof 0°014pixel . Our STIS slit positions
projected on to the radio map are shavn in Figure 2.6. The secondbrightest radio

knot in slit 1 (known asradio knot D) is wherethe SMBH supposedlyresides. This
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Figure 2.6: The radio map of NGC 4151 showving the positions of the STIS slits
relative to the jet axis. North is up and eastis to the left.

argumernt was basedon the structure of the radio cortinuum emissionand the distri-
bution of the H 1 absorptionlines (Mundell et al. 2003). For more detailed information
concerningthe radio map, seeMundell et al. (2003), and referencegherein.

The radio jet doesnot align particularly well with the slits and the NLR long axis
as shown in Figure 2.6. The radio jet intersectsall v e slits and is at almost 90 in
position anglein the sky. BecauseNGC 4151is a Seyfert 1 galaxy, its inclination
in the sky, together with the di erent position anglesamongthe axesof the NLR,
the radio jet, and the slits, makestesting for jet-cloud interactions betweenthe radio

knots and the NLR cloudsdi cult but not impossible.
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2.3 HST Observations of NGC 1068

Obsenations of NGC 1068 were taken on 1999 Septenber, 1999 October, and 2000
Septenber by Cecil et al. (2002). They usedSTIS aboard HST to obtain spectra with
the G430M grating, at a spectral resolution of = 9000and a spatial resolution
of 0°%% along and 0°2 acrossead slit. Due to complications with guide stars, the
observingtime was split into two parts, one year apart, which resulted in a total of
sewen parallel long slit spectra at position angle38 . Slits 1{5 weretakenin 1999,and
slits 6{7 were taken the following year. Slits 5 and 6 overlapped the sameregion of
the sky, exceptfor an o set of 17 pixels (0985) in the cross-disgrsiondirection. Slit
7 was alsoo set by the sameamourt relative to the rst v eslits. Each obsenation
had a spectral coverageof 4820{5100A, to obtain mapsof the [Oli1]andH pro les.
An additional obsenation included in this study (slit 8) was taken with the G430M
grating of STIS by R. Antonucci (PI) in 2000January at position angleof 10 . Three
separateobsenations were obtained at the sameslit location to correct for cosmic
ray hits and other artifacts. The data from all the slit locations were binned in the
dispersiondirection by a factor of two and recordedwith resolution 0°05 pixel * onto
a 1024x534wide grid. Eadh row represefs one spectrum, and ead slit therefore
yields 1024 spectra, a few hundred of which weretoo noisy to be useful.

We used a systemic redshifted velocity of NGC 1068 of 1148kms !, basedon
H1 obsenations by Brinks et al. (1997), and a distanceto NGC 1068 of 14.4 Mpc

(Bland-Hawthorn et al. 1997),basedon a Hubble constart of Hy = 75kms *Mpc 1,
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Table 2.2: Obsenational Parametersfor NGC 1068.

Slit Dataset Date Start Exp
position time time (s)

1 056502010 1999-10-02 07:57:00 2585
2 056502020 1999-10-02 09:29:00 2775
3 056502030 1999-10-02 11:06:00 2775
4 056502040 1999-10-02 12:43:00 2775
5
6
7

056502050 1999-10-02 14:19:00 2772
056503010 2000-09-22 02:48:00 2294
056503020 2000-09-22 04:15:00 2853
8 O5LJ01050 2000-01-14 05:33:00 800
8 O5LJ01060 2000-01-14 05:48:00 846
8 O5LJ01070 2000-01-14 06:04:00 960

4 thesewere added to compriseslit 8

and including a correction for Virgocertric infall. Therefore 0°% correspndsto 7.2
pc. The obsenational parametersfor NGC 1068 are shown in Table 2.2 (for more
details seeCecil et al. 2002).

Figure 2.7 shavs an [O111] image of the NLR of NGC 1068asit would appear in
the sky, while Figure 2.8 shows the sameimage but with the slit placemen of Cecil
et al. (2002) on top. The [O111] imagewas separatelytaken by William B. Sparkson
1994 January 10 (ProposalID: 5578)with the FOC aboard HST. The narrow band
Iter, F501N,wasusedwith 1196secondsf exposureto reveal oneof the two narrow
forbidden [O111] emissionlines, namely 5007. The slit positions cover an area of
86.4pc acrossand a few thousandpc alongthe slits. Howewer, the brightest emission
is seenonly within a few hundred parsecsof the SMBH. Roughly 90% of this NLR

emissionis coveredby the slits, with someemissionseenoutside of slits 1 and 7. Slit
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Figure 2.7: [O111] image of the NLR of NGC 1068showing the clumpy structure of
the clouds and the position of the cortinuum hot spot. We applied a sigma- Iter
to remove the reseauxintrinsically placedon the image. The reseauxare placed for
alignmert purposeson all FOC images.North is up and eastis to the left.

positions 1{7 can be seento be a few degreeso from the generalorientation of the
NLR long axis of NGC 1068.

Figures2.9{2.12 show fully reducedSTIS spectral imagesof the twin [O111] emis-
sionlines, 49595007,asthey appearedthrough slits 1{8 respectively. The images

are shavn without the redshift correction of the host galaxy. The bright horizortal
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Figure 2.8: Sameimageasin Figure 2.7 showving the placemen of the slits by STIS.
line through the spectral image of slit 4 is the optical cortinuum emissionproduced
by nuclear light scatteringo of electrons(Crenshav & Kraemer 2000a),sometimes
called the \hot spot". The hidden nucleusof NGC 1068is then 0°°13 south of this
optical hot spot accordingto precisionastrometric studies by Capetti et al. (1997)
(seex3.3.2for more details). The lessintensebut broader dark band acrossall the
imagesis produced by cortinuum emissionfrom the massiwe stellar cluster that is

preset 100 pc on either side of the nucleus. The [O111] lines seenin the images
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shaw an overall trend in the northeast, of increasingredshifts and blueshiftsup to a
distanceof 2% In the southwest howewer, there are fewer cloudsand sud trends
are not clear. As in the casefor NGC 4151, within ~ 2%0of the nucleus,the clouds
appear highly dispersedin velocity, and one can seein the northeast multiple knots
of [O111] gasat di erent wavelengths,indicating the presenceof multiple clumps of
gasalongthe line of sight, at di erent distancesand velocities from the obsener. The
bright cortinuum line seenin slit 4 is alsoshown in slit 8, sincethis slit alsointercepts
the continuum hot-spot. In all the slits, the position measuredalong the vertical is
with respect to this bright cortinuum. For slits 1{3 and 5{7, which do not intercept
this cortinuum, the position along ead slit was measuredwith respect to the same

pixel location in the dispersiondirection that correspndsto the cortinuum in slit 4.
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2.4 Radio Maps of NGC 1068

We obtained the high-resolution radio map of the NLR of NGC 1068that is shown

in Figure 2.13from Jadk Gallimore. The map wastaken with the six-antenna Multi-
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RA 2" 42™ seconds

Figure 2.13: 5 GHz radio map showing the jet orientation and the location of the
SMBH in NGC 1068. North is up and eastis to the left.

Elemert Radio Linked Interferometer Network (MERLIN) array on 1998January 2.
The map covers a region of about 196 (210pc) along the jet axis and has an angular
scaleof 0°014 pixel 1. The dark parts of the radio map represen compact radio

sources. The SMBH supposedly residesat Gallimore's knot S1in the gure. This



41

-46.42

-46.77

-47.12

-47.47

DEC 00° 00' arcsec

-47.82

-48.17

_48 IIIIIIII|IIII|IIIIIIIIII
'28.770 40.755 40.739 40.724 40.708 40.692 40.676

RA 2" 42™ seconds

Figure 2.14: Sameimageasin 2.13 showving the positions of the slits relative to the
jet axis.

argumen was basedon nuclear H,0 maserstudiesby Gallimore et al. (2001) where
they arguedthat measuremets of the 22 GHz H,0 maserspectrum shoved redshifted
and blueshifted emissionon opposite sidesof S1. This radio map was imaged at a
frequencyof 5 GHz. For more detailed information concerningthe radio map, see
Gallimore et al. (2004), and referencedherein. Figure 2.14 shows that the radio jet

in NGC 1068alignswell with the NLR long axis (as indicated by the slits). This will

proveto bevery usefulin comparingthe positionsof the radio ux andthe kinematics

of the NLR cloudsto test for jet/cloud interactions. Most of the radio jet intersects
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3 of our parallel slit positions, but the bottom part of the jet is bent from position
angle 38 at one of the bright knots, out of alignmert with the slits. Howewer
Antonucci's slit, positionedat 10 in the sky, nicely aligns with the rest of the radio

emissionafter the bend.

