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ABSTRACT 

This thesis presents a kinematical study of the molecular gas and dust in the 

nearby radio galaxy Centaurus A (NGC 5128) and the nearby starburst M82. 

The CO (2-1) emission along the inner dust lane of Centaurus A, observed 

with the Caltech Submillimeter Observatory on Mauna Kea, shows the molecular 

gas to be in a thin disk, with a velocity dispersion of only about 10 km s -l . The 

observed line profiles are broadened considerably due to beam smearing of the 

gas velocity field. The profile shapes are inconsistent with planar circular and 

noncircular motion. However, a warped disk in a prolate potential provides a 

good fit to the profile shapes. The morphology and kinematics of the molecular 

gas is similar to that of the ionized material, seen in Ha. The best fitting warped 

disk model not only matches the optical appearance of the dustlane, but also 

agrees with the large scale map of the CO emission, and is consistent with HI 

measurements at larger radii. 

We present infrared images of Cen A (NGC5128) in the J,H, and K bands 

observed with the 1.5 m telescope at CTIO. The infrared morphology is primarily 

determined by the presence of a thin absorptive warped disk. By integrating the 

light of the underlying prolate galaxy through such a disk, we construct models 

which we compare with infrared and X-ray data. The geometry of the warped disk 

needed to fit theIR data is consistent with a warped disk which has evolved as a 

result of differential precession in a prolate potential. The disk has an inclination, 

with respect to the principal axis of the underlying elliptical galaxy, that is higher 

at large radii than in the inner region. 

A scenario is proposed where a small gas rich galaxy infalling under the force 

of dynamical friction is tidally stripped. Stripping occurs at different times during 

its infall. The orientation of the resulting gas disk depends upon the angular 

momentum of the infalling galaxy. We find that the resulting precession angle of 

the disk is well described by the precession model, but that the inclination angle 

may vary as a function of radius. We propose an orbit for the infalling galaxy 



v 

that is consistent with the geometry of the warped disk needed to fit our infrared 

data, rotation observed in the outer part of the galaxy and the location of the 

stellar shells in the same region. 

We model the kinematics of the molecular gas in the nearly edge-on disk 

m M82, by considering velocity and surface density perturbations caused by a 

possible rotating kpc long bar. A model with a bar that has an Inner Linblad 

Resonance at r,..., 1011 
,..., 150 pc fits the molecular observations of the inner torus. 

This model is consistent with the angle of the bar inferred from the K (2.2J.£m) 

isophotes. The clouds have a cloud-cloud velocity dispersion of,..., 30kms -l im

plying that the disk is unstable to short timescale axisymmetric perturbations. 

This is consistent with the hypothesis that the high star formation efficiencies in 

starbursts are due to the the short timescales of gravitational instability. It is 

likely that the bar has mediated the starburst. 

There are serious deviations from our model at large radii. It is likely that 

there are two components of molecular material which were not considered by our 

model: (i) a component at large radii that is in the galactic plane and has low 

line-of-sight velocities due to a larger scale bar or due to the fact that there is 

a lack of molecular gas over a large range of radius (perhaps due to a previous 

interaction which caused a large fraction of the gas to sink into the nucleus), 

and (ii) a molecular wind with velocities of the order of the observed line widths 

(80 -120kms-1 ). While dense gas can be accelerated in a galactic superwind to 

velocities of this order of magnitude, it is unclear how this gas interacts with the 

superwind. 
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CHAPTER 1 

INTRODUCTION 

This thesis reports on a study of the kinematics of the molecular gas and dust 

in Centaurus A (NGC 5128) and M82. Centaurus A, one of the brightess ra.dio 

sources in the sky, has double-lobed jets that extend more than 10 o on the sky and 

a compact nuclear source or actice galactic nucleus (AGN) presumably powered 

by a supermassive black hole. M82 is the brightest extragalactic infrared source; 

most of this radiation is emitted from its nuclear region (inner kpc) where there 

is a high rate of star formation. Both of these galaxies are considered 'active'; 

by 'activity' we mean luminosities that are higher than could be sustained over 

a Hubble time by a normal population of stars. Because these two galaxies are 

bright and nearby (at a distance of,....., 3 Mpc), they are studied in all possible 

wavelengths and provide an opportunity to study in detail the environment where 

galactic 'activity' is found. 

It has often been suggested that interactions between galaxies can cause 

enhanced galactic activity. By galaxy interactions we mean the full range of 

phenomena from grazing galaxy-galaxy encounters to highly dissipative mergers. 

Baade and Min.kowski (1954) suggested that because of its prominent dust lane 

the galaxy NGC 5128 (then identified with the bright radio source Centaurus A) 

was the product of a merger between a small spiral galaxy and a large elliptical. 

Tidal interactions between galaxies modeled numerically by Toomre and Toomre 

(1972) display much of the observed phenomenology (i.e., tails and bridges) of 

irregular galaxies. Toomre and Toomre also suggested that tidal interactions not 

only affect the outer parts of galaxies but also may be responsible for fueling of 

'activity' and star formation (i.e., "stoking the furnace") in the nuclear region of 

an interacting galaxy by accretion of gas from the companion or from its own 

outer disk. Larson and Tinsley (1978) confirmed this suggestion when they found 

that starbursting galaxies are often associated with evidence of violent galactic 
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dynamical phenomena. More detailed N-body simulations (e.g., Barnes and Hern

quist 1991) including hydrodynamics have shown that channeling of gas into the 

nuclear region of interacting galaxies can be highly efficient. This lends support 

to the active galactic nucleus (AGN) formation and fueling scenario formulated 

by Norman and Scoville (1988), Gunn 1979 ("feeding the monster") and others. 

1. Evidence that Activity is Related to Interactions 

Starbu.r.su 

Recent work has shown that there is strong observational evidence linking 

galaxy interactions to activity in starbursting galaxies (see reviews by Heckman 

1990 and Kennicutt 1990). There seems to be a preponderance of tidally disturbed 

pairs of galaxies among samples of starbursting galaxies; "ultraluminous" (L IR > 

1012 L 0 ) IRAS galaxies (Soifer et al. 1984), and Markarian galaxies (Karachentsev 

and Karachentseva 1974). 50% of "ultraluminous" galaxies have double nuclei and 

50% of IR galaxies with intermediate luminosities are classified as morphologically 

peculiar. Samples of strongly interacting galaxies have star formation rates that 

are at least twice as high as normal disk galaxies (see the list of references cited 

in Heckman 1990). 

M82, though not an ultraluminous galaxy, does show evidence of previous 

interaction. M82 suffered a nearby collision with M81 and NGC3077 approxi

mately 2 x 108 years ago which is responsible for the large steamers and tails of 

HI observed linking the three galaxies (Yun 1992, Cottrell1977). The results of a 

restricted N-body simulation of the three galaxy collision reproduces remarkably 

well the observed velocities and distribution of this gas (Yun 1992, Brouillet et 

al. 1991 ). It has been frequently suggested that the tidal interaction between the 

three galaxies triggered the starburst in the nucleus of M82. 
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Radio Galaxie.s 

Evidence of previous mergering is also correlated to activity in radio galaxies, 

though the evidence is less strong than in the case of starbursts. For example, 

the two nearest radio galaxies (Centaurus A and Fornax A) have both shell-like 

stellar features and gas. Numerical simulations of galaxy collisions (Hemquist 

and Quinn 1988, 1989) indeed show shell-like features similar to those observed 

in the outer parts of Cen A (Malin, Quinn and Graham 1983) and other galaxies. 

Powerful radio galaxies appear to be in regions of higher galaxy density than less 

powerful ones (Heckman et al. 1985) and many of them have complicated optical 

morphologies displaying features such as tidal tails, fans, shells and dust features 

(Heckman et al. 1986). 

2. What is Needed to Fuel an AGNor Starburst? 

Fueling Starbur.st.s 

U the high rate of star formation observed in starbursts continues then the 

gas supply would be exhausted in a very short time ( < 10 8 years). These high star 

rates cannot be maintained also because the large energy release from supernovae 

formed after 106 years will disrupt the star forming region removing much of the 

available gas (Chevalier and Clegg 1985) and stabilizing the gas remaining against 

gravitational collapse. Larson (1987) suggested that in order for a starburst to 

occur, a substantial fraction of the interstellar medium in a galaxy must accumu

late quickly in the nuclear region where the time scale for gravitational collapse 

is short so that most of the gas mass can be converted efficiently into stars before 

many supernovae are formed. In order for this to happen, large scale non-circular 

dissipative motions are required. It has been demonstrated through numerical 

simulations that non-axisymmetric distortions in the potential of a galaxy caused 

by galaxy interactions can be very efficient at funneling gas into the nucleus of 

the galaxy (Barnes and Hemquist 1991, Noguchi 1987,1988). 
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Fueling A G N J 

Fueling of an AGN, presumably powered by a supermassive black hole (Begel

man et al. 1984) requires transfer of angular momentum from galaxy size scales 

(kpc) to scales less than a pc. Conventional accretion (in an axisymmetric thin 

disk with viscous torques) is inefficient at coupling the region further than a pc 

from the black hole to the inner region. It is unlikely that compact star clusters 

can be converted into 'digestible' fuel so gas is considered as a form for the fuel and 

either a large non-local viscosity or a high temperature in the gas disk is required 

in order to fuel the AGN continuously (see the review by Shlosman 1990). 

3. Why Study Molecular Gas and Dust? 

In the inner kpc of galaxies, the largest fraction of the interstellar medium 

(ISM) (by mass) is in the form of dense molecular clouds, presumably due to the 

higher pressures in this region (Elmegreen 1993) . Kinematic studies traditionally 

done through observations of atomic hydrogen are therefore difficult to carry out in 

this region and do not observe the material in which star formation occurs. Recent 

innovations in receiver and telescope technology have permitted highly sensitive 

observations in carbon dioxide (CO) and other molecules; the spectra have the 

velocity resolution ( < 10 kms- 1 ) required in order to carry out a kinematic study 

that is not easily obtainable through observations of optical emission lines such as 

Ha (e.g., Bland et al. 1987) which also may be hampered by extinction. Because 

the central regions of 'active' galaxies are shielded by gas, details learned about 

this gas allows us to attempt to 'unveil' the AGNor starbursting nucleus. 

Molecular gas clouds if they collide are highly dissipative, so the gas is ex

pected to settle quickly onto simple closed periodic orbits. A kinematically study 

permits tracing of the potential of the galaxy, in particular evidence of non

axisymmetric distortions (which can cause gas inflow into the nucleus) may be 
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detectable. At the time that the data in this thesis were obtained, we were re

stricted to single dish observations and high spatial resolution (interferometric) 

data were not easily available. The molecular data were complemented with higher 

resolution near infrared continuum images which trace the gas disk through ab

sorption by dust. At infrared wavelengths because of reduced extinction by dust 

it is possible to see deeper into the nuclear region than at optical wavelengths. 

Although the gas in the inner region, may have settled onto periodic orbits, the 

orientation angle of the gas in the potential varies on a much longer time scale 

(e.g., Steiman-Cameron and Durisen 1988), and evidence of previous mergers or 

interactions may still be detectable in the gas. 

4. Outline of Thesis 

In this thesis we concentrate on the environment that galactic activity find 

itself by studying in detail the kinematics of molecular gas and dust in the two 

nearby active galaxies Centaurus A (NGC 5128) a radio galaxy, and M82, a star

bursting galaxy. In Chapter 2 observations of the emission from the dust lane 

in Centaurus A in the rotational transition line J = 2 -+ 1 of carbon monoxide 

are presented. A model for the geometry of the gas disk is proposed based on 

the kinematics of the spectra. In Chapter 3, near infrared continuum images of 

Centaurus A are presented. The model for the disk is extended to larger radii and 

a scenario for the merger that resulted in the present appearance of the galaxy is 

proposed. In Chapter 4, observations of the starbursting region in M82 J = 3 -+ 2 

and J = 2 -+ 1 lines of carbon dioxide are presented. A kinematical model with 

non-circular motions induced by a rotating bar is found to fit the data. 
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CHAPTER 2 

THE KINEMATICS 

OF THE MOLECULAR GAS 

IN CENTAURUS A 

This work originally appeared in 

The Astrophysical Joumal1992, 391,121. 
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Alice started to her feet, for it flashed acrou her mind that she had never before seen a 
rabbit with either a w&iatcoat-pocket or a watch to take out of it, and, burning with curiosity, she 
ran across the field after it, and was just in time to see it pop down a large rabbit-hole under the 
hedge. 

In another moment down went Alice after it, never once considering how in the world she was 
to get out again.' 

-Lewis Carroll, Alice'• Adventvre1 in Wonderl4nd 

THE KINEMATICS OF THE MOLECULAR GAS IN CENTAURUS A 

A. C. QUILLEN. 1 P. T. DE Zauw.l E. S. f'lm,'NEY, 1 AND T. G. PHlLLtPS3 

Califonua lluu1ute ofTecbJ>oiOI)' 
R«<~r>efl /99/ Manh 14: ocupc•d /99/ ~,..-. U 

ABSTRACT 

The CO (2-1) emission along the inner dust lane of Centaurus A. observed with the Caltech Submillimeter 
Observatory on_ ~a una Kea. show_s the molecular gas 10 be in a 1~in disk.. with a veloci1y dispersion of only 
aboul 10 km s . The observed bne profil~ are br_oadened coDSJderably due 10 beam smearing of 1be gas 
velocuy field. The profile shapes are 10conststen1 wtth planar circular ana noncircular motion .. However. a 
warped d1sk m a pro~a1c_ potcnual provides a g~ fit to !he profile shapes. The morphology and kincmaucs 
of !he molecular gas ts stmJlar to that of the 1oruzed matenal. seen in Hex. The best-fittmg warped dJsk model 
not only matches the opucal appearance of the dust lane but also agrees wtth the farge-scale map of the CO 
etruSSJon and IS consistent wtth H 1 measurements at larger radii. 
Subr~cl Madmgs: galaXJes : mdividual (NGC 5128)- galaXJes: kmentatics and dynam1cs - galaxies : ISM_ 

ISM : molecules 

I. ..,..TRODUCTION 

As the neares1 of all the gianl radio galaxies. Centaurus A 
(NGC 5128) provtdes a unique opponunity to observe in detail 
the dynamics and morphology of an active galaxy a1 a vancty 
of differenl wavelengJhs. Because of the promment disk of dust 
and gas m its cen1ral regton, Cen A IS suspected to be the 
producl of the merging of a small sp1ral wnh a larger elliptical 
galaxy (Baade & Minkowski 1954). Numencal Simulations of 
galuy collisions (Hemquist & Qumn 1988. 19891 mdeed show 
shell-like iea1ures su:nilar to !hose observed in the ou1er pans 
of Cen A (Malin. Quinn. & Graham 1983). By studying the 
kinematics and morphology of the dus1 lane. we may hope 10 
learn how 1be gas in the AGN becomes nonplanar and lll.IS· 
aligned from the host galaxy-as il is observed to be in both 
radio Seyfen galaxies (Unger et al. 1987: Haniff, Wilson. & 
Ward 1988) and 10 radio ellipucals galaxies (Sansom et al. 
1987). and as it is inferred from the inlrared spectra 10 be 10 
distanl quasars (Sanders et al. 1989). 

The dust and gas in Cen A have been traced m a variety o f 
differen1 speoes and wavelengJhs, 10cluding H t (van Gorkom 
et al. 1990). Ha (Bland, Taylor, & Athenon 1987. hereaf1er 
BT A). CO(I....()) emlSsion and far-infrared (Eckan et al. 1990b). 
C0(2-l) emission (Phillips et al. 1987). near-infrared emission 
of stan (Harding. Jones,&: Rodgers 1981: Giles 1986) and dust 
(Joy et al 1988~ and also in absorpllon against the opucallight 
(Dufour et al. 1979~ and at millimeter and radio wavelengths 
(Gardner & Whiteoak 1976; Eckart et al. 1990a; Seaquist & 
Bell 1990: Israel et al. 1991). Here we present new and more 
complete measurements of the 11C0(2-1) emission with some
what h1gher angular resolution than the CO(l-0) data of 
Eckan et al. ll990b~ 

The opucal morphology of the warped dust lane has been 
modeled as a transient by Tubbs 11980) and as an equilibnum 
structure 1n a rotating tnaxial galaxy by van Albada. Ko tanyi. 

I Th<omiCll ASirophyucs. 1 ~1-33. Califoml& lrumute of Technolol)', 
Pasadena. C A 9 t 125. 

' Pcntal lddress: SlerrewachL HuYJens Laboratonwn.. Postbus 9~13. 2300 
RA Lcldm. The Netherlands. 

' Downs Laboratory of PhySics. Jll}-47, Califoml& lnsmu1c of Tech· 
nolol)'. Pasadma. CA 9112~ 
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& Schwanschild (1982). The observed stellar rotation does not 
suppon 1he Iauer (Wilkinson et al. 1986~ _Van Gorkom et al. 
(1990) interpreted the H 1 21 em data by circular motion m a 
spherical potential. The tWISted Ha velocny field of the dust 
lane !BTA) has been modeled by putting the gas on tilted rings. 
t.e_ the orbits are cucles. buttbe orbital planes have inclination 
that vanes wtth radius (Nicholson. Bland. & Taylor 1992). This 
approach is siinJiar 10 what has long been customary 1n studies 
of H 1 in spiral galaxies I Bosma 1981 : Schwarz 1985 : Begeman 
1987). Asymmetnes and twtsts m the observed veloci1y field of 
a galaxy can also be the result of gas on nonetrcular orbits. 
such as occur in a tnaxial potential. Benola et al. (1991) have 
bad success modeling the kinentatics of the opucal emissiOn 
line gas in NGC 5077 with a triaxial potenual. and Lees (1991 ) 
bas bad similar success modeling the H 1 emlssion from NGC 
4278. In this paper we explore both kinds of models. as have 
Staveley-Smith et al. (1990) in their recent study of Miclugan 
160. Specifically, we auempt to mterpret our data wtth three 
different sets of models : (I) axisymmetric models with gas 10 a 
plane on orcular orbits. (2) tnaXJal models wnh gas 10 a plane 
on noncircular orbits. and (3) aJUSymmetnc models with gas o n 
inclined circular orbits. 

Ha emiSSion is detectable in the central regions of Cen A 
with high spatial resolution (BT A ). However. the velocity 
resolution of the Ha data ts lower than that of the CO data. We 
show that the molecular material (CO) and the 1oniz.ed 
matenal (Hal are dynamically and geometncally idenucal 
systems. Since dynamical ume scales in the central regton arc . 
Significantly shoner than they are at the larger radii where 21 
em H 1 is observed. and since the cooling ume scale for molecu
lar material IS significantly shorter than for ionJZCd matenal 
we expect the molecular gas to be in a more relaxed configu
ration. 1.e .. the kmematics should be determmed pnmarily bv 
the potential of the galaxy and not by the JOJllal conditions ~f 
the merger. Funhermo re. if the galaxy IS tnaxial. devtauons 
from circular mouon generally are expected to be largest m the 
cen1ral regtons (de Zceuw and F ranx 1989. hereafter ZF). If the 
gas were mitially in one plane mclined wtth respect to the 
prinopal plane of the galaxy and 1s now warped as a result of 
differential precess1on (Tubbs 1980). 1he warp should be most 
severe in the cen1ral regions because the differential precess1on 
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rate scales with the rate of change of the angular velocity of the 
gas, which should be largest at about I kpc from the nucleus, 
where the rotation curve begins to flatten ouL As a result, CO 
proVIdes us with an 1deal tracer of the galacuc potential and 
the geometry of the gas m the inner kiloparsec of the galaxy. 

In § 2 we present new measurements of the 12C0(2- l) emis
sion along the mner part of the dust lane of Ceo A. In § 3 we 
discuss the thickness of the d1sk. Our kinematic modeling 
approach is outlmed in § 4, and models with gas on arcular 
orbits m a plane are explored 10 § 5. In § 6 we relax the 
assumpuon of arculanty and allow planar elliptic orbits in 
tnaxial potenuals. In § 7 we relax the assumption that the gas 
1s m a plane but cons1der only circular orbits in axisymmetric 
potentials. We summarize our results m § 8. 