2.5 STIS Data Reduction

For both NGC 4151 and NGC 1068 we usedthe Interactive Data Language(IDL)
software deweloped at NASA's Goddard SpaceFlight Center for the STIS Instru-
mert De nition Teamto reducethe spectra. The bias and dark rate were subtracted
from ead spectral image, which werethen at- elded. Cosmic-ray hits were identi-
ed and removed from obsenations by comparing multiple imagesobtained during
eat orbit. Hot or warm pixels identied in long sky exposureswere replaced by
interpolation in the dispersiondirection. Wavelength calibration exposuresobtained
after eat obsenation were usedto correctthe wavelength scalefor zero-point shifts.
The spectra were geometrically rectied and ux-calibrated to produce a constart
wavelength along ead slit column and uxes in units of ergss *cm 2A ! per cross
dispersionpixel. No sky badkground was subtracted from the spectra, becausdat was
due primarily to the host galaxy and varied acrossthe image. The lack of badkground

subtraction had no e ect on the analysisof the spectra.
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{ 3

Analysis

3.1 STIS Spectroscopic Analysis

Obsenations from ead slit wereanalysedin the samemannerfor both galaxies. The
analysisthat follows explains the procedurewe usedto extract velocity and other
information from a long-slit obsenation. The sameprocedurewill thereforeapply to
ewery slit position in our sample,for both galaxies. Each slit givesa spectral image
(gures shawvn in Chapter 2) that cortains one spectrum per cross-disgrsion pixel
along the slit, certered around the two bright Doppler-shifted [O111] emissionlines
and the fainter H emissionline (not shown in the images). Due to the relatively
high resolution of the dispersion, we detected multiple componerts of [O111] emis-
sion at many positions along the slit, represeting di erent velocity shifts. Closeto
the SMBH we detected mostly three kinematic componerts in both emissionlines

49595007, and sometimesfour componerts were detectedin NGC 4151'sspec-
tra. In NGC 1068, we detected mostly three componerts, but in Antonucci's slit 8,
sometimesfour, v e or even six kinematic componerts were detected. We usedthe
brighter of the two [O111] emissionlines ( 5007)and tted ead detectedcomponert

with a local cortinuum and multiple Gaussians. Noisy spectra, roughly those 6%
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on either side of the nucleus,werenot t. An exampleof such a tting techniqueis
shown in Figure 3.1, which depicts a progressionof spectra from slit 1 of NGC 4151,
illustrating how the componerts uctuate with position.

The analysis describked in Figure 3.1 will be applicable to all slits becausethe
spectra cortained in it are represetativ e of our conmbined set of spectra for all slits in
both galaxies. Thereforethis gure needsto be explainedin detail. The gure itself
shows the changing uxes per componert, and the appearanceand disappearanceof
certain componerts. Theseplots represem spectratakenfrom slit 1 of NGC 4151and
range in distance from 0°B (a) to 0°65 (f), in incremerts of 0°05, going away from
the nucleusin the northeast direction. In (a), there are two distinct kinematic com-
ponerts of 5007 emission,which we t with two Gaussiansusing the programming
languageof IDL!. Going from (a) to (b), a third component emerges. A possible
fourth componert emergesn (c), but was not measuredby our tting routine. The
secondcomponert shrinksin (c), and disappearsin (d), while the fourth componert
grows stronger from (c) to (d) and is now detectedand labeled "2'. This new second
componert grows stronger while the third shrinks and disappearsfrom (d) through
(f). Sinceour measuremets alonga slit are oversamplinga resolution elemen (0%°1)
by only a factor of two, the appearanceof the samecomponerts in multiple rowsalong
the slit indicates that we are obtaining multiple measuremets of spatially-resolhed
knots, the brightest of which canbe seenin Figures2.1and 2.7. Theseknots must be

10 pc in size,sinceour resolution is roughly 10 pc for NGC 4151and NGC 1068.

LAll programs were written in IDL version 6.1
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Figure 3.1: NGC 4151spectra from slit 1 showving the multicomponert Gaussian ts.
The black curvesare the spectra, the greendotted curvesare the individual ts per
componert, the red curves are the total ts, and the blue curves are the errors in

the ts. The plots, ordered(a){(f ), are from positionsin the northeast separatedby
0°05, increasingin distanceaway from the nucleus.
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3.1.1 Separating the Comp onents

For comparative purposes,we separatedthe di erent componerts seenin Figure 3.1
by relative intensities and labeledthem in di erent colors. For example,componerts
1, 2, and 3would be labeledwith red, blue, and black respectively; later, the velocities
of the componerts are plotted in those colorsto di erentiate them. If we detected
morethan three componerts, we labeledthe brightest onered, the next brightest one
blue, and the rest black (seex4 for more details). The colorsassignedo the di erent
componerts after separationshould not be confusedwith the colorsassignedto the
Gaussian ts in Figure 3.1.

The separation of the di erent componerts by relative uxes provides us with
information about the di erent velocity structure superposedalongthe LOS. Consider
the cartoon in Figure 3.2 shaving a progressionof spectra from (a){(f ), represeting
measuremets acrossa few clouds for example. The componerts are ordered 1, 2,
and 3 going from left to right, and the colorsthat we assignare marked belov eat
componert. Notice that in (b), the secondcomponert is labeledblack and the third
componert is labeled blue. The relative nature of our separation criteria is made
clearin (c){(f ); with only two componerts detected, they are labeled red and blue,
and when we have detectedonly one componer, we labeledthosered. In casessuth
as(b), componerts 2 and 3 have exdhangedcolors. Sud casesof mixing componerts

are only detectedoccasionallyand are easilyidenti ed in our plots.
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Figure 3.2: Multiple componerts in a progressiorof spectraand how we separatethem
accordingto ux. The componerts are assignedhe indicated colorsafter separation.
In (b) thereis more ux under the last line; hencethe color blue is assigned.

3.1.2 Measuring the Velocities

The certral peaksof the Gaussiansgive us the certral wavelengthsfrom which we
usedthe Doppler formula to nd radial velocities for eacn componert. The radial
velocities are found as follows:

c lab \
L= 3.1
lab C S

where . is the certer wavelength measuredirom the Gaussiant and |4 is the rest

wavelengthof the 1D, ! 3P, transition from [O111], which is 5006.8A. Equation 3.1
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is then rearrangedto nd v, and the intrinsic redshifted velocities of the galaxiesare

subtracted from v to nd the correctedvelocity relative to the SMBH.

Veorrected = V' Vgalaxy s (3.2)

whereVgaiaxy is 997kms ! (Pedlar et al. 1992)and 1197kms ! (Brinks et al. 1997)

for NGC 4151and NGC 1068, respectively.

3.1.3 Errors

There are three sourcesof uncertainty in the above velocity measuremets. The rst

resultsfrom the fact that the [O111] emissionlines are not perfect Gaussiansas shovn
in Figure 3.1. By actually measuringthe certroid of a line for a number a spectra,
we found that our Gaussian tting routine introduced a maximum tting error of
0.75A in the certroid. The seconderror comesfrom the fact that cloudsthat were
obsenedin the 0°2 wide slit are uncertain in their position in the dispersiondirection
by half of this amourt. This is becausethe light from the cloudsis dispersedin the
direction of the slit width and henceall information about the clouds' position in that
direction is lost. We calculatedthat a 0°% o set would cortribute an error of 0.56
A. Noise introduced the third error. Various noisy spectra were measuredse\eral
times with di erent starting parameters, and the wavelength shifts were found to
uctuate by no morethan 0.30A. Theseerrors werethen corverted to velocities and
added in quadrature to produce a total maximum error of 60kms 1. We also

varied the cortinuum placemen for randomly selectedspectra but found that this
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did not shift the certral wavelength signi cantly. The FWHM was also recordedby
our IDL routine, aswasthe ux underthe lines. Theseare displayed in various plots

in Chapter 4.