2. OBSERVATIONS 

Observations of Centaurus A in the J = 2 - I transttion of 
12CO were made at the Caltech SubmiUimeter Observatory 
(CSO) on Mauna Kea 10 1989 March and 1991 June. A 
descnpuon of the CSO can be found in Phillips et al. ( 1987). At 
a rest frequency of 230 GHz. the beam sw: is 30" FWHM. The 
velocity resoluuon was 1.3 lcm s • 1 over a range of 650 km s • 1. 

Figure I shows the C0(2-I) speara wnh a bnear baseline 
removed for 18 poSitions observed m 1989 March along the 
dust lane at posiuon angle (PA) -63~5. The central position 
comcides with the unresolved conunuum source in the nucleus 
of Ceo A (van der Hulst. Golisch. & Haschiclc 1983). The 
spacing is a half-beam in the inner part of the dust lane and a 
full beam at the outermost posiuons. Displayed along wtth 
modeled profile shapes in Figures 4a. Sa. and Sa •s a mostly 
filled II by 7 grid of positions centered on the nuclear position 
observed in 1991 June (see Fig. 8c for a picture of beam 
positions). The spaang is a half-beam along PA 26?5 and a full 
beam along PA -63?5. The data were calibrated both by the 
usual ambient/chopper technique, and by us10g IRC + 10216 
as a reference assuming T~ = 24 K for IRC + 10216 in 
C0€2- 1) a s determined by prev10us observation. The data were 
divided by the mam beam efficiency. 'lwa = 0.72. as determined 
by contmuum measurements of planets. Figure 2 shows a 
posiuon-veloaty mtensny map for the data in Figure I. Figure 
3 shows an mtegrated mtensity map for the data obtamed in 
1991 June. 

Integration tiTnes vary from 2.6 mmutes for the 12 inner 
pos111ons to 5 IJIJDUtes for the outer positions. Since the data 
were taken on different nights. there may be a relative pointing 
offset between individual spectra as large as 8"- 10". We 
checked our pomtmg every mght by making sure that at the 
nuclear poslllon. we could clearly see the sharp absorption 
fea ture at 550 km s · 1 agatnst the compact conunuum source 
(Israel et al. 1990: Phillips. Sanders. & Sargent 1990). also 
o bserved in H 1 (van der Hulst et al. 1983) and in o ther molecu
lar lines (Gardner & Whiteoak 1976: Eckart et al. 1990a: Israel 
et al. 1991). 

3. TIIICKNESS OF TilE GAS DISK 

A first glance at the C0(2-l) speara for the outer positions 
(profiles at offsets -0.90. 0.44 and 0.90. -0.44 in Fig. I ) reveals 
sharp edges with widlh less than 10 km s · 1• These steep edges 
set a hmn on the veloaty disperston (effective sound speed) a of 
the molecular gas clouds o < 10 km s · 1• This IS substantially 
lower than the value of -60 km s - 1 estimated by Eckart et al. 
11990bl from the1r CO( 1-01 data tsee ~ 8 for further d•scuss1on 1. 

Hydrostatic equilibrium of a gas d1sk m the equatonal plane 
of an aXJSymmetric potential to first order yields 

~= qa 
R v 

(3.11 

where v is the velocity at radius R 10 the d1sk. h 1s the densny 
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FIG. 1.-Posmo n·vcloaty mtensny map along the dust lane. RdauYC 
offseu an along PA - 63~5 from the nucleus of Canaurus A. Veloaty 
resoluuoo bu been smoothed to 20 km s· •. ~vels begin at 0.1 K ..-ith 0.1 K 
mtcrvals. The 3 a no1sc: tcmpcnture IS approumately 0. 12 K. Veloaty as g~ven 
Wlth respect to the local standard of rest. 

scale height of the disk. and q is the axis ratio of the potential, 
which, for the nearly spherical systems that we arc mtcrcsted in 
can be written approximately as a function of R2 + z2fq2

• 

Prolate systems have q > I. wh1le oblate sy'stems have q < I. 
In the central reg10ns of Ccn A where the CO is located. q - I. 
Using the peaks of our outer profile shapes. for R > 6lY' we 
find a mimmum value for v to be 260 km s ' which corre
sponds to a gas disk at an inclination of 90°. Ustng this 
minimum value for v, our limit o < 10 km s - t rcstncts the 
disk thickness h to less than h{r5 (35 pc) at R > 6lY' (900 pc~ 4 

Another limit on the thickness of the disk can be obtained 
from the observation that OB star formation is taking place in 
the molecular disk at the rate of - 1.6 M 0 yr - t (Marston & 
Dickens 1988). so that the d1sk must be locally Jeans-unstable. 
This rcqu1res (e.g .. Binney & Tremaine 1987. eq. (6-49]) 

OK 

r.Gl: < I. (3.2) 

where l: is the surfa,ce density of the disk and K is the epicyclic 
frequency. Assuming that the disk is on the limit of stability, 
and usmg cquat1on (3.1). then g~ves 

h:::: qnGl:. 
n .. 

. • We use 3 Mpc for thedtStancetoCen A!Tonry& Schechter 1990). 

3 -

-C 5 ~ 

-1 -2 

Offsot olonq PA 62.5 deqrees 1orcmin) 

(3.3) 

Ftc . 3 - lntegntcd tnten51ty CQ2-Il Contours spaced 10'4 apan wah 
the: lo~esl contour at 10°1. or ma.xlmU.m tntcruHy. For a ptcture or posauons 
obser-cd on the sky. see fig. II<. 

where the angular velocity n = viR. Since galactic disks are 
observed to lie within a factor of 2- 3 of the stability I.J.ne 
(Kennicutt 1989}, we estimate 

3qxGr(R = 0) 

h < n2(R = 90"l (3.4) 

over the range of our data. Whereas it is not evident that 
Kennicut's result for spiral disks applies to the disk of Ccn A. 
we will show that it is consistent with the observed low 
velocity dispersion. Here we have used the fact that l: is largest 
at R = 0, and that " - n where the rotation curve flattens. 
Over the range of our data, n is lowest at R = 90". Using 
IlR = 0) = 2-3 x 108 M 0 /[2lt(60")2], which 1s a good fit to 
the C0(2- I) integrated intensities (Phillips et al. 1987) and 
Rn = 260 km s - t (the asymptotic velOCity which our data 
approaches when R > 6lY') to obtain a lower limit for n at 
R = 90", we find a limn on the thickness of the disk of h < 25 
pc, and a limit on the velocity d1spersion of the gas clouds 
o < 7 km s-t. These limits may be slightly low because we d1d 
not consider the fraction of the disk made up of cold (low 
velocity dispersion) newly formed stars lesttmated from the star 
formation rate to be less than 10%). There should also be 
corrections of order unity due to the onset of two-fluid insta
bilities (Jog & Solomon 1984~ 

The small thickness of the disk that follows from the above 
arguments is consistent with the conclusion of BT A that the 
symmetry of their projected velocity field implies that they 
observe both sides of the disk even though the disk is highly 
inclined. As BT A conjectured. this 1s possible only if the disk 1s 
thin. 

4. KINEMATIC MODELING 

Previous attempts at extracting a rotauon curve from the 
gas kinematics of Ccn A include fiuing the H 1 velocity field 
(van Gorkom et al. 1990), and the H:r velocity field (BTA). Van 
Gorkom et al. (1990) obtained a good fit to their H 1 data with 
a rotation curve that results from a model with gas on circular 
orbits in a spherical galaxy with a light distribuuon that obeys 
a de Vaucouleurs law. Nicholson et al. (1992) find good fits to 
the Ha data of BTA by using an axisymmetric model with a 
differentially precessing inclined circular disk. Modeling pro
cedures such as these usually compare the data to proJected 
model velocity fields or channel maps (e.g_ Begeman 1987: 
Lees 199 I ). This is possible because of the sufficiently high 
spatial resolution (Ha beam - 2") and because the data sets 
fully cover a large area on the sky. In regions where the rota· 
tion curve is not linear. the size of the beam also affects mea
surement of the rotation curve. This effect known as ·· beam 
smearing,·· can significantly influence the measured shape of 
the rotation curve even in high-quality H 1 data (Begeman 
1987). Because of the relatively large size of the CSO beam m 
the C0(2- I) line (FWHM = 30"). the mean velocitv at each 
beam position is a weighted average over a large fraction of the 
disk and is not very informative. However. the full velOCity 
profile shapes contain much informauon about the projected 
velocity field. As a result. we decided to model directly the 
profile shapes at each position where we took data. 

Various authors have esumated the time scale for infalling 
gas to settle onto the simple closed orbus of a host galaxy to be 
about 1-3 x 109 yr at an effective rad1us (e.g .. Tohline. Simon
son. & Caldwell 1982: Habe & Ikeuchi 1985. 1988: Steiman
Cameron & Dunsen 1988). but these values are rather 
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uncertain (de Zceuw 1990~ We note that this time scale is 
approximately the same as the estimated age of the shell-like 
stellar features observed in the outer pan of Cen A by Malin et 
al. (1983) and in the sunulations of galaxy-galaxy collisions by 
Hernquist & Quinn (1988. 1989~ The small velocity dispersion 
of the molecular gas, and the small thickness of the disk. 
suggest that the gas is (nearly) settled, and we therefore approx· 
imate the gas velocity field by assuming the gas occupies 
simple. 1.e .• no~lf-intersecting, closed orbits in the potential 
ofCenA. 

Our procedure consists of doing a simulated observation in 
which a projected model velocity field is convolved with the 
beam of the CSO. Around each position on the sky where we 
have a CO spect.rum, we construct a two-dimensional grid. 
Simultaneously we also make an array of velocity bins. At each 
position on the grid the line of sight velocity is computed, and 
a corresponding weight is placed at that location in the veloc
Ity bin array. This weight consists of three factors: 

I. A factor that depends on the distance between the pomt 
of the grid and the center of the beam. For the CSO. a Gauss
ian representation of the beam is accurate to the 1% level. 

2. A factor that depends on the azimuthally averaged inten
sity of the model disk at that radius. Since the profile shapes on 
either side of the nucleus are quite similar (see Fig. 4a~ non
aJUSymmetric variations in intensity, such as might be caused 
by spiral arms. must not be large enough to significantly affect 
the observed profile shapes. This may be because of the high 
inclination of the gas disk and the large beam size. 

3. A factor which is necessary only for gas either on non
circular orbits or in a warped disk. For gas on closed non
circular orbits (§ 6), this third factor is a surface densny 
correctton resulting from the continuity equauon and the 
variation of the gas velocity along the orbit. while for gas in a 
warped disk (§ 7). this factor depends on the inclination of the 
gas disk with respect to the line of sight at the point under 
consideration. 

The resulting velocity array is a model profile shape that incor
porates the finite size of the CSO beam and can be compared 
directly to the obse.rvatlons. Since a spectfic line-of-sight veloc
ity is computed at each posnioo on the gnd. not a spread of 
velocities, we have assumed that the gas disk is infinitely thin 
and bas no veloclly dispersion. The limits on the dispersion set 
in § 3 imply that this should be a very good approximation. 
The width of the modeled profile shapes results from the finite 
size of the beam. not the velocity dispersion of the gas clouds. 

We discovered that a least mean squared (X2
) fitting routine 

is not particularly useful for fitting models to our data. The 
large number of data points and the numerical nature of the 
convolution make it time consummg to use a fitting rouune 
wtuch must try out many different models before convergmg. 
Although a first glance it seemed that the parameter space was 
large. we discovered that the fitting is mostly sensitive to two 
or three parameters. with some of the others heavily con
strained by these. and the remaining ones having little influ
ence on the tits. As a result. we manually explored parameter 
space. Instead of listing formal errors on the derived param
eters. we list ranges in which we have found adequate fits to the 
data. Since our data consist of 57 one-dimensional velocity 
profile functions. 1.e .. many hundreds of independent numbers. 
titling models requtring 6 to 10 parameters is not unreason
able. Quality of fit was judged both by x2 and by consistency 
wnh other observations of Cen A such as the position angle of 
the optical isophotes of the underlying galaxy. 

5. CIJlCULAR ORBITS IN A PLANE 

We stan with the simplest models for the CO gas kinematics 
and assume the gas is on circular orbits 1n a plane. 

5.1. Rorarion Curves 

We examme two families of models with simple rotation 
curves. The first set has a rotation curve given by 

AR 
Vc(R) = ( Rl + c2)112 ' (5.1) 

where A and care parameters. This rotation curve corresponds 
to Binney's (1981) logarithmic potential with finite core radius 
c. and we therefore refer to models of this k.ind as Binney 
models. The rotation curve rises linearly in the homogeneous 
core (R <l c~ and asymptotically approaches the value A at 
large radii. so that the models have infinite total mass. This 
does not affect our fits because the CO em1ssion IS confined to 
the rising part of the rotation curve. We note that an asymp
totically fiat rotation curve is not inconsistent with the H 1 data 
at larger radti (van Gorkom et al. 1990). 

To verify that our conclusions are not uruque to models with 
a finite core radius. we also consider the rotauon curve of 
Hemquist's (1990) spherical model which is a good approx
imation to a de Vaucouleurs galaxy. In this case the associated 
density profile diverges as 1/ r in the center. where r is the 
spherical radius. The rotation curve is given by 

v.(R) = ~. (5.2) 
R + ' o 

where G is the gravitational constant, M is the total mass. and 
r0 is the scale length of the model. The half-light radius r, is 
equal to 1.8153r0 • We have replaced r by the cylindncal radius 
R to indicate that we are interested only in the rotauon curve 
in the equatorial plane (z = 0) and do not reqUire that the 
potential of Cen A is in fact spherical. The rotauon curve nses 
very steeply in the central region (R <C r0 ). reaches a maximum 
at R = r 0 • and decreases as I /R111 at large radii. 

Figure 4 shows profile shapes. projectea velocity field. pro
jected intensity contours. and projected orbits for the Binney 
model. Though we investigated both models and will discuss 
both. the profile shapes for the two models are not sigmficantly 
different. and we include only a figure for the Binney model. 
The models are normalized such that the peaks of the outer 
profiles match the peaks of the data: this means adjusung A for 
the Binney models and M for the Hemquist models. For the 
Binney models the core radius c was vaned also for finding the 
best fit. For the Hemquist models we could have vaned r0 • but 
we dCCJded to fix it by the observed value of 305" for the 
half-light radius of Cen A (Dufour et al. 1979). The intensity of 
the C0(2-I) disk as a funcuon of radius R m the disk was 
assumed to be a Gaussian. exp ( - R2/ 2U:J wtth a,= 65" which 
is consistent with the observed radial distribution of C0t2-ll 
(Phillips et al. 1987). V,,. was also adjusted. finally. both the 
inclinauon of the disk. 9. and the pos1t10n angle 1. of the pro
jected short axis to the gas disk were varied for best fit. 

We obtamed V, = 540 ± 5 km s· • wnh respect to the local 
standard Of rest J' (532 = 5 km S - I he(iocentnC) for both 
models. The mclinauon 9 = so· = 3°. and the position angle of 

' Vclocaues tn thtS paper are taken to be ~4 ,. \'~)C. v.·hcre c ss the "elocny of 
hght. ' " IS the rest frequency. and 6v IS the frequency sh1ft of the hnc observed~ 
The difference between our vclocny and the opucal convcnuon t6._, . .~.0)C at Ccn 
A IS approx1ma1cly I km s- 1 
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the short axis of the dtsk 1 = 35o ::: 5' are constratned lightly. 
There are no Significant differences between the best fits of the 
two different models. This ts no t surprising because our spatial 
resolution as poor; the large beam effecuvely averages over the 
range where the two velocity curves are different so that the 
resulung model profiles differ httle. 

The parameters of the best·fillmg Bmney model (Fig. 41 are 
A = 290 = 20 km s - 1 and C' = 40'" = !5". This corresponds to 
a mass of 1.1 x 1011 M~ ans1de 4.5 kpc (!.2r,). The best·fitung 
Hemqutst model has total mass M = 2.8 x 1011 M "'> · For the 
assumed value of r0 • thJS !!JVes 1.3 x 1011 .\1 0 instde !.2r,. 
These masses agree wtth that denved by van Gorkom et al. 
( 1990) by fiumg a veloc11y curve appropnate for a de Vaucou· 
leurs law to the H 1 data. We find as they do. that the rotatton 
curve in th1s re!!Jon ts conststent wllh a roughly constant mass· 

to-light ratio which is approximately 3 m solar umts. Since our 
C0(2- 1) measurements do not extend beyond 1.5 kpc. the 
above result merely confirms that the CO velocllles are consts· 
tent wtth the H 1 velociues measured at larger radii. a result 
which is ev1dent on companng the pos!Uon-velocuy d1agrams 
for both spec1es directly. 

5.2. Temperaruu and Fillmg Face or 
Our value for the inclinauon of the dJsk allows us to esu

mate T;.. the temperature that would be obser-.ed If a plane of 
gas that IS at umforrn velOCity wuh respect to the observer and 
ts of the same temperature and filling factor as the disk were 
observed face-on. 

cos{) 
T =f. T = -- T(t·l 

• • ' AIL') 0 
(5.3} 
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where T( vlts the antenna temperature observed at velooty ~. 
Alvlts the fracuonal area of the beam covered by gas ermttmg 
at thts velocity. T. is the average temperature of the clouds 
from which the disk is formed. and f. is the effective area filbng 
facto r of these clouds. We have f. = J.hlr, , where f. ts the 
volume fillmg factor of the gas clouds. r, IS the radius of the 
typtcal cloud and h is the thickness of the disk. Usmg equauon 
(5.3) we esumatef. T.::::: 1.2 K for the central posJtJon observed 
and f . T. ::::: 0.3 K for the posltton observed at r = 60". 
Assuming T. :::: I 0 K (Eckart et al. J990b~ the area filling factor 
f. then ranges from 0.03 to 0.12. With shghtly lower filling 
factors for r > 60". For a thm disk,/. is roughly the same order 
as f., so that these values are conststent With the hypothests 
that the molecular matenal of Ceo A IS clumpy and has filhng 
facto r and average cloud temperature siimlar to the molecular 
matenal of our Galouy. Such a low filling factor tmphes that 11 

ts posstble to see through the dtsk. even at mclinauons larger 
than 80 . Thts is conststent with the hypotbests of BT A that the 
Ho: dtsk ts opucally thin. 

5.3. Defects of Circular Orbic Models 

It ts clear from the fit shown m Ftgure 4 that our method of 
modehng the profile shapes ts a promlSing one. The overall 
profile shapes can be reproduced reasonably well by convolv
mg a projected model velooty field with the CSO beam. The 
wtdths of the profile shapes can be reproduced with only a 
small cloud velooty diSperston. However. there are a number 
of d1screpanoes m detail. We discuss them m tum. 

lnspectton of Figure 4 reveals that posiuons 30" to the east 
a nd west of the nucleus have mean velocities further from the 
systemiC velocity than observed. although the Bmney model 
fits shghtly better than the Hemquist model at these posnions. 
This ts due 10 part to the fact that c was treated as a free 
parameter for the Binney model. whereas we fixed r0 for the 
Hernqutst model Thus, the Bmney model has an extra degree 
of freedom to match the rad1us at which the velooty curve 
rounds off Possibly. the rotation curves that we have chosen 
a re too steep m the central reg~on and do not round off sharply 
enough. However. significantly changmg the shape of the rota
non curve would not be consistent with the observauon that 
the radial mtensny m the mfrared (K l of the central reg~on 
follows a de Vaucouleurs law to Wlthm 1"- 2" of the nucleus 
(G iles 1986: Frogel. Qutllen. & Graham 1992). 

The velooty centroids of positions to the north and south of 
the nucleus are reproduced mcorrectly by the etrcular models. 
As IS clear from the projected velocity field in Figure 4b, the 
models have m1rror symmetry With respect to two axes. The 
zero velooty curve. I.e_ the contour at the systemtc velooty. ts 
a stra1ght hne. The moutmum velooty curve ts also a straight 
hne. wh1ch 1s perpend1cular to the zero veloo ty line. Thts ts 
true for any flat orcular disk. so chang~ng the rotauon curve 
w1ll no t 1m prove the lit at these positions. 

The mtenslltes of positions to the north and south of the 
nucleus are higher than those produced by the models. This 
could be because we have overestimated the FWHM of the 
mtens1tv as a function of rad1us on the disk. o r because the 
mchnat;on of the models ts too high. It ts imposs1ble to correct 
for these effects with the orcular models smce lowering the 
mchnatton makes the prohle shapes at posmons m the mner 
part of the disk too thm. and mcreasmg the FWHM of the 
mtensity curve makes the profile shapes at positions to the east 
and west of the nucleus too large. 

The position angle l of the short ax.is of the gas dtsk is 35-

for the best orcular fit s. This comodes with the poSitiOn angle 
:J, of the photometnc maJor axts of Cen A. wh1ch 1s measured 
m the optical by fi ttmg ellipses to the 1sophotes for 
70" < R < 255" to be at 3, = 35 = r !Dufour et al. 19791. 
Although our k.tnematic fit is consistent with placmg the d1sk 
perpendicular to thts outs. neither the dust lane nor the maJor 
axts of the CO ISophotes are observed to be perpendicular to 
the photometnc maJor axis. Optically the dust lane IS mea
sured to be at roughly PA lt6•. whereas the pos1110n angle :J, 
of the maJor ou1s of the CO intensity contours vanes from 
-116- 10 the mner region to -125• beyond 70" (see Fig. 3). 

Our best-fittmg orcular models have 31 = 125- Either the gas 
ts no t in a pnnopal plane of the galaxy. 10 wh1ch case 11 would 
be warped due to differential precess1on. or 11 ts 10 a pnnopal 
plane and our observation of a mtsaJtgned gas d1sk IS a proJec· 
non effect due to the tnouial nature of the tzalaxy (e.g .. Starl: 
1977). In the latter case. we would expect nonorcular motions. 

We show m the followmg secuons that models wuh a 
warped geometry of the dtsk or wuh noncucular mouons have 
proJected velocuy fields that are tWISted. Slmtlar to what ~ ~ 
observed in H:x (BTAl. This results in w1der profile shapes. 
systematic sh1fts m the velocity centrotds and t~as mtensll) 
contours that are not aligned with the projected pnnopal axes 
of the gala xy. evenheless. we find that planar models even 
"'1th nonorcula.r mot1ons cannot fit the observed CO hne pro
files while Stnlultaneously expla.ming the observed onentauon 
of the starhght and gas tsophotes. With a warped model. b) 
contrasL we obtam an excellent and predicuve fit. 

6. NONCIRCULAR ORBITS IN A PLANE 

Ln this sect1on we mvestigate the poSSibility that the gas ISm 
a pnncipal plane. and that the m1sahgnment d1scussed m the 
prev1ous paragraph IS the result of proJection of a tnax1a l 
stellar densuy profile. The simple closed orbits for the cold gas 
are then no longer arcular. but are roughly elhpuc. If the figure 
of the galaxy does not tumble. the o rb1ts can he either m the 
plane perpendicular to the shon axts or 10 the plane perpen
dicular to the long axis of the galaxy. 

6. 1. Mass Models and Viewmq Anqles 

We have used two different kinds of tnaxial models. The first 
are separable (Stackell models, which are typ1cal of models 
with homogeneous cores. The Stnlple closed orbits are exact 
confocal ellipses. and the velocity field can be g~ven by simple 
analytiC express1ons (ZF). In the core. the confocal ellipses 
become highly elongated. and the closed orbit approx1matton 
for the gas kmemaucs becomes unphys1cal. The speolic mass 
models we have used are the p = I members of the fam1lv 
described m Appendtx B of ZF. In the ax1symmetnc hm1t. the;r 
rotation curve reduces to that of the B10ney model. given m 
equatton (5.1 ). 

The second set of models 1s defined by takmg the potent1al of 
the spherical Hernqu1st model and add10g two sphencal har
momc terms with a rad1al fall-off such that the assOCiated 
density becomes tnax1al with roughly elhpuc 1sophotes (see 
Appendix). The deta1led propemes of the models are g~ven m 
Lees & de Zeeuw (1991. hereafter LZ). These models atllltn 
have a central cusp. and the ou1s rauos m the center and at 
large radii can be chosen freely. The closed o rbitS can be calcu
lated with first-order ep1cyclic theory (e.g .. Gerhard & Vietn 
19861 and reach a finite e longauon 10 the center. Th1s approx· 
tmate descnptton ts sufficiently accurate for moderately fla t· 



15 

No. I. 1992 KINEMATICS OF MOLECULAR GAS IN CEN A 1 ~7 

tened mass models (LZ), specifically those with axis ratio less 
than 0.5 on the plane tn which the gas is located. 

Three v1ewing angles are needed to specify the orientation of 
a tnaxial galaxy. We choose Canesian coordinates lx. y. : ) 
along the three principal axes of the system. and we assume the 
gas is in the (x, y}-plane. Following the convention of ZF (see 
the1r Fig. 2). we take S and IP as the usual spherical polar angles 
of the hne of sight. so that as in § 5, S is the inchnat1on of the 
gas plane. i.e .. the angle between the line of sight and the z-axJs. 
For 9 = 0° the disk is face-on. and for 9 = 90° the disk is 
edge-on. The angle x is again the position angle on the sky of 
the proJected z-axis. measured from the nonh. 

We remark that ZF defined the long aXJs of the galaxy to be 
always m the x-d1rect10n and the short ax1s to be m the :
direction. and then d1scussed models wuh gas m the (x, y)

plane and models with gas m the (y. :)-plane separately. By 
contrast. we assume the gas is always in the (x. y)-plane and 
vary the axJs ratios of the galaxy jsee also Bertola et al. 1991 l. If 
a. b. and c denote the sem1-.1xes along the x . y. and z directiOns. 
respectively. then ZF have a > b > c always. but we consider 
both a > b > c and c > a > b. 

For a triaxial system with ellipsoidal surfaces of constant 
density. the apparent axJS ratio b' a ' of the proJected surface 
density. and the value of e·. the position angle difference 
between the apparent major axis and the: direction of the zero 
velocity curve at large proJected radii. are both functions of the 
intnns1c axiS ratios bia and eta and !he v1ewmg angles 9 and IJl 

ZF !Appendix A) have shown that for g1ven v1ewmg angles 9 
and (Jl the observed values of a• and h a may be used to 
calculate explicitly the corresponding ax1 s ratios b•a and cia. 
Once these are known. the gas velooties can be calculated. 
Thus. m order to fit the veloc1ty fields. we vary the same 
parameters as for the circular models : A and c for the separa
ble models. and M for the modified Hernquist models. Mea
surement of e• is difficult from the H~ velocity field. because 
the zero velocity line is noisy. and because the zero velooty line 
may not converge asymptotically to a straight line over the 
scale of thiS map. though we estunate 0 * = - 5° I 20°. As a 
result e• was among the parameters varied. Also vaned were 
the angles 3 and 'X· and the ax1s ratio of the potential on the 
(x, y ) (gas) plane. The observed value for b' /a' then fixed the 
other axis ratio and tp. In addition. for both types of models. 
the systemic velooty V,,, is varied. 

6.2. Triaxial Models with Constant £1/ipticuy 

Although the optical isophotes of the inner part of Cen A are 
observed to be round (Dufour et al. 1979). the near-infrared K 
isophotes have axis ratios of b' 'a = 0.8 to within 70" of the 
center. Van den Bergh ( 1976) has suggested that star formation 
in the disk is responsible for the rounding of the optical iso
photes. We first set b'la' = 0.8 and postpone a discussiOn of 
models with changmg ellipticity to § 6.3. 

Gas clouds on closed noncucular orbits are not uniformly 
distributed around each orbit because the equation o f contin
Uity V · l:. D = 0. where l:, is the surface dens1ty of the gas. and 
o IS the velocity vector. requires the surface density to vary. We 
assume that the mtens1ty is proportional to l: (nonoverlymg 
clouds) and compute the aZJmuthal vanation of l:

9 
from the 

equation of continutty (see ZF. eq. ( 2.12]). l: IS assumed to 
decline as a Gauss1an function of the sem1major axis of the 
o rbits 1see § 5.1 ). With dispersiOn a, = 60". 

F igure 5 displays our best-fit Stiickel model. which has 
A= 300 ± 10 km s- 1 and c = 40'' = 15". and ax1s ratios 

a: b:c = I : :!:1.6. so that the model is prolate •tnaxial. The best· 
fittmg v1ewmg angles are x = 37° = 5". 9 = 80' = 3'. 
1P = 20• ± 8•. Furthermore. V,., = 538 I 5 km s - 1 with 
respect to the local standard of rest ( 1-;,.. = 541 = 5 km s - 1 

heliocentric). The peculiar mtensity contours m the center of 
the model (Fig. 5c) are caused by the unphysical nature of the 
closed orbit apprOXImation In the center rzn. Since thiS effect 
IS averaged o ver the center beam and affects on!~ the center 
data position. it does not significantly influence our profile 
shapes or fits. and we ignore it. Figure 6 is our best-fit modified 
Hemquist modeL Only the proJected velocity contours and 
intensity contours are shown since the modeled profile shapes 
are very similar to those of the Stiickel model. The angular 
parameters are identical to the parameters for the separable 
model. The total mass Within 4.5 kpc for these models IS 
roughly the same as that of the C1rcular models discussed in & 5. 

When gas is on noncircular orbits. there IS a component of 
the velocity in the direction toward the center of the l!alax\ . 
When the hne-of-s1ght velocity is compared with th;t of ·a 
C1rcular orbit. this component has the effect of increasmg the 
line-of-sight velocity on two quarters of the orbit and decreas
ing it on the others. The angle IP determines which part of the 
orbit has increased line-of-sight velocity. The models with low 
"'- 1n which the orbits are seen roughly broadside-on. produce 
the best fits because the ellipticity of the orbits reduces the 
velocities at pos1t1ons to the east and west of the nucleus. Com
pared with the circular orbit models of § 5, the nonC1rcular 
model 1mproves the fit at these pos1t1ons. However. the fit at 
posiuons to the northwest and southeast of the nucleus is not 
Improved. Although these models provide no better global fi ts 
than the circular model. they are more coos1stent with other 
observations of Cen A which are discussed in the followmg 
paragraphs. 

For our best fits the position angle of the isophote maJor 
axis 3, = 32° is consistent with that observed. 9, = 35° ± 3· 
(Dufour et a l. 1979). This implies that the potential axes are at 
the same o nentation in the inner region of the galaxy where 
there is CO emission as they are in the outer reg10n where the 
starlight 1sophote axes can be measured. This 1s cons1stent Wit h 
the fact that no 1sophote twist has been observed in Cen A. 

The posnion angle 91 of the major ax1s of the gas isophotes 
!Figs. 5c and 6b) of the model is - 125° for R > 60". as 10 the 
C1rcular models. but in addition 94 twists to a lower posit1on 
angle m the central regions (R < 60") as observed (see Fig. 31 
However. in the central regions. 94 is observed to be 116 . 
whereas the model has 34 - 121°. Although the noncircular 
o rbit model matches the observations in the outer part as well 
as the circuJar orbit models do. and qualitatively matches the 
o bservauons in that 34 becomes lower 10 the central regiOns. 11 
does not agree completely With the observatiOns. Th1s could be 
because we have used too simple a model for the mtensny as a 
function of radius (a molecular nng would a lso change the 
o bserved angle of disk 1sophotes in the center). 

There are a few qualitative features o f interest 10 these non
Circular models. The zero-velocity line tthe systemic velocit~ 
contour on the projected velooty contour plots) in these 
models is curved and not ahgned with the position angle of the 
axJs perpendicular to the gas plane on the sky (see Figs. 5b and 
6a). whereas for the circular models, the zero-velocny line IS 
s tra1ght and aligned with the proJected sho rt axts of the d1sk. 
The max unum velocny curve for the noncircular models 1s not 
perpendicular to the zero velocity curve. S10ce the velocity field 
does not have m1rror symmetry. there 1s a h1gher density of 
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contours per unit area of the velocity field. Because of this. 
each beam sees a larger velocity range. and the profile shapes 
are slightly wider. Unfortunately. most of the effects of non· 
CJrcular motion are masked in Ceo A by the high 10clination of 
ttus particular system. This is because most of the twisung of 
the vclocuy field contours is concentrated 10 a small area on 
the sky, so that the effects of the noncircular mouon are aver
aged away by the finite resolution of observation. Large devl
auons from circular motion would be more apparent in a 
system wuh a less inclined gas disk. 

6.3. Tria:xial Models with Changing El/ipricuy 

Changing the axis ratios of the triax1al model as a function 
of rad1us such that the 1sophotes become flatter with increasing 
rad1us makes the closed -:>rbits for the gas more circular in the 
center and less circular in the outer regiOns of the gas disk. The 
resulting maximum velocity line will curve o ut further away 
fro m the minor axis of the galaxy 10 the o uter region. We 
therefo re investigate the possibility that a model with changmg 
ellipticity could account for the curved max1mum velocuy line 

observed in Ha (BTA) and to see if our profile shapes can be 
better fit with such a model. 

We use the modified Hernquist models so that the effects of 
the changing ellipticity in the central region are not o bscured 
by the unphysical nature of the Binney models in thos region. 
We set e• to be constant. so that the 1sophotes do not twost. 
and vary the observed b'/a' as a funcuon of radous. We find that 
the max1mum velocuy line fo r these models does 10deed tw1st. 
A slightly twisted maximum velocity curve could be modeled 
by a triaxial model with changmg ax1s ranos. though a severely 
twisted one cannot be modeled this way. Thus these models are 
quahtauvely nght. but none of them have a twist 10 the 
maxtmum velocity line as large as that o bserved on the H:.r 
data. No model was found that fits our data better than the 
modified HernquJSt models of§ 6.2. The h1gher the inclinauon 
of the system. the less freedom there os to model twists 10 the 
velocity contour map as a tnaxial system wuh gas on non
circular orbits lassummg that the axos ratios of the triax1al 
system are all greater than 0.3). This is becau.se at high inclina
tio n. the tWISting of the velocity field IS concentrated in a much 
smaller area on the sk~ . 
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7. WARPED DISKS 

In th1s secuon we return to axtsymmetnc models. but relax 
the constramt that the gas he m the equatonal plane. and 
constder warped configurauons. 

7. 1. T ilted Rings 

For gas close to the equatorial plane in a moderately flat· 
tened ax1symmetnc potential. we can think of a warp as a set of 
smoothl} connected inchned nngs, where each ring IS centered 
on the nucleus of the galaxy wnh radius r the distance from the 
nucleus (e.g.. Sparke 1986). We describe the geometry and 
onentauon of the warp With four angles. two of wh1ch are a 
function of r . We a gam use the angles x and 9 to descnbe the 
onentatlon of the aJUSymmetnc potenual. We denote by : ' the 
rotational ax1s of symmetry of the nng at rad1us r. and let w be 
the an2le between the : · and the :-axis. We define a to be the 
angle ;n the equatonal plane of the proJecUon of : · onto th1s 
plane mmus the angle of the prOJecUon of the hne of s1ght !see 
F1g. 7t. A d1sk wh1ch was once m a smgle plane mchned With 
respect to the pn nCJpal plane of the potential w1ll at a later 

ume have undergone differential precess1on. If there has not 
been settling onto the pnncipal plane of the potenual, then at 
this later time w will be constant and a w11l vary as a function 
ofr. 

Previous work on fitting a collection of tilted rings to kine
matic data involved simultaneously fittmg continuous curves 
for the mclination and the precessiOn angle as a function of r 
(e.g., Begeman 1987; Staveley-Smith et al. 1990). We attempted 
mstead to find a set of simple curves for a(r) and w(r) so that we 
can fit our data with a few parameters mstead of filling ajr) and 
w(r) as continuous curves. Our first expenment was to see if we 
could fit our observations with a disk of constant inclinauon 
(w constant) that is warped as a result of differenual precession. 
This sunple model is identical to the one used by Tubbs (1980) 
to model the morphology of the opucal dustlane. In an axtsym
metnc potenual of elliptiCity E, = I - 1/q. where q IS the axiS 
rauo of the potential as defined in § 3. the precession rate dtT.Idt 
IS appro:umately 

da-~ 
dt r 

(7.1) 

The precession is prograde for a prolate potential (q > I) and is 
retrograde for an oblate potential (q < 1). Assummg that the 
disk is initially in a plane at constant mclinauon [ w(r) 
constant], and that there is m1rumal settling onto the principal 
plane, minimal 1nftow, and E, is constant as a function of time. 
after a time tor 

a(r) = E,Ot.r + ao . (7.2) 

If this model is to apply, the direction of the warp on the Ha 
proJected velocity field (see BT A. Fig. 5 and Plate 2) implies 
that dajdr < 0. This assumes that the axiS of symmetry of the 
potential (z-axis) is pointing toward us. where the direction of 
the z-aXJs is determined by ensuring that the rotauon of the 
disk when prOJected on to the equatorial plane 1s counter· 
clockWise. This unplies that for n roughly constant and With 
the z-ax1s pomting toward us. either the galaxy m the central 
region IS oblate (£, < 0). or the galaxy IS prolate and E, IS 

decreasing as r mcreases so that d£ , 0 dr < 0 over the range of 
the Ha data. We cons1der two types of models : oblate models 

z 

LOS 

X 
FIG 7.-Defuunon of an~ used m 1ne warped dJSl models. The ' · ' · and 

: UCS pnnapal UCS of lhe polenllal The : &XIS IS lbe UIS of symmetry of l~ 
nna reprcscnled by ·~ dolled elhpsc. LOS IS lhe hne of Slghl. Sec lell for 
fun~rdetatls 
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With constant E, and prolate models wtth £, = E,.,[l - exp 
1 - r1 u:)]. where u, IS a parameter that we can roughly esti
mate from the infrared (K} isophote aXIs ranos. 40" < u, < 80" 
(Frogel et at. 1992). We used a cubic exponenual because we 
d1d not obtain good fits to our data With smoother. less steep 
funcuons. 

7.2 ProJ~cred Velociry F ield 

Changing coordinates from the coordinate system of the gas 
disk to sky coordinates consasts of doing four rotations. one for 
each of the angles x. 9. 2(r), and W(r). This angle i(r ) between the 
ax as of rotation ; ' for a d1sk of radms r and the line of sight is 
gaven by 

cos 1 = cos 3 cos w- cos a san 3 sin w . 17.31 

where cos i 1s the component of the :'-axis in the d1rect10n of 
the hne of sight. Note that 1(r) is not the mclmat10 n of the 
surface. The proJection of the : -axis on the sky is at position 
angle /JI.r) gaven by 

san a sin w 
sm (jJ- XI = sin I . (7.4) 

The zero-velocity hne of the projected velocity field is the set of 
poants (r sin i(r), .8(r)). where r san l(r) is 1he distance on the 
projected velOClty field from the poant to the nucleus and /J(rl 
can be read off as the posnaon angle of the vector from the 
nucleus to the zero-velOCity poant o n the sic~. The max1mum 
veloc1ty line on the projected velocity field 1s the set of pomts 
[r, {J(r) + (n/2)]. lnfonnauon about the mclinauon of : ' as a 
funcuon of r can be found by matching poants on the 
maXJmum velocity line and the zero-velocity line that arc per
pendicular to each other on the projected velocity field . Spectfi
cally. if D(rl is the distance to points on the zero-velocity curve 
that are perpendicular to points on the maxtmum velocity 
curve that are r away from the nucleus. then D(r)!r = san l(r~ If 
the disk is folded wnh respect to the line of sight (sec below). 
accurately measunng D(r) may be difficult since the zero veloc
ity line may loop; an o ther words. it is possible that dD(r) 
dr < 0. It may also be difficult to locate accurately the 
max1mum velOClty hne sance It too may be obscured by the 
folding of the disk and the Iinne resolution of the observed 
projected velOCity field. We note that these equat1ons w1ll not 
be accurate for gas on nonorcular orb1ts. 