3.2 Radio Analysis: NGC 4151

The radio map from Mundell had to be processedeforewe could compareco-spatial
positions of radio ux and [O111] clouds. In addition, the [O1i1] imagesand the
radio maps had to be aligned properly beforeany comparisoncould be made. This
alignmert is basedon various studies regarding the astrometry of the SMBH in the

optical and radio.

3.2.1 The Location of the SMBH

For NGC 4151,the position of the SMBH on the [O111] map was easilydeterminedby
the certer of the brightest cloud. Dueto the Seyfert1 nature of this galaxy, the bright
cortinuum seenin the optical marksthe position of the SMBH. The [O111] peakis also
co-spatial with the cortinuum peak. For the radio map we rely on recen studies of
Mundell et al. (2003). Earlier low resolution studiesby Carral et al. (1990)identi ed

the brightest radio knot, C4, to be assaiated with the AGN (seeFigure 3.3). They
claim that the C4 knot shavs a relatively at spectral index, 25 = 0.4, between18
and 2 cm wavelengths,as comparedto %,' 0.6to 0.7 for the rest of the radio
knots. They arguedthat the at spectral index and the high Tg of the certral compo-

nert is consisten with syndirotron self-absorptionassaiated with an AGN. Higher
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Figure 3.3: Radio map of NGC 4151 shawing the various knots and how they were
labeleddepending on the map's resolution. The C1{C5 labeling schemewas done by
Carral et al. (1990) and Mundell et al. (1995) in lower resolution studies. The high
resolution studies by Mundell et al. (2003) identied more subcomponerts and the
knots arelabeledA{l, and X, a newcomponert. Other gray areasthat look like radio
emissionare mostly noise.

resolutionstudiesby Pedlaret al. (1993)revealeda small 150masradio “jet' extending
westvard from knot C4 directly towardsthe adjacen knot C3; this is further evidence
that C4 contains the nucleusand C3is a compactknot in the jet. With still higherres-
olution, Mundell et al. (2003)resolhedradio knot C4 into a number of subcomponerts
labeled F+E, D, and X. They arguedthat the radio jet appearsvery well collimated
in the vicinity of D, with signi cant deviationsat E in the eastand C in the westdue
to interactions with denseclouds. They arguedthat the similar shape and opposing
directions of E and C suggestthat the AGN lies somewherebetweenthe two knots.

They pointed out that the greater ux density at F+E suggestghat the AGN is lo-
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catedcloserto F+E than to C, and nally that the cortinuum structure of componert

D shows a high degreeof collimation that resenblesradio core-jet structures seenin

higher power AGN sud asradio loud quasars.The SMBH is thereforeplacedat D.

3.2.2 Aligning

the Radio and [O 111] Maps

Figure 3.4 shows the high resolution image of the radio jet in NGC 4151overlaid on
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Figure 3.4: Radio map of NGC 4151in color overlaid on a WFPC2 [O111] image
shaving alignmert of the radio map with respect to the [O111] map.
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the F501N narrow band WFPC2 image by Holland Ford. We resampledthe images
to have the samepixel scaleand rotated the [O111] imageto placenorth ontop similar
to the radio map. We then alignedthe imagesbasedon the position of the SMBH in
both. The peakofthe optical nuclearemissionin the [O111] imagewasalignedwith the
peak of the radio emissionin componert D. A reliable comparisonof the location of
the optical emitting cloudsand the radio jet knots is now possible. Slits were overlaid
onthe imagesto match the STIS slit placemerts on the sky. Slit 1 wascertered onthe
[O111] hot spot and the rest of the slits were placedat parallel o sets at 0°2 on either
side of slit 1, asshown in Figure 3.5. This givesus the slits that intersectthe radio
region. The radio uxes werethen extracted from regionsbetweenthe boundariesof
ead slit. The extracted radio intensities werethen summedacrossthe width of eat
slit to nd the total intensity alongthe slit. Plots werethen madeof the radio intensity
and the radial velocity data againstposition alongead slit to compareand seard for

any radio disturbanceofthe [O111] data. Theseplots arepresened in the next chapter.



53

23.0

22.1

21.2

20.3

DEC 39° 24' arcsec

19.4

18.5

1782.9 32.8 32.7 32.6 325 32.4 32.3
RA 12.0" 10.0" seconds

Figure 3.5: Radio map of NGC 4151in color overlaid on a WFPC2 [O111] image
showing alignmert of the radio map with respect to the [O111] map and with respect
to the slits usedfor radio ux extraction.
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3.3 Radio Analysis: NGC 1068

The caseof nding the SMBH in NGC 1068is complicated by the fact that this
galaxy is a Seyfert 2, hencethe nucleusis hidden from view, at leastin the optical
wavelengths. The bright emissionseenin Figure 2.7 is not wherethe SMBH resides,
but is electronscatteredlight (Crenshav & Kraemer2000a). In orderto align properly
the radio and [O111] maps, we usedprecisionHST astrometric studiesfrom Capetti
et al. (1997), coupled with accurate radio astrometric studies from Muxlow et al.

(1996), which were altogether nicely summarizedby Galliano et al. (2003).

3.3.1 The Location of the SMBH

The location of the SMBH was nally settled on radio knot S1 (see Figure 3.6),
after much debate. At S1 the integrated radio spectrum is at above 5 GHz and
attenuated below 5 GHz, with no detectionat 1.4 GHz and 1.7 GHz (Gallimore et al.
1996a,b,1997;Muxlow et al. 1996). This attenuation most likely resultsfrom free-free
absorption (Gallimore et al. 2004),and models of X-ray-irradiated moleculartori do
predict such high free-freeopacity (Krolik & Lepp 1989;Neufeld et al. 1994). This,
coupledwith the nuclearH,0 masersorbiting S1(Claussen& Lo 1986;Gallimore et al.
2001),appearsto be consisteth with S1 marking the location of the SMBH. Muxlow
et al. (1996) reported the position of S1at =02"42"4(¥7098, = 00 00%47°938

(J2000), with astrometric precisionof 20 mas.
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Figure 3.6: Radio map of NGC 1068 with the bright knots and slits labeled and
showing the alignmert of the slits with respect to the radio jet.

3.3.2 Aligning the Radio and [O 111] Maps

Previously, HST UV and optical NLR imageswith 0% resolution were obtained by
Evanset al. (1991) and Macdetto et al. (1994), but thesewere not precisein their
registration sinceHST imagescould only be positionedwith  0°6 accuracy Capetti
et al. (1997) obtained for the rst time a high accuracy alignmert of the optical
and radio emissionfrom NGC 1068with  0°08 precision,basedon astrometric stars
in the eld of view Lattanzi et al. (1997), to obtain accurate absolute astrometry

for HST images. Capetti et al. (1997) found that the optical continuum peak was
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locatedat =02"42"4(711, = 00 00%47°81,which is 0°%13 North and 0°0D2 East of
S1. They alsofound that the optical cortinuum emissioncorrespndsto the position
of NLR cloud B shawn in Figure 2.7.

With this registration, it wasthen easyto align the radio and [O111] maps. The
radio map was rst scaleddown to match the resolution of the [O111] image. The
[O111] imagewas courter-rotated by the WFPC2 orientation o set to bring the image
to its true position anglein the sky. We then overlaid the radio map onto the [O111]
map basedon the positions of the SMBH and the "hot spot'. Figure 3.7 shows the
radio map in colored cortours overlaid on the FOC image. With alignmert in place
we overlaid slits on the mapsthat correspnd to onesplacedby STIS in the sky, by
using the cortinuum hot spot as a guide. Slit 4 was certered on the hot spot and
placedat position angle38 . The rest of the slits 5{7 and 1{3 were placedat parallel
o sets of 0°2 on either side of slit 4, as was originally done by STIS. This givesus
the positions of the slits that intersect the radio map, as showvn in Figure 3.8. The
boundariesof the intersectingslits are then usedto extract regionsalongslits 3, 4, 5,
and 8 from the radio map. Theseslits were summedacrosstheir widths to nd the
total radio intensities along ead slit. The radio intensities and the [O111] data were
then plotted againstposition for ead slit and comparedfor any [O1i11] disturbance,
aswas similarly donefor the radio and [O111] mapsof NGC 4151. Theseresults are

preserted in Chapter 4.
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Figure 3.7: Radio map of NGC 1068in color overlaid on a FOC [O111] imageshowing
alignmert of the radio map with respect to the [O111] map.
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{41

Measuremen ts

In the last chapter we analyzedand extracted the relevant velocity information from
the 5 obsened slit positions for NGC 4151 and the 8 slit positions for NGC 1068.
The extracted velocities per slit are the key data upon which we basedour models,
and they thereforeneedto be presened and understood with care. In all the slits, the
velocities measuredwereradial, i.e. alongthe LOS toward or away from the obsener,
and the variouscolorsrepresen di erent [O111] kinematic componerts asexplainedin
the previous chapter. The positionsin the various plots are measuredin arcseconds
with respect to the nucleus. The generalplacemen of the slits for both galaxiesare
in the northeast-souttwest orientation, sowe assignedoositive positionsgoingtoward
the northeast, and negative positions going toward the southwest.

We processedhe radio maps of the NLR for both galaxiesand carefully aligned
them with the [O111] maps, asdiscussedn the previouschapter. We then extracted
intensities through slits from the radio maps and plotted them alongsideradial ve-
locities to look for any radio disturbanceon the NLR clouds. We presen all relevant
plots in this chapter and discussthem without interpretation. In the next chapter,

we build kinematic modelsto match the data.
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4.1 Graphical Results for NGC 4151

Figures4.1{4.5 show the kinematic componerts in plots of radial velocities, FWHM,
and uxes asfunctions of projected position alongthe slit on either sideof the nucleus
of NGC 4151. Negative positions correspndsto the southwest direction. Note that
the points tend to clump together, re ecting the ability of STIS to resolwe the clouds,
which appearto be afewtenths of arcsecondsicrossin the images.In the upper plots,
the brightest emissionline clouds at ead position in the northeast are redshifted,
while thosein the southwest are blueshifted, relative to the host galaxy. The highest
velocities occur closerto the nucleusand velocities as high as800kms ! canbe seen
in approad and recession.The highest velocities can be seenin blueshift in slits 4
and 5, at 1500kms 1. The generaltrend seenin all slits is an increasein radial
velocity from near zero at the nucleusto a maximum redshift or blueshift within
1%%f the nucleus,esgecially for the bright knots. Between 2%to  4%the velocities
reduce from about 200kms * to 100kms ! and at distancesof about 4°°or more
from the nucleus,the radial velocities tend to tapero to  100kms !, presumably
re ecting the ENLR rotational velocities. The medium ux cloudsgenerallyshawv the
samepattern asthe bright onesexceptin slits 1 and 4 wherethey are not con ned to
only blueshiftsin the southwest. Also in slits 2 and 5, the medium ux cloudsshawv
someblueshifts in the northeast, in addition to the generaltrend mertioned above.
The low ux cloudsalsofollow similar patterns asdo the bright cloudsexceptin slits 1

and 4 whereonecan seeadditional ow patterns oppositeto that of the bright clouds.
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The FWHM in the middle plots show a range of widths at ead position, but a
decreasingaveragewidth with distancefrom the nucleusat all ux levels. Note that
the measuredFWHM hasnot beencorrectedfor instrumental resolution, which is
30kms ! FWHM. In the bottom plots, all three componerts shav a strong decrease
in ux with distanceand signi cant structure that correspndsto the emissionline
knots. At 2%all the componerts shav a secondarypeakin their uxes. Thereis also
a secondarypeak at 3%in all the slits exceptslit 3. In the extreme southwestern
bicone, we detect seweral low- ux, zero-wlocity knots in all the slits except slit 4;
theseseemdisconnectedfrom the rest of the NLR and likely represem the ENLR.

Hutchingset al. (1999)found a number of low- ux, high velocity cloudsin NGC 4151
using a conbination of WFPC2 and STIS imagesand STIS slitless spectra. Some
of these faint clouds did not t into the generalpicture of biconical outow (e.g.
redshifts were detectedin the southwest where blueshifts dominate). To ched for
consistency we identied Hutchings et al.'s cloudsin our data and comparedour
velocities with theirs. Our measuremets are closelycorrelated over a wide range of
velocities, as shavn in Figure 4.6. Also shavn on top of the gure are the letters
of various high velocity knots, labeled accordingto Hutchings et al.'s scheme. The
positions of Knots E and J in Hutchings et al.'s image should have placed them in
our slits 1 and 5 respectively, but they were not found in our data. On average,the
di erence between Hutchings et al.'s velocity and ours is 134kms !, but there is

no signi cant systemico set. In addition to theseknots, we found many more high
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velocity low and medium emissionknots, which can be seenin the velocity plots of
Figures4.1{4.5.

The extractedradio intensitiesalongtheir respective slits are plotted in Figure 4.7
and Figure 4.8. The peaksin the radio intensities correspnd to the bright compact
radio knots seenin Figure 3.3, and the radio intensitiesin all the plots are normalized
to the brightest radio knot in slit 1. Slits 1 and 2 cortain the brightest radio knots
but the radio emissionin slits 3 and 4 are only slightly above the badkground. The

radio emissionin slit 5 is too noisy to be of any use.
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Figure 4.1: Slit 1 multi-colored plots shaving the componerts presen in the emission
cloudsat ead position for NGC 4151. The colorsrepresen high(red), medium(blue),
andlow(black) ux levelsrespectively. Radial velocities are givenrelative to systemic,
and uxes are in ergss ‘cm 2A ! per cross-disgrsion pixel. All graphs share a
common abscissaof position in arcsecondsfrom the nucleus. The FWHM is not
correctedfor instrumental resolution.



64

-7.5 -6.0 -4.5 -3.0 -1.5 0.0 1.5 3.0 4.5 6.0 7.5
1000 T T T T T T T T T T 1000
L | _
L s _
B | A .
= L R _
IS5 500 — ! —1 500
XX B | 4% 4
~ 7 | - N A A -
z N e :
B pun . L . A
% 0—7‘“‘7“777%77:71*77777“\71“5 7777777777777 —0
> B Ar L M \ ,
- L W L . 7
o B - ‘A‘ o n
© = -
o - P W Y
-500 D — -500
L . - _
L - _
1000 —_—— fF———t———t— 1000
i s ]
L [ _
800 — ! — 800
L | _
= - ot i
~ . ‘
€ 600 — s, — 600
é - A ‘A AAA -
2 : P ) AI‘“A ‘ :
I B SN
S 400 P —1400
L B ‘ “ 4 s ‘ N b ]
- a A At a a AA Y -
- AAAA P s A‘ ’A‘ ‘AAA 4 —
N P T S Y.y £
200 — " P Ry —200
L ot ol . kY rA PV LA, A AL “tt .
" Y\ L
r \ . N B Y 7
- s N T
T I I A [ | I A I I
- T T T T T T T T T -
= | E
'13 E | _: '13
= | - 3
C & 4 -
= i A 3
-14 NI “fnh —-14
= y 4 : AA AAAAA‘ Lo E
E E S Aa, [:A “ | I ““‘A =
[TH E a4 PO 4 s h 3
o “15F R TN RPN —-15
3 - aah 4 i | T 3
= R SN A4, fala fa =
E - T P A E
_16; N LYW :AA A, & | S _:_-16
A S ‘ L E
- | E
17 | —-17
E I I I I 1 I I I I 3
-7.5 -6.0 -4.5 -3.0 -1.5 0.0 1.5 3.0 4.5 6.0 7.5
SW Position along slit (arcsecs) NE

Figure 4.2: Plots of radial velocity, FWHM, and ux of slit 2 againstposition alongthe
slit of NGC 4151. The di erent colorsrepresen the di erent kinematic componerts
asin Figure 4.1.
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Figure 4.4: Plots of radial velocity, FWHM, and ux of slit 4 of NGC 4151againstpo-
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asin Figure 4.1.
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Figure 4.5: Plots of radial velocity, FWHM, and ux ofslit 5of NGC 4151againstpo-
sition alongthe slit. The di erent colorsrepresen the di erent kinematic componerts
asin Figure 4.1.
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Figure 4.7: Plots shaving the bright radio intensity of slits 1 (top) and 2 (bottom)
of NGC 4151. The brightest peakin slit 1 is radio knot F+E, the secondbrightest
coincideswith the SMBH (knot D). Slit 2 cortains a bright peakthat correspndsto

radio knot C.
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4.2 Graphical Results for NGC 1068

Figures4.9{4.16shawv the kinematic componerts in plots of radial velocities, FWHM,
and uxes as functions of projected position from the certer of eat respective slit.
The colors represem the di erent componerts as explained previously In all the
radial velocity plots, data points near zero velocity in the range 2°{10%are in the
plane of the galaxy, as indicated also by their low FWHM. These points do not
play any role in our modeling and are shavn only for completeness. The uxes
generally decreaseaway from the SMBH, with two spikes,oneat 3% and one
at 8% indicating the presenceof more gasat theselocations. The FWHM does
not presen any discernibletrends in any of the colors exceptfor a slight decrease
away from the SMBH. In cortrast to the obsened radial velocities in NGC 4151,
the velocities in NGC 1068 shown both redshifts and blueshifts on both sidesof the
nucleus. Howeer, like NGC 4151 ,the velocities do shov an increasingtrend to about
1°5 in the northeast, followed by a decreasén velocity. There are fewer data points
in the southwest and the velocities in most slits are generallylower there, but there is
still someindication that the velocities are increasing,then decreasingwith position,
asshowvn in Figure 4.12and somewhatin Figure 4.16.