For a potential with nonzero anclinauon (9 .e 01 and a gas 
dask with W(r) -F 0 and varymg :x{r), generally the hne of saght 
antersects the disk more than once. If the gas is clumpy with a 
low filhng factor. we Will sec through the gas d1sk to other parts 
of the dask. In fact. splimng of the H:r line (emiSSIOn from 
d1fferent places of the d1slc at one position on the sky) has been 
observed an the H:r spectra of Cen A tBT A). In o rder to gener
ate profile shapes, n as therefore necessary to convolve the 
beam of the CSO with each fold of the disk separately. sance 
clouds on different folds contnbute andependently to the pro
files. As described m § 4. the algonthm for convolvang the beam 
with the projected veloc1ty field anvolves ass1gnmg the project
ed velocity field at each pomt on the sky a weaght consJstang of 
three factors. The first two factors are adenucal to those used an 
§ 4. The thud factor IS necessary for a disk with changmg 
anchnat1on. and equals the Jacobian J = Cix, yl ..... Ot.x. Jl, ••. 
where l.x. y).,,. is a local Cartesian coordinate system on the 
dask and l.x. y), • • is a Cartesaan coordinate system on the sky. A 
poant at which the lane of saght IS tangent to the suriace of the 

disk has I J = 0. A locus of such poants Will fonn a boundary. 
where on one s1de of the boundary the line of Sight w1ll inter
sect the disk two more umes than on the other s1de of the 
boundary. Since J d1verges at these poants. It IS necessary to usc 
a cutoff J ~ J,..,, where J.,.., 1s the max1mum antensny that a 
disk can have at the poants where it folds. 

We observed that models with J "'·" > 20 produced spikes an 
the profiles that were not observed an our data set. These sp1lces 
resulted from the large intensities from the poants at which the 
disk folded over as seen from the hne of saght. Thas max1mum 
allowable value for J .... allows us to put hmats o n the thickness 
of the d1sk or on the filhng factor of the disk. dependang upon 
whether the folds are optically thtck rmeanang that at 1s not 
poss1ble to sec through them) or opucally than. At a fold of 
curvature r. the line of s1ght antersects the dtsk wnh length 
approximately (rhl' 1. The disk will be observed to be opucall~ 
thick when t~e antersecuon of the hne of Sight wath the dask IS 
approximately of length hif., where f. as the effective area filhng 
facto r of the gas clouds of the dtsk. and h IS the th1ckness of the 
disk. By comparing these two lengths we see that 

17.5) 

if the disk IS to be opucally thin at the folds. Usmg our pre
VIOUS esumates for h and f. discussed an §§ 3 and 5.2. 0.03 < 
f. < 0.12. we find that the disk is opllcally thm at the folds. 
However sance these esumates are not very accurate. it as pos
Sible that the folds are opucally thick. though since f. is low. 11 

is likely that the disk IS opucally thin everywhere else. There
fore. we discuss both cases. 

For opucally than folds J,..,:::; (r/h) 1 1 Our hmtt Jmu < ~0 
implies that rlh < 400 which gaves us a lower hmn for h. the 
thickness of the d1sk. and u. the velOClty d1spers1on of the gas 
clouds malang up the disk. h > r 400 or u > c•400 for r where 
there arc folds at posmons where we took data. Our hmn of 
J ... , = 20 IS equ1valent to antenna temperatures of :::::23 K. 
Since the maumum temperature at these poants cannot be 
greater than the expected temperature of the clouds them.selves 
which we esumatc:d to be ::::: 10 K (§ 5.2). we adopt the hmn 
J .... = 10 for our modeling. 

For opucally thack folds J.,,. ~ I f.. Our hmn of J.,.. < ~0 
amphes that f.> 1120. Since we find that J. ~ 0.1 over the 
regaon where the disk IS observed to fold for o ur models tsce 
Figs. 8 and 91. we can set 1 ... = 10 once agam. In th1s way our 
modeling IS andependent of whether the dtsk as opucally than or 
thick at the folds. 

We remark that an both the opucally th1ck and optically than 
case. usang a cutoff for the antensny J ,.., IS an approumauon. 
However. the fracuon by whtch the antensaty IS o veresumated 
IS small and the area on the sky where th1s occurs 1s small 
compared to our beam size. so that the modeled profile shapes 
should not be much affected by th1s approxamauon. Obscur
auon of one part of the disk by another wall cause an asym
metry an the proJCCted velOClty field : an other words the 
svmmetrv r- - r. I' - - r Will be broken. Smce the H:x pro
j~ed veiOClty field is highly symmetncal. thas effect cannot be 
large. consastent "'~th the low covenng factor and hagh clumpa
ness we denve. For more detaalcd models. 11 wall be necessar' 
to take anto account obscurauon of one pan of the d1sk b} 
other parts of the d1sk. 

7.3. Oblareand Pro/are Models 
Using equauons !7.31 and (7.4). rough constraints and start

mg poants for fitung the CO profiles can be found from the H:x 
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projected velooty field. At the radius r , where the maximum 
velocity hne crosses the hne on the sky perpendicular to x. :ztr,) 
1s either 0 or JSO· and 

J + w(r,) cos !X(r,) = itr,J. (7.6) 

At the rad1us r ~ where angle between the max1mum velocity 
hne and x is smallest. :z{r..) = := 90•. and 

:; = 1(r .,) and {J(r .,) = w(r .,) . (7.7) 

Applying these constramts to the H!X velooty field. we find that 
r, - 100". r m - ro·. and for w(r) constant we find that (l) = 
{J(r ,.) = :1 - l(r, ) - :!5' and 9 = ~r .,) - ro•. We used these 
values as starung pomts fo r 61\,ng and to solve for £,t.r. and a0 

for our models. 
For o ur lilted nng models. we used the Bmney velooty curve 

1eq. [5. 1)1 With r = 40" and we took X to be 35" = 5' The 
parameters 10 common With the Circular models of ~ 5 were 
chosen to be routthl\ the same values as those for the best-fit 
Circular models. See Table I for companson of models With 
Bmney ro tation curves. F1gure 8 d1splays our fit for a prolate 
model with£ = £ ,.[1- exp t -r3 u~)). where u, was vaned 
for best fit . Where the hne of sight intersects the disk more than 
once. the velooty displayed m the projected velooty field of 
F1gure 8b IS the mtens1ty-weighted average of the velooty of 
each pomt intersected. The mtensny shown in Figure 8c is the 
sum of the mtensmes at each pomt of the disk mtersected by 
the hne of s1ght. For the oblate model the bes t fit was found for 
:1 = ro ::: 7 . (l) = :!5 +5°. r, = 100". r ~ = 50" and u, = 65". 
Fo r the prolate model. 9 =roo ± 7 . w = ~5 = 5 . r, = 90" 
and 120". rm=53", and u, =80". For both models. 
r. = 35 + 5' . A= 290 lcm s· 1• r = 40". and V,., = 538 km s 1 

~1th resPect to the local standard of rest (541 km s · 1 

hehocentnc~ Usmg equat1on (7.2). we found £, t.t = - 1.2 
x 107 yr a nd 2 0 = 131?8 for the oblate model with£, constant. 

a nd£ r t.t = :! x 107 yr and a0 = - 182" for the prolate model 
"lth £, = £ .. [1 - exp I -r3 u:l] and u. =so·. Since the mfra
red 1sophotes m the central reg~on of the galaxy tr < ro1 are 
not s1gmficantly flattened. the elhpiiCity of the potential in thiS 
reg1on must be very small. For an oblate model wtth £, = 
-0.0 1 o r ax1s rauo q::::: 0.99. t.r = 1.:! x 109 yr. For a prolate 
model with E r = 0.:!. roughly equivalent to an ax1s rauo 
I q = b a = 0.8 as observed from the optical 1sophotes. we 

TABLE I 

BDT·FlT MOO£LS WITH a.~ .... 'EY Rounos Cuavt:S 

PAUMETU. 

l,,tkms · •r 
J 

"' ~· 
ba 
; 
A tkm s I .. .. 

...... 

Planar. 
a rcuJar 

540!: 5 
80 :!:3 

35 = 5 
:!90 !: 20 
40":W 
65 

G llOW£TliY AND Oaa~TS 

Planar. Warped. 
nonc:trcular e~rcular 

538 ± 5 538 = 5 
so-± J 60" = 7 
~(t ± 8 

-5 
0.5 
r :: 5 Js• :: s 
300 ± !0 290 ± 20 
.1()' = 15' 40" = 15' 
60" so· 

80' 
-182' 

2 "'( 10~ 

=~e ~ 5 

found t.r = I x 10" yr. Tlus time scale agrees wtth that esti
mated by Tubbs 11980). These models have a mass oi 
1.1 x 1011 M 0 ms1de 4.5 kpc wlucb IS the same as that of the 
Circular models discussed m § 5 and that denved by 'an 
Gorkom et al. ( 1990). 

We note that for a plane at an angle w fro m the pnne~pal 
plane the contours of constant potenual have ellipiiCit~ 
-£ • sin 2 w. so that the orb us of the gas o n th1s plane fo r both 
the oblate and prolate model wtth w = 25 should be ver: 
nearly c1rcular. so that o ur appro:umauon o f c1rcular orbitS is 
accurate for these models. 

7.4. DiscussiOn 

Since we obtained good fits usmg models whose constramts 
are taken from the H:r data. we conclude that the dvnam1cs 
and geometry of the molecular matenal 1s Jdent1cal to tha t of 
the JonJ.Zed material seen 10 H:x. Spee~ficall~ . our best-tit 
prolate model I Fig. 81 fits the data surpnsmgly well. There are 
some differences wluch can be mostly explamed by pomung 
errors 10 tbe data. Differences may also be caused by non
ax•symmetnc vanauons 10 mtensny on the dtsk such as m1ght 
by caused by sp1ral arms. The parameters for th1s model were 
determmed miually by fitting to the data obtamed 10 1989 
March which cons1sted only of positions along the major and 
mmor axes of the dust lane. The additional data obta10ed m 
1991 June at the request of the referee fit remarkably well 
Without adjustment of parameters ; in fact. we were unable to 
1m prove the quality of the fit by adjustmg the parameters. Th1s 
g.ves confidence m the predicuve power of the model. The 
best-fit oblate model I not displayed) fit the data well only 10 the 
mner reg~ons (less than ro" from the nucleus\. Use of a rotation 
curve Witho ut a core teq . [5.2)) does not tmprove the fit to the 
data m the central reg~ons. Models wnh lower :x0 fit better 10 

the center than models with higher 2 0 • though they fi t the data 
in the o uter reg~ons less well. By usmg a more accurate model 
for a(r~ a model which fits the data better everywhere could be 
made. However. m order to do th1s. we would need to kno" 
better £,(r), the rotatiOn curve. and the 10tensny as a funcuon 
of radtus. Even wnh models With lower :x0 • there remam h•gh
velocny tails 10 the data in the positions 0" -.30" from the 
nucleus that were not present 10 the model profiles !these ta1ls 
were also observed by lsrael et al. 1990. 1991 ~ As a result. there 
may be a dynam•cally mdependent system m the central reg1on 
of Cen A. One poss1ble explanation for tb1s could be a Circum
nuclear disk (Israel et al. 1990. 1991). wb1ch would be 
responsible for the btgher velocity wmgs of the central pos•
t•ons. 
Ste~man-Cameron & Dunsen 11988) showed that the mch

nauon 1(1) of a gas dJslc that 1s settling m a scale-free potenual •s 
g.ven by 

i(tl = i0 exp t -l·r,)J. (7.8~ 

where i0 IS the mnial inclinatio n. and r, IS the settling ume 
scale. 

(7.9~ 

where ' ' is the coefficient of lc10ematJC VISCOSity '' = :x. uh. 2 IS 

the precess1on rate (see eq. [7.1 )1 and :x. ::: f. for clouds wnh 
low area filling factor f. (Goldre•ch & Tremame 1983). We note 
that m the mner reg.•ons 1 r < 50"1. the potenual•s not scale free 
However. the ume scale for setthng should be close to that of 
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equauon 17.9), and the inclination (eq. [7.8]) should settle 
exponenually though probably not to the third power oft. We 
esumated tlus ume scale by taking the velocity dispersion 
u:::: 10 km s _, and a.::::: 0.1. For the oblate model with con
stant ellipucty 1.6 x 109 < r. < 4 x 109 yr for r < 100", and 
fo r the prolate model 6 x 101 < r. < 1.2 x 109 yr over the 
same reg~on where the shortest time scales for both models are 
at r :::: 40". Since At is the same order of magnitude as r. for the 
oblate model with constant €,, a significant amount of settling 
should have occurred. We conclude that this model is inconsis
tent with the iniual condition of gas on an inclined plane. For 
an oblate model with a lower ellipticity, and longer settling 
time scale (so that the disk would not have settled onto the 
pnncipal plane of the potential), At would be larger than 109 

yr. which seems rather long compared with the likely age of the 
merger. In order to consistently model the warp in an oblate 
potential. the mclination of the warp as a funcuon of radius 
W(r ) would have to he modeled as well as a(r~ However, AI < 
t, for the prolate model so this model is consiStent with our 
irutJal hypothesis that the warp IS the result of differential pre
cession of gas that was initially on a plane with respect to the 
princpal plane of the potential. We note that even though 
settlmg at thts time scale may not have taken place, there may 
have sull been a Significant amount of i.nftow, which could have 
affected the shape of the warp. In addition we suspect that the 
rounding of the ellipticity of the potential in the central region 
of the galaxy may he a result of the gas disk falling into the 
center of the galaxy. The ellipticity of the central regions may 
no t only he a function of radius but also of time. A more 
detailed model would have to take these factors mto account. 

In order to compare our prolate model with the large scale 
CO emtsston (Fig. 3). we made an integrated intenslly map 
from our model (see Fig. 9). Note that the resemblance to 
Figure 3 IS good. including an extension to the lowest contour 
level roughly 140" on ather side of the nucleus. We nouce that 
the intensity of our model on the sky is pnmanly determmed 
by the mcbnauon of the surface of the warp. not by the surface 
density of the disk as a funct1on of distance from the nucleus. 
Peaks m the erruss1on can be located simply where there are 
folds m the disk. Figure 9 has peaks at ::::50'" on e1ther Stde of 
the nucleus. Stmilar features were also observed by Eckan et 
al. (1990bl m the CO(I-Ol mtegrated mtensny map. These fea
tures. which resemble the tntensity contours of a molecular 
ring. may also be caused by the chang~ng mclinauon of the 
warped molecular disk. The excess em1ssion observed at the 
nucleus wh1ch is not present in the model is due to lugher 
velocity wmgs which have been mterpreted as evidence for a 
crcumnuclear disk Clsrael et al. 1990. 1991). 

The overall shape of the mtensiry contours comcdes both 
with the locauon of the optical dust lane and the H 1 errussion. 

w .. 
5 

1 c _, -1 

Offset o1on9 PA 62.5 deqrMs (orcmon) 

FoG 9 - lnteJf21ed mtcn.soty contours for the prolate model of Fog_ 8 for 
comparuon ,., th Ftg_ 3. Contours are at the same levds as tn Fig_ 3 

The two small circles in Figure 8c. at 109• from the nucleus. 
indicate the locations of the peaks of the H 1 column dens1ty 
distribution (see Fig. 3 of van Gorkom et al. 1990). and they 
coincide nicely with the warp. The poSition angle of the H 1 

emission on either ride nms approlllmately east-west and so 
follows our intensity contours. We note that the overall shape 
of the model intensity distribution comcdes wtth the optical 
dust lane as well. Because of its low filling factor. a stgruficant 
fraction (dependent on the inclination of the disk) of the star
light behind the disk is visible. The opucal appearance of the 
dust lane therefore depends on the transmJSSton of the dJSk. as 
well as on tts location in the galaxy. Figure 10 shows an 
overlay of this model on an optical image of Cen A (Graham 
1979) we can see that portions of the disk at high mchnatlon 
correspond to darker areas on the south stde of the dust lane. 
Absorption seen on the north side cannot be due to gas 
descnbed by this modeL There ts a fold m the dJsk at roughly 
I r to the south of the nucleus. This fold. which IS nearer to us 
than the nucleus, is observable as a bne of absorption m the 
near-infrared (J and H) (see Joy et al. 1991. Fig. 1). The H:z 
errussion is brighter on the northern side of the dust lane {BTA) 
because there is less absorption on thJs stde. rather than 
because the non hem side is closer to us. 

Finally, we note that although one of the three molecular 
absorption lines observed against SN 1986G by d'Odonco et 
al. (1989) correspond to the line-of-sight velocty of our 
modeled warp at the location of the supernova. the other two 
do not. As these authors discuss. it may be poss1ble for a 
warped model, when extended out to radii beyond 300". to 
match the velocities of these absorpuon lines. Since our CO 
data do not extend beyond 120", our best-fitting model cannot 
be applied with any confidence at such large radii. 

8. SUMMARY AND CONCLUSIONS 

Using a rough estimate of the inclination of the disk (- 80") 
derived from the best-fit circular models. we esnmate the area 
filling factor of the molecular disk 0.03 <f. < 0.12 for R < 60" 
and average cloud temperatures ::::10 K. We find that the 
thickness of the disk is less than 35 pc. and the velocty disper
Sion u < I 0 km s - 1

• Using the Jeans stabtlity bmll for a d1sk 
undergoing star format1on. we were able to extend these bm11s 
to the whole d1sk. Not only is the disk surpnsingly thin and 
cold (meamng the clouds composmg it have low velocty 
dispersion) but also the filling factor is so low that the molecu
lar disk is optically thin everywhere except possibly at the 
points on the sky where the disk folds . Both of these conclu
Sions are consiStent with the observed H:z projected velocity 
field (BTAl. We suspect that the Her measurement of the veloc
Ity dispersion (BTA) is lugher than our hmit becau.se of line 
blending caused by seeing more than one fold of the disk at 
each position on the sky. We note that they did observe line 
splitting in some areas. Eckan et al. (1990bl may have overesti
mated the velocity dispersion necessary to reproduce the 
CO(I-0) data for the same reason I see § 3). 

In§ 5 we found that circular orbns m a plane do not lit our 
data panicularly well. Models of thts kind are mcons1stent 
with the observed position angles of the axes of the CO ISO
photes and the optical tsophotes. In § 6 we discussed planar 
noncircular models (gas on the princpal plane m a tnaXJal 
potential). With these models. we were not able to tmprove our 
fits to the data. though the alignment of the axes of the predict
ed and observed CO isophotes and the optical tsophotes is 
somewhat improved by using these models. Allowmg the ellip-
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FJG. 10.-{)vcrlay of the prolau model ofFiJ. 9on an opoc:al UDaFofCcn A (SandaJC 1961~ The fold in lbcduk about 12" south o( lbc nudcus u observable u 
the hnc ol absorpuon on the ncar-lllfrarcd (J and H)(sccJoy ct al. 1991. Fie. I ~ 

t1clly of the potential to change as a function of distance from 
the nucleus does not 1mprove the fits. although qualitatively 
such models have many of the same features that are observed 
10 the H:x proJected veloc1ty field. 

In § 7 we denved a Simple model for a disk that has evolved 
from a planar system as a result o f differenual precessiOn 
(Tubbs 1980). Us10g constramts denved from the Ha data we 
were able to find starting points for fitting. Because this was 
successful. we conclude that the IOnized material seen 10 Ha 1s 
dynamically and geometncally Identical to the molecular 
material observed m CO . Our best-fit model With an oblate 
potenual 1; mco ns1stent with o ur 1mtial assumptions (the gas 
should have settled onto the pnnetpal plane of the potential at 
lhe time scale needed 10 order to form the warp). In addilion. 
the fit to the data for this model m the outer regions (more than 
60" from the nucleusl IS not good. Our best-fit model With a 
prolate potential wnh elhpt1cny varymg as a function of radius 
(fig. 8) fits the data well and also shows agreement with the 
COC!-1 1 mtegrated mtens1ty contour map. Convolution of the 
mtensll) map of o ur model produces peaks m the mtegrated 
mtensny contours that were observed by Eckan et al. 11990bl 
m C OII- 01. These features are not caused by a molecular nng 
or hole m the CO matenal in the center of the galaxy. but are 
caused by the changmg inclinatio n of the disk. The peak of the 
H t em1ss1on lands on the h1ghest mtensn~ contours o f our 
warp model. and the 10tensuy contours also folio"' I he shape of 

the opt1cal contours of the dust lane. Areas of the d1sk at h1gh 
mchnauon correspood to darker areas of the dustlane as 
observed opucally. There IS a fold m the d1sk of o ur model 
roughly 12" to the south that IS cometdent wnh the hne of 
absorpuon m the near-infrared (J and H ) observed by Joy et 
al. (1991). Wilkmson et al. (1986) found that an effectively sta
tionary prolate model such as ours 1S cons1stent with rhe1r 
observation of the stellar velocity field of Cen A 1f the jet 
direcuon is not 3SSOC1ated with an ax1s of symmetry of the 
galaxy. For thJs model. the inclinauon of the maJOr axiS of the 
potential is 6()• = 7• With the gas at an angle of 25" = 5 above 
the equatorial plane of the potential. with the southern s1de 
nearest to us. This model would be tested further b) com pan
son with a more s patially filled and more extended data set m 
C0/2-1). with h1gher resolution m C0(3-2i and by modehng 
the Ha data cube of BT A. 