The extracted radio intensitiesalongthe respective slits are plotted in Figures4.17
and 4.18. The peaksin the radio intensities correspnd to the bright compactradio
knots seenin Figure 2.14. The disturbanceto the [O111] clouds will be chedked at

locations near the radio peaks,wherethe radio emissionsare most powerful.
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Figure 4.9: Slit 1 multi-colored plots shaving the componerts presen in the emission
cloudsat ead position. The colorsrepresem high(red), medium(blue), and low(black)
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Figure 4.10: Plots of radial velocity, FWHM, and ux of slit 2 againstposition along
the slit. The dierent colors represen the dierent kinematic componerns as in
Figure 4.1.
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Figure 4.11: Plots of radial velocity, FWHM, and ux for slits 3. The colorsdepict
the usual separationof ux levelsasin Figure 4.9.
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Figure 4.12: Plots of radial velocity, FWHM, and ux of slit 4 againstposition along

the slit.

The dierent colors represem the di erent kinematic componerts as in
Figure 4.9.
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Figure 4.13: Plots of radial velocity, FWHM, and ux of slit 5 againstposition along
The dierent colors represem the di erent kinematic componerts as in
Figure 4.9.

the slit.
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Figure 4.14: Plots of radial velocity, FWHM, and ux of slit 6 againstposition along

the slit.

The dierent colors represem the di erent kinematic componerts as in

Figure 4.9.
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Figure 4.15: Plots of radial velocity, FWHM, and ux of slit 7 againstposition along
The dierent colors represem the di erent kinematic componerts as in
Figure 4.9.

the slit.
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Figure 4.16: Plots of radial velocity, FWHM, and ux of slit 8 againstposition along
the slit. The dierent colors represen the di erent kinematic componerts as in
Figure 4.9.
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Figure 4.17: Plots showing the radio intensities of slits 3 and 4, from top to bottom,
of NGC 1068. The radio peaksare labeled with letters of the correspnding radio
knots asin Figure 3.6. The intensities are normalizedto the peakvaluein slit 4.
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{5

Mo dels

5.1 General Assumptions

The models that we generateto match the obsenations give kinematic ts to the
radial velocities. They alsoprovide somecluesto the overall morphologyof the NLR,
sud asinclination and position angle,and the true velocities of the out o wing clouds,
but they do not de ne or explain the physical processeshat governthe NLR. These
kinematic models are the simplestto date that t the data for both Seyfert 1s and
2s. The simplicity of the models stemsfrom very basic assumptionsconcerningthe
characteristicsof the NLR clouds, which are:

(1) The models assumea biconical geometry for the NLR, and the upper and
lower conesare idertical.

(2) The modelsassumethat the biconical geometryis a result of con ned illumi-
nation from the nucleus,due to a torus or somesort of obscuringmaterial. The apex
of the biconethen naturally starts at the nucleusde ned by the SMBH.

(3) The modelsassumethat the lling factor is 1 within the model geometryand
0 outside, becausewe do not know the location of a cloud along the LOS. This as-

sumption gives a range of velocities along any LOS that a cloud can occupy. Since
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our analysisis basedon a forbidden line, [O111] 5007,we assumethat there is no
absorption of this line within the bicone,although dust may actually absorbsomeof
this emission(x6.4).

(4) The biconeedgesare sharp,i.e. the inner and outer opening anglesare sharply
de ned and there is no leakage of radiation outside or inside the bicone. Similarly
the total length of the biconeis sharply de ned, sothat the model doesnot apply to

cloudsat greaterdistances.

5.2 Explanation of Mo del Parameters

The kinematic models descriked in this chapter are generatedin a 3D geometry
that dependson somebasic input parameters. A fair understanding of the input

parametersis necessaryto fully comprehendthe 3D aspect of the models. These
parametersare listed in Table 5.1 and are discussedelov. The cartoonin Figure 5.1
is usedas a reference. The height of the biconeis de ned as the distance from the
nucleusto oneend of the bicone,measuredalongthe biconeaxis. The inner and outer
opening anglesare measuredfrom the biconeaxis to the inner and outer edgesof the
bicone respectively. The inclination of the bicone is measuredwith respect to the
plane of the sky. The upper coneis de ned to be the onewith a projected axis closest
to north. If the upper coneis tilted towardsthe obsener, the inclination is de ned to

be positive. The cartoon is shovn represeting a negative inclination. The position

angleis the anglebetweenNorth and the biconeaxis projected unto the plane of the
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Figure 5.1: Figure that explainsthe parametersusedto generatethe kinematic mod-
els.

sky, measuredn an eastvard direction. Wewill presen strong evidencethat the NLR
cloudsare in out o w from the vicinity of the SMBH. We will also presen evidence
that the cloudsare acceleratedto a maximum velocity at a turnover point, and then

deceleratedbad to the systemicvelocity. The blue arrows in Figure 5.1 represen
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Table 5.1: De nition of Model Parameters.

Parameter Symbol
Height of bicone(pc) Zmax
Inner opening angle (deg) inner
Outer opening angle (deg) outer
Inclination of bicone axis (deg) i axis
Position angle of biconeaxis (deg) P Aaxis
Maximum velocity &( kms 1) Vimax
Turnover distance?(pc) re
Velocity law Viaw
2 deprojected: i.e relative to the nucleus, not the
obsener

cloudswith radial velocity componerts o wing in the direction towards the obsener,
henceblueshifted,and the red arrows represen redshifted clouds. The turnover point
in this gure is de ned by the location of the maximum velocity of the out o wing
clouds. The turnover point is represeted by the red "disk' in the cartoon. The velocity
laws usedwere of the form v = kr", wherer was measuredfrom the nucleusand k is
someconstart. We consideredvaluesof n that rangedfrom 0 to 2 and nally settled
for a law with a value of 1 for n, which seemedo work best to represen the linear
trend in the velocities shovn in Figures 4.1{4.5 and Figures 4.9{4.16. Other values
of n were already tried and found to be of poorer t. Therefore,for the purposesof
demonstration, we usedthe velocity law of the form v = kr for the acceleratingphase
of the gas,and v = vmax  K'(t 1), for the deceleratingphase. We called thesetwo
forms of the equation of out o w collectively the ‘rlaw'. The rlaw, alsoknown asthe

"Hubble ow' for the acceleratingportion, seemso work bestto t the data.
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5.3 Constructing the Mo dels

5.3.1 Mapping Velocities on the Bicone
For this work we migrated from a 2D modeling schemeusedin Crenshav & Kraemer
(2000b) and Crenshav et al. (2000), to a 3D modeling stheme. Sud transitions
were made possibleby friendlier and more e cient 3D programming codes in the
IDL system. Also over a few years, advancemets in computer architectures have
enabledthe handling of large amourts of data, yet have provided a dramatic increase
in computational power and thus greatly reducedprogramruntime. The migration to
3D wasparticularly usefulalsofor the visualization and interpretation of the models,
asthe readercan more easily picture and comprehendthe biconical geometry
Construction of the models starts by lling in a cubic array with velocities for a
given parameter set and velocity law. The processis done as follows. We start with
a cubic array, whosedimensionis speci ed by the resolution of the model; a default
value of 100is used. The dimensionsof the array then becomesl00x100x100For the
sale of e ciency and short programmingruntimes, this dimensionwill changeslightly
within the program to avoid wasted pixels that have unde ned velocities. First we
start with a biconewith its axis in the plane of the sky, i.e., at zeroinclination. The
Cartesian coordinates usedhere have the x-axis pointed towards the right, the z-axis
pointed up, and the y-axis pointed away from the reader. The height of the bicone
along the z-axis then becomesl00 pixels. If, for example,the heigh of the bicone

was speci ed as 100 pc, then the scaleof our model becomesl pcpixel 1.
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Table 5.2: Parametersusedto generateFigure 5.2.