S10ce our warped model COnsists of clouds 10 Circular orbits. 
11 1s no t possible to obta10 absorptio n hnes at velOCities other 
than the systemiC velocity aga10st the nuclear compact contin
uum source from the matenal m the warped d1sk. We no 1e that 
11 IS possible thai the gas disk IS not only warped (not on a 
princ1pal plane plane with respec1 to the potential). but that the 
potential is tnax1al in wh1ch case the o rbits of the gas could be 
s1gmficantly nonetrcular. In t h1s case. one e~pects absorption 
hnes agamst the nucleus at veloc1t1es that a re either h1gher or 
lo"'er than the systemic velOCity. depend10g upon the d1rect1on 
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of viewing. Because of numerous bigh~ensny molecular 
absorpuon hoes and high-velocity wings in observed CO lines 
at the central poslllons 10 Ceo A (Israel et al. 1991 ), 11 IS more 
hkely that there IS a dynarmcaUy distinct system m the nucleus. 

Gas warps. like the one we find in Ceo A. may be responsible 
for much of the infrared em1ssion from AGNs (Phinney 1989 : 
Sanders et al. 1989). They may also pro,nde a more dynatnJ
cally plausible altemauve to thick tori (Krolik & Begelman 
1988) as a means of hiding the soft (but not the bard) X-ray 
emission (Koyama et al. 1989; Warwick et al. 1989) and the 
broad-line region of type II Seyfert and narrow-line radio gal
axles. Morganu et al. (1 990) have shown that the optical fila
ments of Cen A must be photoionizcd by a nuclear continuum 
source that is euher hidden or highly amsotropic. These 
authors furthermore find that if this nuclear continuum IS rela
tmsucally beamed. then Ceo A may have beam power sunilar 
to that of BL Lac. Our best-fitting warp tcons1stent with both 
CO and 10frared datal does not obscure the cent.cr of Cen A. 
Thus a torus or warped d1sk at radii much less than 20" (300 
pc) from the center seems required to obscure the acuvc center 
of Ceo A. There may also be gas outs1dc the scale of our model 
(r > 90") that obscures the nucleus. 

The time scale esumated to create the warp IS 101 yr. This 
umc scale roughly agrees wuh that onginally esumatcd by 
Tubbs (1980) for a transient warp. A more detailed model with 
a more accurate rotation and cUipticity curve which includes 
setthng. inflow. and poss1ble changing ellipucity as a function 
oftime may somewhat alter the time scale. S10ce this time scale 

IS shorter than the time scale from the iniual galaxy-galax) 
coWs1on as esumated from the locauon of the thin stellar shells 
seen 10 the outer parts of the galaxy ([2 x 101 )-[6 x 101) yr: 
Maim et al. 1983). we suggest that the process of the merger be 
modeled to esumate the umc scale for a small galaxy to sink 
10to the center of a larger elliptical and to see 10 detail the state 
of the dust after this occurs. Improvements in numencal 
methods and hydrodynamical codes in the past decade m1ght 
make reexamination of these issues fruitful. We suspect that 
the impact parameter and angle of impact of the initial colh
Sion can be estunated from the stellar rotauon that has been 
observed at larger radii tbeyoM 5' fn m the nucleus) as deter
Dllned from the radial velocu. > of nct.ary nebulae (Ford et 
al. 1989: Hui 1990). whereas the ngular momentum vector 
and mass of the coll.td10g sp1ral galaxy can be esumated from 
the molecular material in the center s1nce no settling can have 
taken place on that time scale. With this knowledge, n should 
be possible to reconstruct the process of the merger. 
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hoeck for comments on the manuscnpt We also acknowledge 
useful diSCUSSIOns with Robert Emmenng. Connie Walker. 
Curt Cutler. and Garrett Biehle. We also acknowledge the 
anonymous referee whose dctatled comments helped to 
improve the presentation of thls paper. This research was sup
ported 10 part by NSF grant AST 88-15132. NASA grants 
NAGW-2144 and NAGW-2142. and the Alfred P. Sloan 
Foundauon (E. S. P.). 

APPENDIX 

MODIFIED HERNQUIST MODEL 

Hcmquist (1990) has introduced a simple sphcncal mass model wtth a projected surface dcnsny that closely resembles a de 
Vaucouleurs law and hence IS useful for descripuon of elliptical gala.llles. Here we present a tnaxial modification of tlus model. by 
dcfimng 1ts gravnauonal potenual in spbencai coordmates (r. 9. t/>) as 

V(r. 9. <PI = u(r) - t~r) Y~(9, rp) + ~<ir) Y~(9. rp) . lA I} 

wuh Y~ = 3,2cos 2 9- 2 and Y~ = 3sin 2 9cos24>thcusualsphcncalharmonlcs. We choose 

GM 
u(r) = ---. 

r + ' o 

GMr, r 
v(rl= ----. 

(r + 'z)l 
!A2l 

where r 0 •. •. • r • arc constants. G is the gravnauonal constant and M is the total mass of the model The function utr) tS the potential 
of the sphcncal Hcmqu1st model 

The parameter r 0 IS a densny scale length. wh1ch can be related to the radius R, which contruns half of the projected surface 
dcnsny. In the sphencal limit R, = 1.8153r0 • The rema10mg four parameters can be expressed in terms of the ax1s rauos of the 
density d1stnbuuon at small and at large radii. where the surfaces of constant density are approximately elhpsoodal. t.e .. p- pe m:l 
wnh m 2 = x 2 + (y 2 p2 1 .... t: 2 .1q2 ). The density falls off as l tr• at large radii and d1verges as l tr m the center. 

At large radii. the modified Hcmqu1st potential becomes Kcplcnan. and the closed or b1ts arc nearly orcular. At small radii. the 
potential becomes scale-free. and the orb1ts ncar the (x. y)-plane reach a hmltmg clhptioty £ gtvcn by 

f= 
6(1 -Pol 

I- Po+ 2qo 
IA3\ 

where p0 and q 0 are the central values of the ax1s scale lengths p and q 
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"Well!" thought Alice to henelf, "after such a fall as this, I shall think nothing of tumbling 
down stain! How brave they'll all think me at home! Why, I wouldn't say anything about it, even 
if I fell off the top of the houae!• (which waa very likely true.)' 

- Lewia Carroll, Alice '• Advent¥re• m Wonderl4nd 
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' "Curiouser and curiouser!" cried Alice (she was so much surprised, that for 
the moment she quite forgot how to speak good English). "Now I'm opening out 
like the largest telescope that ever was! Good-bye feet!" ' 

- Lewis Carroll, Alice 1.5 Adventure.s in Wonderland 

ABSTRACT 

We present infrared images of Cen A (NGC5128) in the J ,H, and K 

bands. The infrared morphology is primarily determined by the presence 

of a thin absorptive warped disk. By integrating the light of the under

lying prolate galaxy through such a disk, we construct models which we 

compare with infrared and X-ray data. The geometry of the warped 

disk needed to fit the IR data is consistent with a warped disk which 

has evolved as a result of differential precession in a prolate potential. 

The disk has an inclination, with respect to the principal axis of the un

derlying elliptical galaxy, that is higher at large radii than in the inner 

regiOn. 

A scenario is proposed where a small gas rich galaxy infalling under 

the force of dynamical friction is tidally stripped. Stripping occurs at 

different times during its infall. The orientation of the resulting gas disk 

depends upon the angular momentum of the infalling galaxy. We find 

that the resulting precession angle of the disk is well described by the 

precession model, but that the inclination angle may vary as a function 

of radius. We propose an orbit for the infalling galaxy that is consistent 

with the geometry of the warped disk needed to fit our infrared data, 

rotation observed in the outer part of the galaxy and the location of the 

stellar shells in the sa.me region. 

Subject heading.s: galaxies: individual (NGC 5128)- galaxies: kinematics 

and dynamics - galaxies: ISM - ISM: dust 
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1. INTRODUCTION 

The nearest of all the giant radio galaxies, 5 Centaurus A (NGC 5128, Cen 

A), provides a unique opportunity to observe the dynamics and morphology of 

an active galaxy at a variety of different wavelengths. Because of the disk of 

gas and dust in its central region, Cen A is suspected to be the product of the 

merging of a small gas rich spiral galaxy with a larger elliptical galaxy (Baade and 

Minkowski 1954). Shell-like features predicted in numerical simulations of galaxy 

collisions (Hernquist and Quinn 1988,1989) have actually been observed in Cen A 

over a large range of distance from the nucleus (Malin, Quinn and Graham 1983). 

Evidence of merging is correlated to activity in radio galaxies; for example, the two 

nearest radio galaxies (Cen A and Fornax. A) have both shell-like stellar features 

and gas. Powerful radio galaxies appear to be in regions of higher galaxy density 

than less powerful ones (Heckman et al. 1985). Many of them have complicated 

optical morphologies displaying features such as tidal tails, fans, shells and dust 

features (Heckman et al. 1986). By studying the kinematics and morphology of 

the dust lane of Cen A, we may hope to learn how a merger could have caused 

the overall appearance of Cen A. 

The dust and gas in Cen A have been traced in a variety of different wave

lengths and species over a large range of radii from the nucleus , including HI (van 

Gorkom et al. 1990), Ha (Bland, Taylor and Atherton 1987), C0(2-1) (Phillips, 

et al. 1987, Quillen et al. 1992 hereafter QZPP), near-infrared (Giles et al. 1986, 

Joy et al. 1991, Turner et al. 1992), far infrared {Eckart et al. 1990, Marston and 

Dickens 1988 and Joy, Lester, Harvey and Ellis 1988), in absorption against the 

optical light of the inner region (Dufour et al. 1979) , and out to 10kpc from the 

nucleus (Malin, Quinn and Graham 1983). Here we present large scale infrared 

mosaics in the J (1.24JLm), H (1.65JLm), and K {2.16JLm) bands of the inner region 

containing the dust lane. 

5 We use a distance of 3 Mpc to Cen A (Tonry and Schechter 1990) 
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The optical morphology of the dust lane has been modeled as a transient by 

Tubbs (1980), and as an equilibrium structure in a rotating triaxial galaxy by van 

Albada, Kotanyi and Schwarzschild (1982). The observed stellar rotation does 

not support the latter interpretation (Wilkinson et al. 1986). QZPP found that 

the kinematics of the CO gas in the inner region ( r < 70") (where r is the distance 

from the nucleus of the galaxy) was not consistent with non-circular motion on a 

principal plane of a triaxial galaxy. However, Nicholson et al. (1992) and QZPP 

find that the kinematics of both the ionized and molecular gas is well modeled by a 

warped disk composed of connected rings undergoing circular motion. In Tubbs' 

(1980) model, the gas disk is assumed to be initially on a plane that is not a 

principal plane of the underlying galaxy. The gas disk then evolves into a warped 

shape as a result of differential precession. This type of model was successfully 

used to fit the CO data of Cen A in the inner region (r < 70") (QZPP) and 

has reproduced the morphology of other galaxies, most notably the remarkably 

twisted disk of NGC 4753 (Steiman-Cameron, Kormendy and Durisen 1992). 

Nicholson et al. 's (1992) model for the warped disk has an outer fold which 

is consistent with the optical appearance of the dust lane and an inner fold (at 

,...... 3011
) which corresponds to a fold at the same radius in the model of QZPP, but 

differs from QZPP by having the northern side of this fold towards us instead of 

away from us. Because the disk is both geometrically thin and optically thin in 

both CO (QZPP) and Ha: (Bland et al. 1987), the velocities fields from the CO 

and Ha: are symmetrical about the origin and it is difficult to determine which 

side of the disk is towards us. However, in the near infrared, it is possible to see 

through the outer fold (prominent optically) into the inner region (r < 70"). Since 

the morphology in the near infrared is determined primarily by the absorptive 

properties of the disk, the morphology is not symmetrical about the nucleus. It is 

possible to compare to the models derived from kinematic data and resolve their 

differences. Our near infrared data extends previous images of the nucleus of Cen 

A in the near infrared (Giles 1986, Joy et al. 1991, Turner et al. 1992) and has 
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a field of view large enough to cover both the optical dust lane and the region 

observed in CO and Ha. 

Since the morphology of the infrared data is determined primarily by the 

warped disk, we devote the first half of our paper to verifying the geometry of 

the warp, and to determining the opacity of the warped disk. In order to do 

this, we integrate the light of the galaxy using a purely absorptive model for the 

warped dusty disk (described in §3), and compare the results of the integration 

with our data (§4). Our model for the geometry of the gas disk is based upon the 

model used to fit the CO data ( QZPP). A modification of this model, in which 

the gas disk is at a higher inclination (with respect to the axis of symmetry of 

the potential) at large radii (r > 80") than in the inner region fits the infrared 

morphology and colors remarkably well. 

Much of the interpretation of observations in the nuclear region of Cen A 

relies on accurate knowledge of the location and opacity of the gas disk. In §4 

we discuss the differences between the data and our model and predictions for 

X-ray absorption. We find that observation of a one-sided X-ray jet cannot be 

accounted for by absorption of X-rays on the other side of the nucleus by the gas 

disk. Since our models do not have an elongation of the J and H isophotes at the 

nucleus which is seen in our data, we support Joy et al. 's (1991) interpretation 

of this elongation as evidence for an infrared jet. We interpret extended features 

observed in the K isophotes 30 - 50 11 from the nucleus that are not predicted in 

our purely absorptive model for the disk, as emission in K from the disk. In §4.1 

possible emission sources are discussed. 

In §5, we propose a scenario for the merger, based on the infall by dynamical 

friction of a spiral galaxy into a large elliptical. We find an orbit for the infalling 

spiral that is consistent with our model for the data constructed in §3. A discussion 

follows in §6. 
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2. OBSERVATIONS 

We obtained near-infrared images of Cen A with theIR imager at CTIO on 

May 7-9 1989. with the 1.5 meter telescope. Each pixel of the imager projects 

to 0.8911 on the sky and the resultant field of view is 51.6 11 x 55.211
• Images 

were obtained in the standard J(1.24p.m), H(1.65p.m) and K(2.16p.m) photometric 

bands. 

Most of the data presented here were obtained on May 7 and 9. The photo

metric stability was determined from photometry of the Elias et al. (1982) stan

dards GL390, HD161743, and HD106965, which demonstrated that the photomet

ric zero point was stable to better than 0.15 magnitudes. This level of photometric 

accuracy is sufficient for the current study of Cen A, which is primarily morpho

logical. The seeing was typically 1.1 11 (full width half max after a 60 second 

integration in J and H). The observations were combined into mosaics, presented 

in Figures 1 ,2, and 3 after correction for the slight non-linearity of the array, sky 

subtraction , flat-fielding, and correction for residual sky background variations. 

In Figures 1-3 the maximum and minimum surface brightness levels where chosen 

in order to show the dust features at high contrast. See Figures 7a-9a (contour 

plots) for detail at the nucleus. 

Data were obtained in pairs of object-sky fields. Each frame in H and J 

consists of three 60 second exposures and in K consists of six 30 second exposures. 

The position for the sky frames was ~ 30' either to the east or west from the 

nucleus of the galaxy so that the sky frames are uncontaminated by galaxian light. 

The first stage of reduction was to perform pair- wise subtraction of the adjacent 

sky frames . Gain variations across the detector array were then corrected by 

dividing by dome flats. As a consistency check we compared the dome flats with a 

flat made from a dark subtracted average sky, and found no significant difference. 

The area observed was covered using a rectangular RA-DEC grid of three 

rows. Each row was observed with an offset in RA of~ 25 11
, or approximately half 

the field of view. The DEC offset between the rows was also ~ 25 11
• Therefore the 
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central~ 50" is covered 4 times, and most of the edges twice. A total of 20 frames 

in each band were obtained. Telescope offsets were unreliable and therefore the 

relative positions of the fields comprising the mosaic were determined from the 

position of stars in the individual frames. The resultant registration is good to 1" 

over the entire mosaic. Registration offsets degraded the resolution of the mosaics 

to 2- 3" (full width half max of a point source). 

Despite our efforts to ensure accurate sky subtraction by obtaining sky mea

surement immediately after the object frames, residual sky variations are present 

in the reduced frames. Therefore, in constructing the final mosaic we adjusted 

the background level in each frame until the difference between overlap regions 

was zero. This process was successful , and frame boundaries are difficult to see 

in Figures 1,2 and 3. The sum of the frame offsets is constrained to be zero so 

that no spurious sky offset is introduced, and the sky level in the final mosaic is 

as close to zero as permitted by sky level variation during the observations. The 

resultant sky level uncertainty corresponds to 16.6 mag/ square arcsecond at K, 

16.5 mag/ square arcsecond at H, and 18.1 mag/square arcsecond at J. 

Some additional data were obtained on May 8. This night was mostly cloudy, 

except for a brief clear spell during which the three frames which complete the 

NW comer of each mosaic were obtained. These data are clearly inferior to the 

data obtained on the May 7 and 9 due to large transparency variations. They are 

included in the mosaic for completeness after making a crude compensation for 

transmission based on standard stars. Inspection of the mosaic shows that this is 

apparently successful because these frames blend seamlessly with the rest of the 

mosaic. However, we place low significance on the morphology and colors in this 

part of the mosaic, and no conclusions are based on that part of the image. 

In order to improve our photometric accuracy, calibration was done by match

ing to the aperture photometry of Turner et al. (1992) at the position of the 2.2J.Lm 

nucleus. Their photometric accuracy was uncertain by 0.18 magnitudes in J and 

H and by 0.13 magnitudes in K. 
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The morphology of our data is primarily determined by the presence of an 

absorptive thin dusty warped gas disk. Such a disk at high inclination with respect 

to the line of sight presents higher optical depth at folds where the disk becomes 

tangent to the line of sight. Since the gas disk of Cen A is at high inclination we 

expect the prominent features of the infrared mosaics to correspond to folds in 

the gas disk. In Figure 1, lines of sight of higher optical depth are apparent both 

above and below the nucleus. The fainter fold seen primarily on the northeast 

side corresponds to a fold described by Nicholson et al. (1992) which from their 

Ha velocity field, they found to be at a radius from the nucleus of approximately 

100". This outer fold is prominent in optical pictures of Cen A, and forms the 

northern boundary of the dust lane. On the southern side of the nucleus, there is 

a more prominent fold (which we expect is closer to the nucleus) which has been 

seen in the near infrared previously by Giles et al. (1986) and Joy et al. (1991). 

Nicholson et al. (1992)'s model for the warped disk, depicted this inner fold so that 

the southern side was away from us instead of towards us as we observe it. Because 

of the symmetry of the Ha velocity field, it is not possible to determine from these 

data which side of the disk is closer to us. We suspect that the intensity of the Ha 

emission on the southern side is dimmer because there is more absorption from 

dust in the inner region (r < 100") on the southern side of the disk. We note that 

the orientation of this inner fold is consistent with the model for the warp derived 

from the CO data, which was consistent with the shape of the southern side of 

the dust lane as seen in the optical. We expect this model to fit our infrared data 

well in the inner region where a good fit was found to the CO data (r < 70"). 

However, this model does not have an outer fold that corresponds to the northern 

fold observed in the infrared (at r ~ 100") which forms the northern side of the 

dust lane. Therefore in order to fit the infrared data, the model must be modified 

for r > 70" to include an outer fold. 

Also observed in our data is an elongation to the NE (on a scale of 3" - 1 0" ) 

of the isophotes at the position of the nucleus in J, and H, that is aligned with the 

direction of the soft X-ray jet (Feigelson et al. 1981). This elongation has been 
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interpreted as evidence for a one-sided infrared jet by Joy et a.l. (1991). In §4.2, 

by comparing with the results of our models we attempt to determine whether 

this feature is an artifact of absorption through a warped dusty disk. 

In K, extensions of the isophotes are observed to the SE and NW 30 11 
- 5011 

from the nucleus that are not observable in the J and H mosaics. It is possible that 

these features are due to some emission from the disk. In §4.1, possible emission 

sources are discussed. 

The opacity of the dust is much less inK than at in J and H. Primarily what 

is observed (except for at the location of the nucleus and the features discussed 

previously) is the old stellar population of the background elliptical galaxy. In the 

next section we use the surface brightness in K to determine the light distribution 

which we use to integrate the light of the galaxy through an absorptive warped 

disk. The resulting models can then be compared to our mosaics. 

3. INTEGRATION OF LIGHT 

In this section we discuss how the light from the underlying galaxy is inte

grated to simulate the infrared observations. Our simple model integrates starlight 

along the line of sight in steps of 45 pc which corresponds to 3 11 square pixels on 

the sky, given a density as a function of radius for the light of the background 

galaxy. The density function used is discussed in §3.1. When integrating along 

the line of sight, every time the dusty disk is encountered, we multiply by a trans

mission coefficient. In §3.2 we discuss the absorptive properties of the dusty disk 

which determine the transmission coefficients in J,H and K. In §3.3 we describe 

our model for the geometry of the warped gas disk. 
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3.1 Background Galaxy 

In the K band the opacity of the dust is much less than in J or Hand therefore 

gives the best measurement of the the old stellar population of the background 

elliptical galaxy (except perhaps at the position of the nucleus ( r < 5") where the 

extinction is high, and there may be emission from an active nucleus). We use 

the surface brightness in K to determine the light distribution of the background 

galaxy. In Figure 4, surface brightness at Kin magnitudes per square arcsecond 

is plotted against r 114 for an average of pixels in a narrow wedge of our data 10 

degrees wide extending from the nucleus to the eastern edge of the mosaic. We 

chose this region of the data because it was least contaminated by the dustlane. 

Pixels in the dust lane at the same radius are at most 0.6 magnitudes per square 

arcsecond fainter than the points shown in Figure 4. The size of the error bars is 

determined by the uncertainty in the underlying sky level of the mosaic and the 

root mean square variation of the pixels used in the average. A variation in the 

base underlying sky level would cause a change in curvature primarily at large 

radii (r > 40") on this plot. 

We need a simple analytic form for the density of the galaxy light. Figure 4 

shows that the data at K obey a de Vaucouleurs ( r 114 ) law (previously noted by 

Giles 1986) but with a smaller effective radius than is observed optically in the 

outer regions (r > 80") of the galaxy (Dufour et al. 1979). This suggests that 

we use a Hernquist model (Hernquist 1990), which has a density distribution p(r) 

described by 
M ro 

p( r) = 27r r( r + ro )3 ' 
(3.1) 

where r 0 is the effective scale length, and M is the mass of the galaxy. The 

scale length ro is related to the effective radius re of the deVaucouleurs law by 

r 0 = 1.8re. However the Hemquist model is only a good approximation to a 

de Vaucouleurs law over the range 0.1 < r / r e < 16 and we have data at r fr e < 0.1. 

Therefore we model the background galaxy as the sum of two Hernquist models. 

We parametrize the sum of the two models with effective scale lengths r 0 and r 1 
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and the ratio J.L of the two masses of the Hernquist models comprising the sum. 

We determined the larger scale length to be r o = 168" from the effective radius 

observed optically in the outer part of the galaxy (Dufour et al. 1979). By varying 

r 1 and the ratio J.L we found a good fit to the data assuming that the galaxy has 

constant mass to light ratio over the scale of our data, with r1 = 15" and J.L = 0.05. 

The resulting model is displayed as the solid line in Figure 4. The values we found 

for r1 and J.L are not significant because of the uncertainty in surface brightness 

of our data, but we give their values in order to describe the function we used for 

the density distribution. 

The solid line in Figure 4 shows the integrated surface brightness of the 

density function chosen to model the background galaxy. This density function 

fits the data well. Since the surface brightness in the outer part of the mosaic is 

uncertain (due to a possible sky offset), the surface brightness of our model in the 

outer region is also uncertain. However, information inferred from morphological 

changes caused by absorption from the dusty warped disk, should be unaffected 

by the uncertainty in the absolute magnitude of the model in this region. By 

choosing this function for the light density of the galaxy, our model is consistent 

with both the effective radius observed from the deVaucouleurs law optically in 

the outer region of the galaxy and the deVaucouleurs law observed from infrared 

observations in the inner region. In addition, the rotation curve of Cen A as 

observed in HI is consistent with this model for the density (van Gorkom et al. 

1990) assuming the approximately constant mass to light ratio observed by van 

Gorkom et al. {1990). We note that the rotation curve for this potential does not 

differ significantly over the range of radii of our data from the rotation curve we 

chose to describe the warp (see next section). 

In order to integrate the light in J and H we assumed that the background 

galaxy had no color gradient and had colors J- K = 1.2 mag. and H - K = 0.30 

mag. which match the colors observed at the top left-hand corner of the mosaics 

(see Figures 10a-12a) where there is little dust reddening. Within the photometric 
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accuracy of our mosaics, these colors are the same as typical old stellar population 

colors (Frogel et al. 1978). 

3.2 Disk Absorption 

In Figure 5 we show a J-H, H-K color-color plot for all the pixels in the 

J ,H and K mosaics. The offset from the color of a typical old stellar population 

is probably due to zero-point errors in our photometry. Since pixels mostly lie 

close to the reddening line (displayed as a solid line in Figure 5 ), we use a purely 

absorptive model for the gas disk. We assume that there is no extinction anywhere 

but in the gas disk, and that the disk is thin (see discussion in QZPP for estimates 

of the thickness of the molecular disk). Our model ignores scattering by the dust. 

Every time a fold of the warp is encountered the integrated intensity is mul

tiplied by a transmission coefficient T where T = e _.,. and T is the opacity of the 

disk. The extinction A(>.) at wavelength>. is given by A(>.)~ 1.08r(>.). We note 

that if the gas is patchy and can be described as having an area filling factor I Cl, 

the transmission coefficient would be T = 1 -I Cl(1 -e-.,.). For small values of lel 

and T the transmission can be approximated as T ~ e-f,.T so that A(>.)~ lelr(>.) 

and A(>.t)/ A(>.2) = r(>.t) j r(>.2) for different wavelengths >.1 and >.2, which is 

independent of the filling factor. Since the molecular material in the disk has low 

area filling factor (/Cl < 0.1, QZPP), and pixels in our data have colors primarily 

close to the typical galactic reddening line (see Figure 5), we suspect that this is a 

reasonable approximation. We note that if individual dust clouds absorbing light 

are optically thick, this approximation would not be valid. The extinction, A( J), 

was varied for best fit to the morphology of the J mosaic, and the typical galactic 

extinction ratios from Mathis (1990) A(K) / A(J) = 0.38 and A(H)/ A(J) = 0.62 

were used to determine the absorption coefficients for H and K. 

Since the disk is optically thin (in CO and Ha) except possibly at the folds 

(Bland et al. 1987 and QZPP), it is necessary to consider the opacity of the disk 
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(or transmission coefficient in our integration) as a function of the local slope of 

the disk with respect to the line of sight. We can measure the local slope of the 

disk by computing a Jacobian, given by J = 8( x, y) di~k / 8( x, y )~ley where ( x, y )di~k 

is a local coordinate system on the gas disk, and ( x, y) ~ky is a Cartesian coordinate 

system on the sky. The Jacobian is the ratio of the projected area of a small piece 

on the disk to its real area. For J < 2, when the disk is close to face-on, in our 

integration we use a transmission coefficient T = e-r where T = Jrp, and Tp is the 

opacity of the disk if it were viewed face-on. For J > 2, when the disk is at high 

inclination with respect to the line of sight, we use the transmission coefficient T P 

for a grid resolution element (used in integration). We assume that the thickness 

of the disk is smaller than our grid size. This represents the opacity per unit 

length of a thick slab viewed edge-on. 

We chose a simple function for the dust distribution as a function of radius 

r from the nucleus that decays exponentially at large radii, yet is not sharply 

peaked in the center. In our models the face-on absorption of the disk at J as a 

function of radius is given by 

BJ 
T ( r) = --,---,------,--

P exp((r- b)/ur) + 1 
(3.2) 

with constants BJ, b and Ur. BJ is the optical depth of the disk at J at the 

nucleus if the disk were observed face-on, b is the radius at which the opacity of 

the disk begins to decay, and u r is its exponential decay rate. 

3.3 Tilted Ring Model, Precession from a Plane 

Our model for the geometry of the warped disk is based upon a model (QZPP) 

for the gas that gives the best fit to to the 12 C0(2-1) data. This model, which 

fits the CO data well for r < 7011
, is derived assuming that the gas has evolved 

from a planar system as a result of differential precession in a prolate potential 
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(Tubbs 1980). It assumes that the inclination of the gas rings with respect to the 

principal axes of the potential is a constant as a function of radius and time. 

We describe the orientation of the potential with the two angles iJ and x, 
where X is the position angle on the sky of the projected axis of symmetry (z

axis) of the prolate potential, measured from North and iJ is the angle between 

the line of sight and the z-axis (i.e., the inclination of the galaxy). We describe 

the geometry of the warp with two additional angles which are functions of r, 

the distance from the nucleus. We can think of a warp as a set of smoothly 

connected inclined rings each centered on the nucleus of the galaxy (e.g., Sparke 

1986). We denote z 1 as the rotational axis of symmetry of a ring at radius r, 

and let w(r) be the angle between the z and z'-axes. We define a(r) to be the 

angle in the equatorial plane of the galaxy of the projection of z 1 onto this plane 

minus the angle of the projection of the line of sight (see Figure 6 for a pictorial 

representation of these angles) . In an axisymmetric potential of ellipticity ep, the 

precession rate da/ dt is approximately 

da €pVc 
-"' --
dt r (3.3) 

where Vc is the circular velocity at radius r. The ellipticity fp , is given by ep = 

1 - 1/ q where q is the axis ratio of the potential which for the nearly spherical 

systems that we are interested in, can be written approximately as a function of 

:z:2 + y2 + z2 / q2. Prolate systems have q > 1 while oblate systems have q < 1. 

After a time t:lt, 

(3.4) 

where n = Vc / r. We used the following rotation curve for the circular velocity Vc 

Ar 
(3.5) v c = -../-;r=::2=+=c~2 

with constants A and c. For large radii (r ~ a), this rotation curve approaches 

a flat rotation curve, the rotation curve of an isothermal sphere with velocity 

dispersion u = vc / ../2. We note that the velocity curve of a galaxy with constant 

mass to light ratio and a surface density that follows a de Vaucouleurs r 114 law 
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(as Cen A is observed to be (van Gorkom et al. 1990 and Dufour et al. 1979)) 

is a reasonable approximation to the above rotation curve for non-large radii 

(r 'j> c). We found a good fit to the CO data using a potential with a varying 

ellipticity tp = too(l- exp( -r3 / u!1)) where €00 is the ellipticity far away from the 

nucleus, and u e1 gives the radius at which the ellipticity begins to decay. We note 

that it is evident from the K mosaic, that Cen A becomes more spherical in the 

central regions, though because of the dust, it is difficult to accurately measure 

the ellipticity as a function of radius. See Table 1 for the parameters of the best 

fit to the CO data (QZPP). 

4. RESULTS OF MODELING 

We found that the model from QZPP displays the morphology of the infrared 

data quite well in the central region ( r < 70") of the galaxy. The best fit to the CO 

data found that the inclination of the principal axes of the potential with respect 

to the line of sight was 19 = 65° and that the gas has an inclination of w = 25 ± 5 ° 

with respect to the principal axes of the potential. However the geometry of the 

dust is different than that predicted by this model for r > 70 11
• In particular the 

fold of gas observed on the northern side of the nucleus (see Figure 1) that is also 

prominent optically and forms the northern side of the dust lane, is not seen in 

our model (see discussion in QZPP). From their Ha velocity field, Nicholson et 

al. (1992) found that the gas in this fold was at an inclination with respect to the 

line of sight of i :::::::: 105°. The gas in this outer fold is at inclination of at least 

w = i - tJ :::::::: 40° degrees with respect to the principal axes of the potential. This 

inclination is significantly higher than that predicted by QZPP model for r < 70 11
• 

Because of this discrepancy, we find that the configuration of the gas in Cen A 

iJ inconJiJtent with one of the aJJumptionJ of our previoUJ model. Either the gaJ 

waJ not initially in a plane (w( r) varieJ aJ a function of r ) or w(r) evolved with 

time. 



41 

One mechanism that would account for large changes in the inclination of 

the gas rings with radius would be settling caused by viscosity between differen

tially rotating gas rings. However the timescale ~T,...., 108 yr to create the warp 

by differential precession that we derived from fitting to the CO data with our 

previous model was less than the settling timescale derived by Steiman-Cameron 

and Durisen {1988) {see QZPP for further details). 

Another possibility is that the inclination of the gas resulted in some non

trivial way from the dynamics of the merger. If this were true, we would expect 

w(r) to vary as a function of r. We found that we could reproduce the features 

of our infrared data by using a model with precession angle a{ r) described by 

equation {3.4) but with inclination angle w that increases from 20° to 40° at 

r :::::: 150". This new model is still consistent with the model derived from the 

CO data in the inner region (r < 70"), and has the outer fold at ,...., 100" that 

is observable in our infrared data. In §5 we discuss a scenario for the merging 

of a small spiral galaxy with a larger elliptical. We propose that changes in 

the inclination of the gas disk can result from variations in the orbital angular 

momentum of the infalling spiral galaxy. 

The results of integrating the light of the galaxy at a resolution of 3" per pixel 

in th 1.ear infrared for our new model are displayed in Figures 7-9 along with data 

at the same contour levels on the same scale. We chose this value for the resolution 

of the models in order to match the resolution of the mosaics. Color maps are 

shown in Figures 10-12. Parameters for constructing these models can be found 

in Table 1. The parameters for the geometry of the warp are mostly identical to 

those that gave the best fit to the CO data (from QZPP) (also shown in Table 

1) except that the inclination angle, w( r) is no longer a constant as a function of 

radius. The function for w( r) is displayed as the dotted line in Figure 14a. There 

are slight differences in the orientation angles of the underlying galaxy, X and tJ, 

between our infrared model and the older CO model. Parameters for the light 

distribution of underlying galaxy (discussed in §3.1) and absorptive properties of 

the disk (discussed in §3.2) are also found in Table 1. Qualitatively our models 
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agree very nicely with the data (see Figures 7-12). The fold on the northern side 

of the dust lane that is at high inclination in our model is very similar to that 

observed in the data. Using the galactic extinction ratio to model the absorption 

of the disk in the different wavelengths seems to have reproduced the colors of the 

disk remarkably well. 

The morphology of these models is primarily determined by the opacity of 

the disk at the folds. A good fit to the morphology of the data was found for 

B J = 0.15. In our models we assumed that the the thickness of the disk is less 

than a model resolution element (h < 3"), which is not an unreasonably small 

value (see QZPP for limits on the thickness of the molecular disk.) Since the 

outer fold is more pronounced in the models than the data, it is likely that the 

disk is somewhat thicker than 3" in the outer region ( r > 75"). We note that the 

outer fold is visibly clumpy (see Figures 1-3). Since our model assumed a smooth 

distribution for the gas, this may partly explain why this fold is more pronounced 

in the models. If the disk at large radii is not completely relaxed after the merger 

at larger radii (which could happen if the individual clouds composing the disk 

had low volume filling factor) we would expect the disk to be thicker in the outer 

regions. This would make the outer fold appear to be less sharp. The morphology 

of the inner fold seems to be well reproduced by the model, so that we doubt that 

the disk is thicker than 3" in the inner region (r < 70"). Because of the poor 

resolution of our mosaics , we cannot determine if the disk is thinner than 3" in 

the inner region. We note that models with h = 2" at a resolution of 2" have 

quite a bit more structure than is predicted in the 3" resolution models. 

4.1 Disk Emission 

Our model does not show extensions in the higher magnitude K isophotes 

that are observed in the data along the disk 30" - 50" to the southeast and 

northwest of the nucleus. It is possible that these extensions, seen only in K, are 
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due to emission from the warped disk. Due to the large scatter of the pixels in 

our color-color plot (Figure 5), we cannot determine if the pixels in this region of 

the disk have different colors than expected from a purely absorptive model for 

the disk. However, since the purely absorptive model for the disk reproduces the 

colors and morphology of the rest of the data remarkably well, it is likely that 

these extensions in K are due to some emission from the disk. We estimate that 

"""' 17 magnitudes per square arcsec emission in K from the disk is necessary in 

order to account for the observed elongation of the isophotes in these features. 

We consider three possible emission sources: free-free and bound-free emission 

from HII regions in the disk, emission from bright giants and supergiants from 

the young stellar population in the disk, and emission from small hot grains of 

dust. 

From an estimate of the maximum observed surface brightness in Ha of an 

HII region, we may estimate an upper limit for the maximum possible brightness 

expected from free-free and bound-free emission in the K band. Joss Bland

Hawthorn (private communication) estimates that the surface brightness in Ha is 

at most 4 x 10-14 ergs em - 2 s- 1 arcsec-2 per individual HII region. Phillips (1981) 

has observed that the HII regions in Cen A are primarily low ionization regions 

with excitation temperature Te """' 6500K, and emissivity ratio fH.a / 'YHp """' 3. 

Using an estimate of /K / (Hp """' 2 x 1014 Hz for these low excitation tempera

tures, (Joy and Lester 1988), and multiplying these factors together, we find that 

the surface brightness in K must be less than 7 J.LJ y arcsec - 2 or greater than 20 

magnitudes per square arcsec. Since the highest contour in our mosaic is at 16 

magnitudes per square arcsec, even if the Ha flux were reddened by a few mag

nitudes, it is unlikely that we would detect emission from HII regions. We note 

that a Bry observation in the disk would make this limit more convincing. 

From a measurement of the star formation rate in the disk, we may estimate 

the maximum expected luminosity from the stellar component of the disk (as in 

Telesco and Gatley 1984). Marston et al. (1988) from the far-infrared emission 

from the disk estimate that the star formation rate is M = 1.6 x 10-5 M0 yr-1 
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arcsec-2 in the central region of the disk. Using this, the Salpeter initial mass 

function, and an estimate of the post-main-sequence lifetime as a function of stellar 

mass, tpm• = 1.7 x 10g(m/ M0 )-2·7 yr (Renzini 1981), we find that the number of 

post-main-sequence stars with mass greater than 4M 0 (the main sequence cutoff 

mass after 108 yr) expected is approximately 10 per square arcsec. If these stars 

are giants with absolute magnitude in K of -6, with a distance modulus of to 

Cen A, we find that the maximum surface brightness from these stars inK '\\ vuld 

be - 18 magnitudes per square arcsec which would be undetectable in our K 

mosaic. Similarly we estimate the number of post-main-sequence stars with mass 

larger than 10M0 to be 0.1 per square arcsecond. If these were all red supergiants 

of luminosity 106 £ 0 and effective temperatures of ,...... 3000K then the maximum 

surface brightness from these stars in K would be ,...... 18 magnitudes per square 

arcsec which would also be undetectable in our mosaic. We note that luminosity 

from the main sequence is also negligible assuming that there was 10 8 years of 

star formation at the star formation rate given above. If the star formation rate 

were higher in the recent past than is now observed, it is possible that giants 

and supergiants could account for the excess emission. Older stars should not 

be present in the disk since the time since the merger is of order 10 8 years, and 

stars captured from a merging galaxy cannot settle onto a disk. We find that it 

is unlikely that any observed emission from the disk in K is due to emission from 

giants and supergiants in the disk . 