Parameters Zmax inner outer | axis P Aaxis Vimax It
(pc) | (deg) | (deg) | (deg) | (deg) | (kms %) | (pc)
Values | 200| 30 | 40 | O | O | 2000 | 70

Next, a loop is constructed to identify every point in the array as belongingin
the biconeor not. For example,point (50, 23, 81) was cornverted into standard polar
represemation (r; ; ) andthen wastestedto determineif it falls within the region
as speci ed by our inner and outer opening angles. If this condition is met, the
distanceto the point r is rst corverted to parsecusing the scaleand the point is
then assigneda velocity basedon our simple velocity laws. This velocity is then
stored in the array at point (50, 23, 81). For a 'Hubble ow' law, the constart of
proportionality k is simply given by k = vpnax =r¢, basedon the two input parameters
“maximum velocity' and “turnover point'. If falls outside of the bicone,the point is
assigneda NaN (Not a Numerical) value. The testing and assigningof velocity for
ewvery point is cortinued until the array is lled up to the turnover point, after which
our decelerationlaw, sut asVv = Vpax ko(r r), comesinto e ect until the end of
the array is readed.

An exampleof sudh lled array is shovn in Figure 5.2. This gure represeis only
onequarter of the top part of the bicone,and wasgeneratedwith the input parameters
listed in Table5.2. The colorsblue to red represem velocities 0{2000kms * asshown

in the color key at the bottom of the gure. Notice that maximum velocity occursat



88

Figure 5.2: Diagram shawing the velocity eld on the rst quadrart of the bicone.
The blue-redcolor table wasusedto depict the velocity asa function of distancefrom
the nucleus. This quadrart is usedto construct the rest of the bicone, by multiple
re ections.

the turnover point indicated by the bright red band around the partial bicone.

The axi- and mirror-symmetries of the bicone model allows us to construct the
ertire biconefrom the rst quadrart shovn in Figure 5.2. The quadran, if rotated
around the z-axis, will produce the ertire top half of the biconical geometry The
actual rotation is accomplishedby multiple re ections about the xz and yz planes.
The end product looks like Figure 5.3, which is now the top half of the bicone. One
may be tempted at this stageto re ect the ertire top half about the xy plane to

producethe bottom cone,hencecompleting the geometricalbicone structure. While
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\ LOS

Figure 5.3: Diagram shawing the radial velocity eld on the top half of the biconefor
an inclination of zero degrees.The bicone was constructed by a seriesof re ections
about the xz and yz plane.

this approad is valid, it is moree cient to rst project all velocities in the coneinto
radial velocities, and to then perform the re ection. The reasonfor this is that the
radial velocities depend on the inclination of the bicone. A completebiconeoccupies
a large 3D array, hence operating on sud an array overloadsthe random access
memory (RAM) and the physical memoryusedby the certral processingunit (CPU).
Thereforewe calculate the radial velocities rst by consideringthe inclination input

parameters,then we perform the necessaryre ection to completethe bicone. Note
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that any rotation about the y-axis, asspeci ed by the position angleinput parameter,

doesnot a ect the radial velocities.

5.3.2 Finding Radial Velocities
The velocities assignedto the biconein Figure 5.3 are corverted to radial velocities

depending on their coordinates by the simple conversionformula:
Viadia = VSIN sin (5.1)

The coordinate systemusedis de ned in Figure 5.4. If there is a non-zeroinclination
input parameter,we rst haveto spinthe coneby an amourt given by the inclination
beforewe apply Equation (5.1). Becauseahe coneis embeddedwithin the cubic array,
we rst needto translate its apex to the origin, then apply the inclination about the

x-axis. The transformation of the axesby an inclination of i IS given by the

following:
x°= x (5.2)
y°= ycoS{axis)  ZSiN(iaxis) (5.3)
20: ySin(iaxis) + Zcos(iaxis) (5.4)

After rotation, the new spherical coordinates are computed from (x%y%z% and the
velocities at point (x;y; z) are then transformedto radial velocities by the usual for-
mula asin Equation (5.1). After all the points have beentransformed this way, the

radial velocity eld on the upper conelookslike that shovn in Figure 5.5with noin-
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Figure 5.4: Cartoon showing the setup of the coordinate systemusedin constructing
the biconemodel. The LOS is alongthe Y axis, goinginto the picture.

clination and Figure 5.6 with a20 inclination. The maximum velocity in Figure 5.5is
now shown in projection as1278kms ? instead of 2000kms ! asin Figure 5.3. Also
a comparisonbetweenFigures 5.5 and 5.6 will show that the due to the inclination
toward the obsener, the velocity of the front side of the coneincreasedin blueshift
from 1278kms !to 1700kms !, while the velocity of the bad sideof the cone
decreasedn redshift side from 1278kms * to  700kms !. Due to the symmetry
of the bicone,the radial velocities shavn in the front and badk half of Figure 5.5 are
identical in magnitude but opposite in direction.

The bottom half of the biconecannow be generatedby the sameuseof symmetry:
a re ection about the xy plane, followed by a re ection about the yz plane, and
followed by a changein the radial velocity sign. The complete geometrical bicone

model is displayed in Figure 5.7, which shows the front (top) and badk (bottom) half
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Figure 5.5: Diagram that shaws the radial velocity eld on the biconeaswould have
beenmeasuredby an obsener looking at Figure 5.3. The front side of the biconeis
shavn hereon top, the bad sideis shavn belon. The LOS is shovn by the arrows.
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Figure 5.6: Figure shawing the front (top) and bad (bottom) half of a radial velocity
eld on an inclined bicone. Note that the blueshift hasincreased,while the redshift
hasdecreasedin velocity.
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of the model. The darkest blue and red colorsin the model represenm the turnover
point, wherethe [O111] gasis at its maximum velocity, after which it decreasebad to
near systemicvelocity. As expected,without any inclination, the velocities above and
below the apex of the biconeare symmetrical. Thesevelocities becomeasymmetrical
if the biconeis inclined about the x-axis. To seethis e ect, a 30 inclined biconeis
showvn in Figure 5.8. Notice that the blueshifts are more predominart in the upper
half of the bicone,while the redshiftsare higherin the bottom. The situation reverses

if one appliesa negative inclination to the bicone.
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Figure 5.7: Diagram that shaws the front (top) and badk (bottom) half of a complete
bicone model mapped with a radial velocity eld.
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\
LOS

Figure 5.8: Diagram showing the radial velocity eld on an inclined bicone from an
angleo to the left.

5.4 Extraction of Slits

Beforewe can comparethe modelswith data, we needto simulate what the velocities
in the model slits would look like. Thereforewe needto extract sampleslits from the
biconemodelsand make plots of their velocities againstpositions. The slit extraction
procedureis outlined belov. We start with a samplebicone model. Without lossof
generality we will reusethe models generatedwith input parametersfrom Table 5.2.
After the model is generated,we idertify the slit positions, widths, and orientations
in the sky and extract a sub-array from the bicone basedon the slit criteria. The

extracted array cortains all the radial velocity valuesrepresetativ e of that slit.
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N LOS

Figure 5.9: Figure shawing a plane which represets a slit for extraction from the
bicone. The plane s a few pixels wide, equivalert to a 0°2.

An exampleof a slit for extraction is shovn in Figure 5.9. The light red plane
represets a slit intercepting the biconealongthe LOS and an obsener would measure
all velocities along that plane. The slit plane can be rotated to samplethe model
at any position anglewith respect to the projected bicone axis. Herein Figure 5.9,
we show a slit that is perfectly aligned with the bicone axis. The cross section
of the bicone along the plane is extracted and shovn in Figure 5.10. The radial
velocities are shawvn in the usualred-bluecolorsthat represem redshiftsand blueshifts
respectively, and an obsener will be looking along the planein the direction of the

arrow. For comparisonwith the radial velocities from the data, we then sample
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LOS

Figure 5.10: Figure shawing the crosssection of the plane which has beenextracted
from Figure 5.9. The colorsrepresem the usual radial velocities. The minimum and
maximum velocities were sampled along the slit at ead point represeted by the
arrows. The samplingwas donemuch more nely than shown by the arrows.

the radial velocities from the model slit of Figure 5.10alongthe vertical direction as
indicated by the arrows, and plot them againstpositionsin arcseconds.The algorithm
for this samplingis simple. Instead of referencingevery point/v elocity in this plane,
we seart instead for the minimum and maximum velocities along the LOS at eat
position along the vertical edgeof the plane. The rangeof velocities are then plotted
as an ‘outline' as shown in the rst panelin Figure 5.11. The secondpanelin the
gure simply shavsa lled-in shadedversionofthe rst, atechniqueemployedto save
computing time. The turnover point in the velocities is represeted by the “knee'in
the gure; compareto the deepred-bluecolorsin Figure 5.10. Note that the thickness

of the shadedregionis not the sameasthe thicknessof the bicone,but is the rangeof



NE

Position (arcsec)

SW

AT T

o

—4

redshift

600 400 200 0 —-200 —400 —-600
Radial velocity (kms) blueshift

Position (arcsecs) NE

SW

(@]

—4

-600 —400 -200 0
blueshifts

200 400 600
Radial Velocity (km/s)

redshifts

99

Figure 5.11: Left: Figure showing the plot of the extracted radial velocities from the
previous gure. Only the minimum and maximum velocities per position is extracted
and plotted. The obsener is looking in from the blueshifted side.
Right: The same gure with the rest of the velocities lled to give the shadede ect.
This trick savesa lot of computing time.

velocities alongthe LOS at ead position. The model represeting the nal stagefor

comparisonto the data is shavn in Figure 5.12. The gure is the sameasFigure 5.11

but with the axesswapped. This represemation is following the cornvention usedin

previous kinematical modeling papers (Crenshaw et al. 2000; Crenshav & Kraemer

2000b).
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Figure 5.12: Figure showving the model radial velocity plot of the extracted radial
velocities from Figure 5.10,similar to Figure 5.11but with the axesreversedfollowing
the corvertion usedin earlier papers. This is the nal stagein the modeling wherely
we comparedata and model slits.

5.5 Fitting the Mo dels to Data

Sections5.3{5.4 shov how we generatethe modelsfor comparisonto the data. The
entire processbeginningfrom Figure 5.2and nally endingat Figure 5.12constitutes
onerun of the program with oneparameterset. Table 5.2 for examplerepreseis one
parameterset. In onerun we can extract all the required slits for a particular galaxy
and comparethe radial velocities in them to the data simultaneously The compari-
sonat presen is doneby eye. There is no e cien t statistical algorithm to compare
the model and data. Se\eral statistical tests have beentried in previous attempts
with the results being unfruitful, becausethe statistical processgeneratedtoo much
wasted shadedregions. We will attempt no sud test in this presenation. Start-

ing input parametersto generatethe models were taken from Crenshav & Kraemer
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Table 5.3: Parametersusedto generateFigure 5.13.

Parameters Zmax inner outer | axis P Aaxis Vimax It
(pc) | (deg) | (deg) | (deg) | (deg) | (kms %) | (pc)
Values | 200| 30 | 40 | 30 | 20 | 1000 | 200

(2000b) and Crenshav et al. (2000) for NGC 1068and NGC 4151respectively. The
starting input parametersby no meansbiasthe nal best-t results, asthe choice of
input parametersare independent of nal best-t ones,aswill be shavn in the next
chapter. For the actual comparison,we use the model radial velocity shadedplot
asin Figure 5.12 and over-plot radial velocities idertical to the onesshawvn in Fig-
ures4.1{4.5 and Figures 4.9{4.16. An exampleof a data-model comparisonis shavn
in Figure 5.13. This gure was generatedwith parametersshown in Table 5.3 and
shaved an exampleof a "bad’ t for slit 1 of NGC 1068. Most of the data points lie
outsidethe shadedregion. In sud a casewe reran the modeling processand twealked
the input parametersto improve the t. The processof model tting is summarized
asfollows:

1) The best t model parametersare obtained when model slits enclosethe max-
imum number of data points within a minimum shadedregion and also match the
trend (i.e. the increasingand decreasingvelocity) in the data reasonablywell.

2) Models should be consisten acrossall slits for a galaxy;i.e., input parameters
cannot changeacrossindividual slits.

3) The shadedregionsin the modelsshouldnot necessarilycortain all data points,
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Figure 5.13: An exampleof abad t for slit 1 of NGC 1068. Most of the data points
fall outside the shadedregion. The colorsrepresem the di erent ux componerts.

sincesomepoints are most likely not in the NLR and hencenot in the biconegeom-
etry. For examplethe points in Figure 5.13at 0 kms ! in radial velocity between
2{7%are most likely emissionfrom the host galactic disk.

4) If a t is found to be unsuitable, the parametersare adjusted intuitiv ely, and
the ertire processof generation, slit extraction, velocity sampling, and plotting un-
dergaesrepeatedruns until we determine an acceptablematch to the data.

5) Errors for a t are not quartitativ ely de ned, becausethe model tting itself
is not quartitativ ely de ned. Thereforethe errors are subjective and are de ned as
a range of valuesover which eadt input parametercan vary without signi cantly af-

fecting the t. The inclination of the bicone axis is the most important parameter



103

becauseat determinesthe Seyferttype. Becauseof this, we will vary the inclination,
and make adjustmerts to the rest of the parametersto o set any resulting changes.lf
for examplethe best t model parametersetis [Zmax; inner; outer; laxis; P Aaxis; Vmax; I't],

then if we canvary i,ys over the range[a, b], with the rest of the parameterschanging

(Vb Vmax)
(Vmax Va)’

while maintaining a good t, then the error in Vma, becomes’ where [Vq; V]

is the rangein vy that maintains a good t. Similarly the error for i, would be
+((:b'|)) wherei, and i, arethe extremaof i s While maintaining agood t. Errors

are deweloped for the rest of the parametersaccordingly
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{6

Kinematic Results

The processoutlined in the previouschapter was applied to data for both NGC 4151
and NGC 1068. We did multiple program runs until we were satis ed with a best t

parametersetfor eat galaxy. The resultsfor those ts are presered in this chapter.
A brief outline of the model tting processis shavn to explain to the readerhow the
processworks. We will vary someof the parametersand discussreasonsfor changes,
if any, to the input parametersuntil we corvergeupon the best-t set. We will start

with the certer slit of NGC 4151, slit 1, and shov how the choicesof parameters
in tting slit 1 a ect the outcomeof the t on a step by step basis. We start with

an initial parameter set estimated from the obsenations, and vary the parameters
appropriately with visual justi cation to shaw in the endthat our best-t setis not
too di erent from that derivedin the previousstudy of Crenshav et al. (2000). After

we have determined the best t, we will vary the most important parameter, the
inclination, and track the changesin the rest of the parametersto get a feel for the
errors involved in the tting (seex5.5). Finally, we will shav for ead galaxy the
biconemodel that hasbeengeneratedwith our best-t parameters,and how it would
appearin the sky to an obsener. The procedurefor tting the data of NGC 1068is

identical to that for NGC 4151,sowe will not shaw the tting and error processegor
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NGC 1068;only its nal modelswill be showvn together with the errors. The radio
comparisonis alsodonein this chapter and the resultsfor both galaxiesare preseried

here, following their model tting.

6.1 Metho dology

We will start the processof tting the kinematics of NGC 4151 with an estimate
of the initial input parameters(seeFigure 5.1 for reference). The maximum heigh
of the bicone can be estimated from the top plots of Figures 4.1{4.5. Emission-line
gas can be seenup to 6% which correspndsto zn,x = 372 pc. Becausethe
data in the northeast side are mostly redshifted, and the southwest side cortains
mostly blueshifted points, the inclination of the biconeis negative by our de nition.