Sellgren et al. (1984) in their observations of reflection nebulae note that 

under special physical conditions, the amount of UV radiation is sufficient to 

produce observable near-infrared emission from thermally fluctuating small dust 

grains, yet insufficient to create an HII region. It is possible that Cen A could 

satisfy these conditions since the observed HII regions are mostly low ionization 

regions, yet it is evident from the far-infrared flux (Marston et al. 1988) that 

there is a significant amount of UV emission from newly forming stars in the disk. 

Existing aperture photometry in the L (3.5JLm) band allows us to estimate how 

much emission is due to small hot dust grains. Using photometry from Becklin et 
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al. (1971) we find that the difference between the 3311 aperture magnitude and the 

6711 magnitude gives a flux of,..... 500JLJy per arcsecond in the annulus. H the flux 

level were a factor of 5 lower in K than at L (as is observed in reflection nebulae 

Sellgren et al. 1984) we would measure a surface brightness of 17 magnitudes per 

square arcsecond, which would be detectable in our mosaic. It is possible that we 

could be observing emission from small dust grains in K; however more data is 

needed to verify this. Usually excess brightness at K in star forming galaxies is 

due to red giants and supergiants. It is therefore unexpected that dust emission 

is a more likely source for this emission in the disk of Cen A. It is surprising that 

the peculiar conditions in reflection nebulae could possibly be found on a galactic 

scale in the disk of Cen A. 

4.2 The Nucleus of Cen A 

The location of the peak surface brightness at the nucleus in Cen A is a 

function of wavelength in the near infrared (Giles 1986). See Table 2 for nu

clear offsets from Star A which has position RA 13h 22m 27.72s ±0.03 and Dec 

-42°45'1911 .39 ± 0.35 (1950) (Griffin 1963). Within the listed errors, the nuclear 

position in K agrees with that reported by Giles (1986). However, our model 

does not predict any difference of position between the J, H and K peaks (even 

when integrated at higher resolution). We note that the displacement of the color 

peaks from the position of the K nucleus (see Figures 10-12) is reproduced by 

our model. In our model the gas disk in the inner region only partially shields 

the nucleus (although it covers the nucleus at larger radii r > 90 11
). In order to 

account for changes in the position of the nucleus, there must be either a thick 

circumnuclear disk or extra folds of the warp near the nucleus. It is possible that 

the changing position of the nucleus is due to the circumnuclear disk (Israel et al. 

1990) observed in absorption against the continuum source. The function we used 

for the dust surface density as a function of radius (equation 3.2) is almost fiat 
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for r < 6011
• However, the 2.5 magnitudes high color peak at the nucleus observed 

in J-K color is apparent in our model (see Figure 12), and is ,...... 4 11 south of the 

K nucleus (as it is observed). Therefore the observed maximum in J-K color is 

caused by absorption through a disk of almost constant dust surface density that 

is close to edge-on, not by an increase in the quantity of dust near the nucleus. 

The dust surface density must increase sharply at small radii (r < 5 11
) where the 

circumnuclear disk is located, in order to account for the peak offsets yet not effect 

the colors and morphology observed outside this radius. 

As have Joy et al. 1991, we observe elongation (on a scale of 3- 10") of the 

nucleus along the direction of the X-ray jet in the J and H mosaics. This elongation 

was interpreted by Joy et al. 1991 as evidence for an infrared jet. Since our model 

does not predict any such elongation, it is probable that excess emission along the 

direction of the jet is necessary in order to account for this elongation. 

4.3 X-ray Absorption 

In this subsection we use our best fit model for the geometry and distribu

tion of the dust and gas to create a transmission map for X-rays which we can 

then compare to existing X-ray maps of Cen A. By integrating from the plane 

perpendicular to the line of sight containing the nucleus of Cen A out towards us 

we estimate an opacity A( J) for every location on the sky. We expect most of 

the X-ray emission to be coming either from the nucleus, or from a cylinder along 

the direction of the jet that is lying in a plane that is close to perpendicular to 

the line of sight. Using A(J) j N H = 1.5 x 10-22 mag cm2 H atom- 1 (Mathis 1990), 

we may estimate the column density N H of hydrogen atoms. A rough fit to the 

column density at which T = 1 (Gursky 1973) (assuming solar abundances) is 

( 4.1) 

where E is the energy in eV and N H is the column density of hydrogen atoms 

in units of H atoms/ cm2
• Thus we may estimate at each position on the sky the 
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energy at which the gas would become optically thick to X-rays. The result of 

this integration of our model is displayed as a contour plot in Figure 13. 

As is predicted by our model, diffuse soft X-ray emission ( < 2 ke V) from 

EXOSAT is observed to the north and south on either side of the disk (Morini 

et al. 1989). At higher resolution with Einstein's HRI (Feigelson et al. 1981) in 

the 0.5- 4.5 ke V band, a jet is observed that is one sided (Feigelson et al. 1981 ). 

The jet is observed above and below the ridge of opacity caused by the fold in the 

disk that runs east-west and is located rv 30 11 north of the nucleus. This emission 

along the jet must be primarily soft X-rays because it is absorbed by this fold in 

the disk which is not opaque to hard X-rays. Because of the high inclination of 

the gas disk , it is not possible to block soft X-rays over a large area on the sky. 

The fact that a soft X-ray jet is only observed on one side of the nucleus is not 

explained by our model. 

At the position of maximum infrared opacity we estimate N H = 2 x 1022cm-2 

which is lower than the measurement at the position of the nucleus of Morini et al. 

(1989) of N H = 1.5 X 1023 cm-2 . We note that the position of maximum infrared 

opacity is ~ 411 to the south of the position of the K nucleus in our model. We 

inferred in the previous subsection that there is probably a circumnuclear disk 

that is not included in our model which should contribute to the opacity in front 

of the nucleus. This may partially explain why our estimate is so low. We note 

that some of the X-ray opacity near the nucleus comes from a fold in the disk that 

is lying almost on top of the nucleus. If Cen A were at a different orientation with 

respect to us, it is likely that the opacity near the nucleus would be reduced. 

5. DYNAMICS OF THE MERGER 

In §3.3 we reviewed the model that we successfully used to fit CO data in the 

inner regions of Cen A (QZPP). This model assumed that the gas has evolved from 

a planar system as a result of differential precession (Tubbs 1980). The model 
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that reproduced the infrared morphology had a precession angle a(r) described 

by equation (3.4), yet large changes in inclination angle, w( r ), were necessary in 

order to reproduce the outer fold at r ::::::: 100" from the nucleus. Thi.5 model i3 

therefore incon3i3tent with evolution by differential prece33ion from an initially 

planar -'Y-'tem. Since the timescale for creating the warp in Cen A is short 

("" 108 yr), it is unlikely that settling onto the principal plane of the gala.xy could 

have caused these large changes in inclination (QZPP). In this section we will 

discuss the possibility that the changes in inclination of the gas resulted from the 

dynamics of the merger. 

Malin et al. (1983) have observed there is a single stellar shell at "" 3 1 from 

the nucleus of Cen A, and about 20 shells in a range of 7 - 15' from the nucleus. 

They found that it is difficult to produce such a gap between stellar shells with 

a single accretion event. However Dupraz and Combes (1987) find that multiple 

events of stripping as the galaxy spirals in under the force of dynamical friction 

can account for the location of shells in the inner regions of galaxies. Simulations 

of gala.xy mergers show that multiple systems of shells over a large range of radii 

may be produced (Salmon et al. 1989). Huang and Stewart (1987) found in their 

simulations that material stripped continuously will also form a sequence of stellar 

shells. 

Because gas clouds dissipate energy during collisions, gas evolves into a con

figuration in which the collision rate is a minimum, such as a ring. Gas stripped 

tidally from a small gas rich spiral, while spiraling into a larger elliptical galaxy, 

is sheared by the differential rotation rate into rings which then precess according 

to equation (3.3). It is likely that the radius and orientation of these rings are 

determined by the angular momentum of the gas at the time of stripping. Because 

the underlying elliptical galaxy is not spherical, the orbit of the infalling gala.xy is 

not constrained to lie in a plane, and so the resulting gas configuration may have 

large changes in inclination as a function of radius. Using these simple assump

tions, we can determine the geometry of the gas from an integration of the orbit 

of the infalling galaxy. The resulting warped gas geometry can then be compared 
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to the geometry needed to model our infrared mosaics . We expect the actual gas 

dynamics during the merger to be far more complicated than what is presented 

here, so we intend this scenario to only be a test of our simplifying assumptions. 

In §5.1 we discuss a scenario for creating the warped configuration of gas 

and dust based upon the reconstruction of the merger of a small spiral with a 

large elliptical galaxy. Gas stripped tidally from an infalling galaxy is expected to 

shear out into a disk or ring in a few rotation periods (Tubbs 1980). This has since 

been observed in smooth particle hydrodynamic simulations (Habe and lkeuchi 

1988). The orientation and radius of the gas rings are determined by the angular 

momentum of the gas when it is stripped from the infalling spiral galaxy. In §5.1 

we discuss the process of infall due to dynamical friction assuming that both the 

spiral galaxy and the elliptical can be approximated by isothermal spheres. For 

the merger that resulted in Cen A, we find that the spin angular momentum of 

the spiral galaxy can be neglected, and that the shearing timescale for the gas to 

spread out into a plane after stripping is of the same order of magnitude as that 

proposed by Tubbs (1980). We find that when the orbit of the infalling galaxy 

remains on a plane and the underlying galaxy has constant ellipticity, the resulting 

configuration of the gas is identical to that described by the model discussed in 

§(3.1) where the gas was initially in a plane. 

In §5.2 we discuss a numerical integration of the orbit of the infalling galaxy, 

and the initial conditions used for our integration. The effects on the integration 

of the prolate shape of the underlying galaxy and possible high ellipticity of the 

orbit are explored. We find an orbit that not only reproduces the changes in 

inclination observed in our infrared mosaics, but also reproduces the gap in the 

stellar shells observed by Malin et al. (1983). 
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5.1 The Scenario 

In order to model the dynamics of the infalling galaxy, we need to estimate 

the mass of the spiral remaining after tidal stripping during the encounter. This 

treatment is similar to that presented by Dupraz and Combes (1987). The mass 

of the spiral left after stripping is determined roughly by the radius r • from the 

nucleus of the spiral at which the tidal force of the elliptical on the spiral is equal 

to its binding force 

(5.1) 

where Me(D) is the mass of the elliptical galaxy inside radius D, the distance of the 

spiral from the nucleus of the elliptical , and M • ( r •) is the mass of the spiral inside 

radius r. (which can be thought of as a stripping radius). Since spiral galaxies 

commonly have a flat rotation over a wide range of radii, we may approximate 

the spiral galaxy as an isothermal sphere. The rotation curve (assuming constant 

mass to light ratio) that corresponds to the observed de Vaucoulers luminosity 

profile of NGC5128 (Dufour et al. 1979) is close to flat from r :::::: 70" to r :::::: 15' 

(the location of outermost stellar shell (Malin et al. 1983) from which we estimate 

the impact parameter of the collision that resulted in the merger). Over this range 

of radii , the elliptical galaxy may also be approximated as an isothermal sphere. 

The mass inside radius r for an isothermal sphere with velocity dispersion u, is 

2u2 r 
M(r) = - . 

G 
(5.2) 

Approximating both galaxies as isothermal spheres we estimate r • to be 

(5.3) 

where u e and u • are the velocity dispersions of the elliptical and and spiral re

spectively. Using the two previous equations we find that M$(D), the mass of the 

spiral galaxy, when it is at distance D is 

(5.4) 
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The mass stripped from the spiral dM as it falls a distance dD is 

(5.5) 

From this we can see that dM / dD is roughly constant, and that material from the 

spiral galaxy will be at a radius in the elliptical galaxy that is a factor of ue /CT~ 

larger than the distance that it was from the center of the spiral galaxy before 

stripping. Because of this we expect there to be gas quite far out in the elliptical 

galaxy, as is observed by Malin, Quinn and Graham 1983 (out to 11 kpc), and in 

other galaxies that are the results of mergers (e.g., NGC4753 Steiman-Cameron, 

Kormendy and Durisen 1992). 

The geometry of the gas will be primarily determined by the angular momen

tum of the gas during stripping. The resulting angular momentum per unit mass 

of the gas after stripping is Lorb +Lspin where Lorb is the orbit angular momentum 

per unit mass of the infalling galaxy and L Jpin is the spin angular momentum per 

unit mass of the gas at the stripping radius of the infalling spiral galaxy. The 

amount of molecular material in Ceo A, 2 x 108 M0 (Phillips et al. 1987), is 

roughly 1/ 5 of that found in our Galaxy. Assuming that both our Galaxy and 

the small spiral believed to have fallen into the center of Cen A, are isothermal 

spheres, that galactic mass scales with gas mass, and that the circular velocity 

of our galaxy in the outer regions is approximately 220 km s - 1 
, we estimate the 

velocity dispersion of the small spiral CT, to be roughly 70 km s- 1
. We have as

sumed that the amount of the molecular gas that has been disassociated during 

the merger is not significant. The velocity dispersion of Cen A has been measured 

to be 150 km s- 1 (Wilkinson et al. 1986), whereas the circular rotation speed has 

been measured to be approximately 300kms-1 (QZPP). Wilkinson et al. (1986) 

demonstrate by simulating the effect of the dust lane on their observations, that 

the dust lane can cause the velocity dispersion to be underestimated, so it is likely 

that their measurement q e is lower than the real value. Taking u e = vc/ \1'2, we 

infer that ue f u, ~ 3. We note that using the Tully-Fisher relation to estimate the 

mass of the small spiral galaxy would have lowered this ratio. The orbital angular 
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momentum per unit mass of the infalling galaxy is approximately L orb :::::: Dvc. The 

spin angular momentum per unit mass of gas stripped from the infalling galaxy 

at the stripping radius r$ is approximately L$pin:::::: (u$ / ue)vcr$. Using equation 

(5.3) we find that 
(J $ )2 1 L$pin / Lorb :::::: (- :::::: -

9
, 

Ue 
(5.6) 

so that for Cen A, the angular momentum and resulting geometry of the gas is 

primarily determined by the orbit of the infalling galaxy. As a result we neglect 

the spin angular momentum in our models. 

It has been proposed by Tubbs (1980) (and later observed in smooth particle 

hydrodynamic simulations Habe and lkeuchi 1988) that smearing of captured gas 

into a disk or ring should occur over a few orbital periods. After stripping we 

expect the gas to be in a stream of width of order r$. The shearing timescale 

t$hur or the timescale for a blob of gas of width r $ at distanceD from the nucleus 

to be sheared by differential rotation is of order 

(5.7) 

which is consistent with the timescale proposed by Tubbs (1980). 

A generalization of the model discussed in §3.3 can be made by assuming that 

the length of time a ring at radius r has precessed depends upon the time since 

the gas in the ring was stripped from the infalling galaxy, and that the radius 

and initial angles of the ring depend upon the angular momentum of the gas at 

stripping. This is equivalent to assuming that tl.t, and a o of equation (3.4) are 

functions of r. In this case equation (3.4) becomes 

a(r) = a0(r) + r:11 06.t(r) (5.8) 

for tl.t(r) = 6.t0 +t$ink(r) where tl.to is the time since the infalling galaxy reached 

the nucleus, t$ink(r) is the time the spiral took to spiral into radius r, and a 0 (r) is 

determined from the angular momentum vector of the gas when it was stripped. 

In order to estimate t$ink( r) we must integrate the equations of motion of 

the spiral galaxy as it is spiralling into the elliptical under the force of dynamical 
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friction. Since the frictional force is tangential, the spiral galaxy looses angular 

momentum. If the orbit is close to circular we may estimate that 

(5.9) 

(Binney and Tremaine 1987), where for elliptical galaxies, the Coulomb logarithm 

ln A, is typically of order 21. Using our previous estimate for M • (D) we obtain 

dD u. )3 -d = -0.428lnA(- Vc 
t Ue 

(5.10) 

for the infall rate which is approximately constant. The resulting orbit for the 

infalling spiral galaxy is a logarithmic spiral. t .rink( D), the time for the spiral to 

fall into the nucleus from radius D is 

(5.11) 

where tD = 1/ n is the dynamical timescale at radius D . Numerical simulations of 

dynamical infall timescales in a self-consistent potential agree with this expression 

to within an order of magnitude (Sterl Phinney private communication). 

Using the previous expression for tsinlc and equation (5.8) we find that 

1 ( U e ) 3 
a(r) = a0 (r) + fpn~t0 + 0.4281n A u" fp· (5.12) 

If the background galaxy has constant ellipticity fp, and if w(r) and a0 (r) are 

constant, then the third term in the previous equation is a constant, and the 

resulting models are identical to those discussed in §3.3 where we assumed that 

the gas was initially on a plane. This would be the result of a planar orbit where 

the orientation of angular momentum vector of the infalling galaxy is roughly 

conserved. At time ~to, when the infalling galaxy reaches the nucleus, the gas 

stripped from the galaxy would be lying in a plane. This may partially explain 

why Tubbs's (1980) model in which the initial configuration for the gas is in a 

plane has been so successful. Over a limited range of radii where the orbit of 

the infalling galaxy remains on a plane, we expect Tubbs's model to give a good 

appro nation for a(r). This may explain why we previously found such a good 
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fit to our CO data (see QZPP) using this model and why it has been so successful 

in modeling the morphology of other galaxies (e.g., the remarkably twisted disk of 

(Steiman-Cameron et al. 1992)). We note that small variations in Ep with radius 

can produce large variations in a(r). In the central regions (r < 70" where the 

rotation curve drops), the potential of the elliptical galaxy cannot be approximated 

as an isothermal sphere, and the previous equation is no longer valid. 

5.2 Numerical Integration of Infalling Orbit 

In a non-spherical galaxy it is necessary to numerically integrate the equation 

of motion in order to determine the orbit of an infalling galaxy. In this section we 

give the equation of motion, and describe our choice of initial conditions for the 

integration. 

Using a fourth order Runge-Kutta numerical integrator integrator with adap

tive step size, we integrated the equation of motion of the infalling galaxy that 

spirals into the elliptical galaxy under the force of dynamical friction. The poten

tial used for the elliptical galaxy is that of a logarithmic prolate, cp(z) = v~ lns, 

where x = (z, y, z) and s = Jz2 + y2 + z2 f q2. For a prolate potential q > 1 and 

Ep = 1 - 1/ q > 0. The equation of motion for the spiral galaxy is 

dv - _ 2 _ _ ( 2X xl) v 
dt = -'Vcp(z) -ry47r(lnA)G p(z)M.,(z) erf(X)- .fie- lvl3 

(5.13) 

where vis the velocity of the spiral , z is its position in the elliptical, X = 1£1/vc, 
p(x) = 'V2cp(z) / 47rG is the density of the background elliptical galaxy at x, and 

M,(x), the mass of the spiral when it is at z, approximated by 

M.,(x) = (u, )2u~s . 
Ue G 

(5.14) 

The dynamical friction term in equation (5.13) is derived from the Chandra

sekhar dynamical friction formula assuming that the velocity distribution of the 

background galaxy is both isotropic and Gaussian (Binney and Tremaine, 1987 
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equation 7-18). T/ represents a correction factor to the size of the dynamical fric

tion term in order to compensate for the fact that the velocity dispersion of a 

self-consistent model for the galaxy would be smaller than that of an isothermal 

sphere. We chose T/ = 2.0 since the velocity dispersion of the Hernquist model 

(Hemquist 1990) for the range of radii of our integration gives this factor difference 

in the equation of motion (equation 5.13). Integration of these equations of mo

tion using a anisotropic velocity dispersion did not significantly change the shape 

of the resulting orbit (for qr. / CTz......., 1/ q......., 0.8). This is not surprising because the 

difference in the dynamical friction force is of quadrupole order in the integral 

over the stellar velocity distribution (see equation 7-14 Binney and Tremaine). If 

the orbit is highly elliptical, stripping will not proceed at a constant rate. When 

s increased, we did not allow the mass of the infalling galaxy to increase. 