Seyfert 1s are proposedto have large inclinations relative to the plane of the sky, so
we start with i, = 30 for the inclination of the biconeaxis. The data suggesta
maximum absoluteradial velocity of about 700km's *. In de-prgjection, this velocity
will increase,but we will usevma,, = 700kms ! for now. The velocity appearsto
turn over closein, at about 1°¢ which correspndsto r, = 62 pc. Again this distance
appearsin projection to the obsener, soit will necessarilybe largerin the model. The
outer openinganglecannotbe much greaterthan the inclination, asthis will introduce
redshifts and blueshifts for both northeast and southwest parts of the bicone. For
an initial guess,we do not have a good constrairt on the inner opening angle, so

we will start with a thick bicone, and if needed,decreasethe inner opening angle
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to decreaseahe velocity spread. For now we use jnner = 10 and ouer = 40. The
position angle of the biconeaxis is constrainedby the appearanceof the [O111] image
in Figure 2.1. This parameter, accordingto the gure, cannot vary by more than
5{7 , a consenative estimate, and it is initially taken to be the samevalue as the
position angle of the slit. Thereforewe will usePA,s = 57.8, which might change
later. Clearly the data suggesta linear velocity law, sowe will not model any other
velocity laws now; howevwer, to provide a comparative example,we will alsoshow slit

P r and vV = Vpax kzp rr(r r;) for the

1 tted with the velocity law v = k;
acceleratingand deceleratingphasesof the gas, respectively.

We will vary the input parametersuntil we obtain a good visual t between
the model (shaded regions) and the high and medium ux clouds (red and blue
data points) since the low ux clouds may be aected by other processes. Af-
ter running the model with the parametersfrom Table 6.1, the outcome is pre-
serted in Figure 6.1. In this gure, one can seeextended shadedregionsin the
lower part of northeast quadrart, cortaining little data points. As suggestecdabove,
the outer opening angle should be lessthan the inclination. We can cut down
someof the shadedregionsin the gure by inclining the bicone axis more, to sa

45, or we can decreasethe outer opening angle to say 25. Howewer the lat-
ter will limit us to a narrow range of opening angles. By increasingthe inclina-

tion, we are also increasing the maximum redshifts and blueshifts in the north-

east and southwest respectively, and therefore we can better t the high veloc-
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Table 6.1: Parameters used to generate the rst run model for
NGC 4151.

Parameters Zmax inner outer i axis P Aaxis Vimax Iy

(pc) | (deg) | (deg) | (deg) | (deg) | (kms %) | (pc)
rst run | 372] 10 | 40 | 30| 57.8 | 700 | 62
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Figure 6.1: Figure shaving the model outcomeof the rst run for slit 1 of NGC 4151,
using the parametersfrom Table 6.1.

ity red points near (0, 800), ( 3, 200), and (3,200). We try the two paths de-
scribed above just to be thorough, decreasingthe outer opening angle rst. After

the necessaryadjustmerts, we use Table 6.2 to generatethe model in Figure 6.2.
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Table 6.2: Parameters used to generatethe secondrun model for
NGC 4151.

Parameters Zmax inner outer i axis P Aaxis Vimax Iy

(pc) | (deg) | (deg) | (deg) | (deg) | (kms ') | (pc)
secondrun | 372 10 | 25 | 30| 57.8 | 700 | 62
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Figure 6.2: Figure shawing the model outcome of the secondrun for slit 1 of
NGC 4151,using the parametersfrom Table 6.2.

In Figure 6.2, the turnover point is di cult to x, becauseon onehand, we need
to decreasedt to accour for the high velocity points near ( 06, 800kms 1). On
the other hand we needto increasethe turnover point to better match the turnover

velocity near (1°9 500kms 1). The only way to have turnover points diering is
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to incline the bicone, so that the front and badk facesin ead cone have di erent
projections. Sothis branch in the modeling processis at a dead end. We move the
outer opening anglebadk to 40, and vary the inclination instead. Using parameters
from Table 6.3, we generatethe model shovn in Figure 6.3.

Now if we increasethe maximum extert of the biconeto z,.x = 400 pc, we can
possibly cover someof the red points near 5% while also better tting red points
near 3% The turnover point needsto be a bit larger, ry = 80 pc. Let us try
increasingthe maximum velocity a bit moreto vin.,, = 800kms 1. Now decreasing
the outer opening angleto say 35 will actually lift the shadedregionsnear 3%
becausehis brings the out o w velocity vector closerto the LOS. Also let us decrease
the total amourt of shadedregion by increasingthe inner opening angleto ijyner =
15. Table 6.4 lists the new adjusted parametersand the model rerun is shown in
Figure 6.4.

If we incline the bicone too much in an e ort to increasethe maximum radial
velocity, the maximum extert and turnover point of the biconewill evertually start
to decreasen projection. At this stage, decreasingthe thicknessof the bicone by
either increasingthe inner opening angle or decreasingthe outer opening angle will
do us more harm than good. We still did not quite get all the red points near
3% We can try increasingthe maximum extert of the bicone, the turnover point,
and the inclination a bit. Theseall have the e ect of lifting' the shadedregions

near 3% The red points near 6°°and 5%are likely to be cloudsin the galactic
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Table 6.3: Parameters used to generate the third run model for
NGC 4151.

Parameters Zmax inner outer i axis P Aaxis Vimax Iy

(pc) | (deg) | (deg) | (deg) | (deg) | (kms ) | (pc)
third run | 372 10 | 40 | 45| 57.8 | 700 | 62
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Figure 6.3: Figure showving the model outcomeof the third run for slit 1 of NGC 4151,
using the parametersfrom Table 6.3.

disk with normal rotational velocity, and are not tted. In addition, we have ignored
the low- ux (black) data points becausethey do not seemto t the generalout ow
pattern in many cases. At this point the model t is not bad given the simplicity

of the assumptions,soit is now just a matter of " ne tuning' the input parameters.
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Table 6.4: Parameters used to generate the fourth run model for
NGC 4151.

Parameters Zmax inner outer i axis P Aaxis Vimax Iy

(pc) | (deg) | (deg) | (deg) | (deg) | (kms %) | (pc)
fourtth run | 400 | 15 | 35 | 45| 57.8 | 800 | 80
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Figure 6.4: Figure shoving the model outcomeof the fourth run for slit 1 of NGC 4151,
using the parametersfrom Table 6.4.

Table 6.5hasthe adjustedinput valuesand our best-t modelis shovn in Figure 6.5.
Although we claim that this is our best t model, the modeling processdoes not
stop here. First we madesurethat data from all the rest of the slits wereconsisten in

this model. We did numerousruns with changinginclinations and other parameters
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Table 6.5: Parameters used to generate the fth run model for
NGC 4151.

Parameters Zmax inner outer i axis P Aaxis Vimax Iy

(pc) | (deg) | (deg) | (deg) | (deg) | (kms %) | (pc)
fth run | 450| 15 | 35 | 47| 57.8 | 800 | 90
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Figure 6.5: Figure shaving the model outcomeof the fth run for slit 1 of NGC 4151,
using the parametersfrom Table 6.5.

to getahandleonthe errorsin our best t in Figure 6.5. We start the error evaluation
processby varying the inclination as much as possible,while varying the rest of the
parametersto maintain a good t. Care must be taken not to enlargethe shaded

regionstoo much, asa good t is determinedby the least shadedarea covering the
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most data points. We found that for any inclination not in the range 50 i 4s
40, the rest of the parameterscannot compensateto result in a good t. Howevwer,
at inis = 50 the parameterscan be manipulated to give a reasonablet to the
data of slit 1. Theseparametersare shavn in Table 6.6 and the resulting t is shavn
in Figure 6.6. When the inclination variesto the other extremeto i, = 40, the
parametersall changeto thosein Table 6.7, with the resulting t shown in Figure 6.7.
Figure 6.6 represeis the minimum shadedregionfor a t, while Figure 6.7 represens
a more consenative shadingareafor a t, with our best-t model lying somewhere
in between. Therefore we claim that the errors for the parametersof the best-t
model are thoseoutlined in Table 6.8, usingthe two extremum valuesfrom Tables6.6
and 6.7. Note that one cannot simply chooseany random parameter within their
respective rangesand generatea good t. One hasto rst choosean inclination

within its range,then vary the rest of the parametersuntil agood t (by eye) results.






















































































































































































































