From the integration of the orbit of the infalling galaxy we determine the 

configuration of the gas stripped along the orbit. The angular momentum per 

unit mass of material stripped at any point on the orbit of the infalling galaxy is 

L = z x v. Material stripped will form a ring at radius r which we estimate to be 

at r = ILI/vc. The inclination w( r) of the resulting gas ring is given by 

cos(w(r)) = Lz/ILI 

and the angle a 0 ( r) at the time of stripping is given by 

Lr. 
cos(ao(r)) = - -...,..----

ILl sinw(r) 

(5.15) 

(5.16) 

Since angular momentum of an orbit is not conserved in a non-spherical potential, 

the resulting inclination of gas stripped from the infalling galaxy w( r) will not in 

general be constant. After stripping, the gas ring is free to precess as in our 

previous model with precession rate given by equation (3.3), so that the angle 

a( r) for the system at a later time is 

a(r) = ao(r) + EpO(t.rink(r) + ~to) (5.17) 
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(see analogous equation {3.4)). We note that the integration for r < 100" {near 

where the rotation curve begins to drop) is not accurate because Chandrasekhar's 

dynamical friction formula is no longer valid when the mass of the infalling object 

at radius r is small when compared to the mass of the surrounding galaxy inside 

r. Therefore we used t .. ink ( r) to be the time since the infalling galaxy deposited 

material at r = 120", and we used D.t0 to be the time since the infalling galaxy 

deposited material at r = 120". 

In order to reduce the number of possible parameters, we decided to restrict 

the starting point of the numerical integration to the particular family of initial 

conditions described below. We began our orbit at a radius from the nucleus that 

is of the same order as the impact parameter of the encounter which is estimated to 

be roughly b = 151 from the nucleus. Close to circular orbits for the infalling galaxy 

were chosen, since Huang and Stewart (1987) found that coherent and concentric 

shell structures (as observed in Cen A) resulted from this type of orbit. We assume 

our potential was prolate with z-axis along the extended direction. Because the 

potential we used is rotationally symmetric, we only consider incoming trajectories 

with a velocity vector that lies in the x - z plane 

v= v0 (sinh',O,cosh'), (5.18) 

where h' is the angle between the velocity vector and the z axis. For a straight-line 

trajectory, the position of closest approach, b, can be parametrized by b0 and E, 

where E is the angle between b and the x-axis and b is given by 

b = b0 (sinE cosh', cos E,- sinE sin 15). (5.19) 

We arbitrarily began our integrations at this point b with velocity v and mass 

M .. given by equation (5.14). We treated bo, vo, h' and wo as free parameters, 

where the initial inclination, w 0 , of the orbit is given by cosw0 =-cos Esinc. We 

searched parameter space for orbits that displayed inclination changes similar to 

those needed to model our infrared data. 
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Figure 14 shows the results of an integration for the orbit with initial con

ditions and parameters summarized in Table 3. For our integration we chose 

u. / ue = 1/ 3 (see §5.1 for discussion), and q = 1/ 0.8 (0.8 is the axis ratio of of 

the optical isophotes (Dufour et al. 1979). Since the approximations that went 

into this integration were crude, our results are intended to be mostly illustrative 

rather than predictive. 

Figure 14a shows w( r) (solid line) from the integration and the function (dot

t ed line) we used to generate our infrared models (Figures 7b-12b). Large changes 

in inclination are present in this integration, in particular the inclination is much 

higher at large radii than at smaller radii . In a galaxy in which the velocity 

dispersion is close to isotropic, dynamical friction not only circularizes an orbit 

(Casertano, Phinney and Villumsen 1987), but also may cause an orbit to settle 

onto the principal plane of a galaxy. 

Figure 14b shows the mass density as a function of radius of material stripped 

from the infalling galaxy. Material is stripped continuously at radii greater than 

r = 7' and dM / dD is roughly constant , as we estimated in §5.1. There is also 

material stripped at radii less than 3', the location of the innermost shell {Malin 

et al. 1983), and where the dust lane is found. However there is a gap in radii 

where no material is stripped for r = 3' -7'. This gap results from an apocenter in 

the infalling orbit . When the orbit of the infalling galaxy is sufficiently elliptical, 

there can be regions of the orbit that are far enough away from the nucleus that 

stripping will cease (Dupraz and Combes 1987). We note that Malin et al. (1983) 

had difficulty accounting for the location of this inner shell and the size of the gap 

separating it from the others assuming that Cen A resulted from one accretion 

event. The results of our integration seem to provide a natural explanation for 

this gap. 

Figure 14c displays a(r) at the present time {solid line) with t(r = 120") = 

6 0 X 107 yr since the infalling galaxy was at r = 120". The dotted line in this 

figure is a(r) from our previous model (equation 3.4) . A constant has been added 

to the result of the integration in order to match the precession angle of our 
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previous model at r = 120". The resulting precession angle a( r) is well fitted by a 

function that is proportional to of the angular rotation rate n and so is consistent 

with the precession model (Tubbs 1980}, (and the geometry we used to model the 

infrared data) but has been generated by our integration which allows the gas to 

precess since the time of stripping. Our integration confirms our result of §5.1 

that the precession angle can be well described by a function that is identical to 

the precession model in which the initial condition is a planar configuration for 

the gas. The primary difference between the results of the integration and our 

previous model (§3.1} consists of changes in inclination. 

Material from the infalling galaxy currently at radius r has angular momen

tum vector given by a(r) (Figure 14c) and w(r) (Figure 14a). At a radius r "'6', 

the orientation of the angular momentum vector has w = 45 o and a ::::::: 240°. Using 

equations (7.3) and (7.4) from (QZPP) we find this vector has a position angle on 

the sky of "' -20° which is consistent with the rotation axis of planetary nebulae 

at 8' < r < 20' observed by (Ford et al. 1989 and Hui 1990) at a position angle 

of about -25° and the rotation axis observed from HI in this same region (J. van 

Gorkom private communication). We note that this axis of rotation is coincident 

with the direction of stellar rotation observed by Wilkinson et al. (1986). Our 

integration is also consistent with the rotation axis of the gas in the inner region 

(r < 70") which has a position angle of "' 30°. We find that our integration 

provides a natural explanation for the observed large change in the position angle 

of the rotation axis. 

From our integration we estimate that the time since t he spiral galaxy was 

at the position of the outer stellar shells at "'15' (Malin et al. 1983) was 1.6 x 108 

yr. At this radius the dynamical time tv ::::::: 4.5 X 107 . This time is shorter 

than our estimate given in equation (5.11). Huang and Stewart (1987) found that 

sinking times in non-spherical potentials were significantly smaller than those in 

spherical ones. We note that our estimated time is not long enough to produce 

the number of observed stellar shells at this radius ( r "' 15 ') assuming that these 

shells originated from one accretion event . However, if material is stripped at 
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a variety of different radii (as is seen in our integration) more shells would be 

produced. At this timescale, the gas has not had time to shear out completely 

into a ring, and so the individual gas clouds stripped should not have collided 

with themselves. We do not expect the gas at this radius to have settled onto a 

planar surface. Emission from atomic hydrogen emission observed aligned with 

these shells ( J. van Gorkom, talk given at the Third Teton Astronomy Conference 

July 1992, private communication) supports our short estimate for the timescale 

since the merger, since we would expect the gas to be on the same orbits as stars 

stripped from the infalling galaxy. 

6. DISCUSSION AND SUMMARY 

In this paper we present new large scale infrared mosaics in J ,H and K of the 

dust lane of Cen A. By integrating the light of the galaxy through an absorptive 

warped disk, we successfully model the morphology and colors of our data. The 

model we used for the geometry of the warped disk is consistent with kinematics 

of the CO (QZPP) and Ha (Nicholson et al. 1992) data. 

Elongation along the direction of the soft X-ray jet in the isophotes at J and H 

is not predicted at the nucleus in our models, so we support the interpretation (Joy 

et al. 1991) of this elongation as evidence for an infrared jet. We do not observe a 

shift in the position of the nucleus (reported by Giles 1986) with respect to the K 

nucleus in our models at J and H. This shift could be caused by the circumnuclear 

disk observed by (Israel et al. 1990), which is not part of our model. 

Observed extensions of the K isophotes 30- 50" from the nucleus, are not 

predicted in our model. A likely explanation is that they are caused by emission 

from the disk. We find that it is unlikely that this emission is from HII regions 

or from red giants and supergiants in the disk, but that this emission may be 

from thermally fluctuating small hot dust grains. This is unexpected since excess 
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brightness at K in star forming galaxies is usually due to red giants and super

giants. It is surprising that the physical conditions in the disk of Cen A could be 

similar to those found in reflection nebulae, but on a galactic scale. Higher quality 

near and far infrared observations of the disk of Cen A are needed to confirm this 

possibility. 

Our model is consistent with existing X-ray observations of Cen A. In Figure 

13, we show an X-ray transmission map predicted by the model, that can be 

compared to future higher resolution X-ray observations of Cen A. We find that 

some of the high X-ray opacity near the nucleus is caused by the location of a 

fold in the gas and dust disk near the nucleus. If the orientation of the galaxy 

with respect to us were slightly different, we would expect the X-ray opacity at 

the nucleus to be reduced. Observation of a one-sided soft X-ray jet (Feigelson et 

al. 1981) is not explained by our model. 

We find that the model for the geometry of the warp needed to reproduce 

the morphology of our near-infrared mosaics, has a precession angle identical 

to that successfully used to model the kinematics of the CO data (QZPP) for 

r < 70", which is derived assuming that the disk has evolved as result of differential 

precession (Tubbs 1980). However, the disk has an inclination, with respect to 

the principal axes that is higher at larger radii than in the inner region, and so is 

inconsistent with precession from an initially planar system. Since the timescale 

needed to create the warp is short(:::::: 108 years) (Tubbs 1980, QZPP), it is unlikely 

that settling onto the principal plane of the galaxy could have occurred on this 

timescale. 

In §5, we propose a scenario in which gas stripped tidally from an infalling 

galaxy forms a ring with radius and orientation determined by the angular mo

mentum of the infalling galaxy at the time of stripping. Afterward, the gas rings 

are free to precess in the potential of the underlying galaxy. Stripping at differ

ent times during the infall produces a smoothly connected system of rings, or a 

warped geometry for the gas. In a non-spherical potential, the orbit of the in

falling galaxy is not constrained to lie on a plane, so that the resulting inclination 
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of the gas rings with respect to the principal axes of the potential is not expected 

to be constant as a function of radius. 

In §5, by considering the infall under dynamical friction of a small isothermal 

sphere into a larger one, we find that under certain conditions (the orbit of the 

infalling galaxy is close to circular and is on a plane, and the underlying galaxy has 

constant ellipticity), the resulting gas configuration is identical to that described 

by the precession model in which the gas is assumed to be initially on a plane 

(Tubbs 1980). By numerically integrating an orbit, we find that there can be large 

changes in inclination of the gas as a function of radius, but that the precession 

angle can still be described by the precession model (Tubbs 1980). We find an 

orbit that not only reproduces the changes in inclination needed to reproduce 

the morphology of our mosaics , but also reproduces the gap in the stellar shells 

observed by Malin et al. (1983). This orbit also provides a natural explanation 

for the difference in the rotation axis observed from planetary nebulae, (Ford et 

al. 1989 and Hui 1990) and HI (J. van Gorkom, private communication) in the 

outer part of the galaxy, and the rotation axis of the gas in the inner region 

(r < 7011
) . From our orbit we find that the time since the merger (since the 

infalling galaxy was at "" 15' from the nucleus) is remarkably short (1.6 x 108 

years). While observations of HI aligned with stellar shells in this region ( J. van 

Gorkom, private communication) suggest a short timescale, it is possible that we 

could have underestimated the timescale due to the crudeness of the numerical 

integration of our orbit. 

The gas in AGNs is observed to be nonplanar and misaligned from the host 

galaxy in both radio Seyferts (Unger et al. 1987; Haniff, Wilson and Ward 1988) , 

and in radio ellipticals (Sansom et al. 1987). Our scenario suggests one mechanism 

for how gas can become nonplanar and misaligned within the host galaxy. 

It has recently been proposed by Thomson (1992) that part of the spiral 

galaxy that was involved in the merger of Cen A was ejected and formed the 

Fourcade Figueroa shred (an apparently irregular blue galaxy a few hundred kilo

parsecs from Cen A) . This is a fascinating possibility. In their scenario, the core 
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of the spiral galaxy escapes after the collision and forms a dwarf elliptical galaxy. 

While it is possible that material could have been ejected during the merger, it is 

unlikely that the core of the spiral galaxy did not merge into the large elliptical 

galaxy. 

It has been suggested that warped disks could be used to probe the three

dimensional mass distribution of galaxies (Steiman-Cameron et al. 1990). We find 

that in a galaxy in which the warped disk resulted from a merger, such a study 

may be complicated by the dependence on the final configuration of the disk on 

the details of the merger. Attempts to probe the potential of host galaxies using 

stellar shells will be subject to the same complications. 

The approximations that went into our numerical integration of the orbit of 

the infalling galaxy were crude. We hope that the process of the merger of Cen 

A be will modeled numerically with anN-body code which includes gas particles. 

Such an experiment could verify our scenario, as well as investigate what happens 

when the infalling galaxy reaches the nuclear region of the underlying galaxy. 

Improvements in N-body numerical methods and hydrodynamical codes in the 

past decade, along with the present detailed knowledge of the gas and stars in 

Cen A might make reexamination of these issues exciting. 
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APPENDIX A. COMPARISON OF CO AND IR MODELS 

In this section the infrared warped model is compared to the warped prolate 

CO model of Chapter 2. In §A.1 predictions for H column density based on the 

two models are compared. In §A.2 a function for the CO integrated intensity that 

decays exponentially at large radii is fit to the CO data. In §A.3 the kinematics 

of the infrared model is discussed. 

A.1 H Column Density 

In this subsection we compare the hydrogen number densities predicted from 

the CO model integrated intensity (Chapter 2) and the infrared model dust opac

ity. Our infrared model has opacity at J of r ,...._ 0.15 for the disk if it were 

observed face on for r < 6011 (see Table 1 and §3.2). Using the conversion 

7 x 1021 NH &tomCm-2 /A(J) mag (Mathis 1990), we estimate from our model in

frared opacity that NH atom ,...._ 1021 cm-2 . Since the colors of our infrared mod

els roughly match the colors of the data, our infrared opacity is consistent with 

the line-of-sight hydrogen column densities estimated by Harding et al. (1981) 

( 4- 8 x 1021 cm-2 ). 

From our fit to the CO data we found an integrated intensity for the disk 

of,...._ 15Kkms-1 (if observed face on in the same region). Using the conversion 

factor cited in equation 5.2 of Chapter 4, we find NH atom ,...._ 8 x 1021 cm-2 which is 

consistent with the line-of-sight estimate of Phillips et al. (1988) and the estimate 

of Marston and Dickens (1988) from their far infrared observations; (assuming a 

typical galactic dust to ga.s mass ratio of 160, they find find a column density of 

NH ,...._ 1022cm- 2 ). The estimate for NH based on the dust opacity is lower than 

that based on CO emission. 

Since the molecular clouds in the disk have a low area filling factor, which 

would have a high infrared (and X-ray) opacity, one possibility is that the average 
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infrared (and X-ray) opacity is primarily determined by a more diffuse compo

nent of the ISM. This would explain why using the galactic extinction ratios (see 

§3.2) (which would not be consistent with optically thick 'bricks') is successful 

at reproducing the morphology of the infrared mosaics in the three colors. The 

assumption of a one component opacity for the infrared models then can underes

timate the gas density in the disk. We note that the FWHM of the function used 

to describe the dust opacity as a function of radius (equation 3.2) is much wider 

than FWHM of the function used to described the CO integrated intensity (see 

§5.1 Chapter 2). When using a function proportional to equation (3.2) to describe 

the CO integrated intensity, predicts an excess of CO emission at large radii when 

compared to the observations. This suggests that the less dense component of the 

ISM extends to larger radii than where we detect CO emission. We note that the 

estimate for N H based on the infrared opacity is consistent with HI observations 

outside where we detect CO (line-of-sight column densities of 10 21 -1022cm-2
, van 

Gorkom et al. 1990). Our infrared model did not include scattering by the dust, 

or the stellar component of the disk. Consideration of these processes should also 

increase an estimate of theN H based on the near infrared transmission properties 

of the disk. 

A.2 CO Surface Intensity Variation 

In this subsection we vary the form of the azimuthally averaged CO surface 

intensity as a function of radius. In our CO models we assumed a form for this 

function that was Gaussian (a function parametrized by only the dispersion). We 

chose this function originally because it is possible to fit previous CO observations 

(Phillips et al. 1987) of the integrated CO intensity as a function of distance from 

the nucleus with a Gaussian. However these observations were done with a beam 

size of 30" (FWHM) and so the integrated intensity per beam does not provide 

much information about the form of the integrated intensity function. We might 
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hope that our increased understanding of the disk geometry coupled with a fit to 

the shapes of the spectra, might be able to constrain the shape of this function. 

We consider a form for the integrated intensity that decays exponentially 

at large radii, yet is not peaked in the center (equation 3.2). This function is 

described by two constants: b, the radius at which the function begins to decay 

and an exponential decay rate, uco (which is denoted by Ur in equation 3.2). As 

stated in the previous subsection, we found that a function for the CO surface 

intensity that is directly proportional to our model J opacity (b = 80, Ur = 80) 

predicted more CO emission at large radii than is observed. A slight increase 

in the quality of the fit (which is not significant) is found with b = 40 11 and 

uco = 4011
• A function with a molecular ring (which would require even more 

parameters to describe) was not explored. The CO intensity and near infrared 

opacity of the disk is largest at the folds of the disk. A better model for the warp 

which more precisely determines the location and extent of the folds is required 

in order to measure variations in the azimuthally averaged CO surface intensity 

or dust opacity as a function of radius. 

A.3 Kinematics of the Infrared Model 

With the code that constructed the CO models (Chapter 2), we compute the 

line-of-sight velocities with the geometry for the warp used to construct the near 

infrared model. Athough the inclination of the disk for the infrared model rises 

at small radii , the inclination angle of the potential (B) is slightly lower (by 5°) 

than for the CO model (see Table 1 ), so the average inclination angle of the disk is 

similar to that of the CO model. Figure 15 displays the line-of-sight velocities and 

integrated intensities for this model. The velocity field in the inner region is similar 

to the velocity field of the prolate CO model discussed in Chapter 2 (displayed in 

Figure 8) and so agrees with the Ha velocity field (Bland et al. 1987). However, 

the integrated intensity of the model is concentrated over a smaller area on the 
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sky, and so provides an inferior fit to the CO data. A combined fit to both the 

infrared and CO data with a more realistic form for the ellipticity of the potential 

used to parametrize the warp would provide a better fit to both data sets. 

' "I know what you're thinking about," said Tweedledum; "but it isn't so, 
no-how." "Contrariwise," continued Tweedledee, "if it was so, it might be; and if 
it were so, it would be; but as it ain't, it ain't. That's logic." ' 

- Lewis Carroll, Through the Looking Gla.u 
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TABLE 1 

MODEL PARAMETERS 

Background Gala.xy Parameters 1 

p. 0.05 

ro 168" 

r1 15" 

c 

€ 00 flt (years) 

w 

Dust Parameters2 

0.15 

80" 

80 11 

Warp Parameters3 

Infrared model4 

300 

40" 

8011 

__ 6 

CO modeP 

300 

40" 

80" 

25 ±5° 
1 See §3.1 for description of parameters. 2 See 

§3.2. 3 See §3.3. 4 Displayed in Figures 7-13. 

5 From QZPP. 6 See function shown in Figure 

14a. 
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TABLE 2 

Nuclear Offsets from Star A 

b=2 b=5 

Filter ~RA ~Dec Uncertainty ~RA ~Dec Uncertainty 

J 42.89 13.08 ±0.3 42.61 12.68 ±0.3 

H 41.52 13.59 ±0.2 41.72 13.67 ±0.2 

K 41.02 13.53 ±0.2 41.22 13.48 ±0.2 

Star A is the bright star approximately 42 11 West and 1311 North of 

the nucleus. The location of the nuclear position is the centroid in a 

box of width b in pixels. A pixel is 0.89". Offsets are in arcsecs. 

TABLE 3 

Parameters for Integration of Orbit 1 

wo 35° 

6 65° 

bo 45' 

vo ( km s-1
) 410 

TJ 2 

(j./(je 1/ 3 

q 1.2 

2t(r = 120") (years) 6 X 107 

1 Displayed in Figure 14. See §5 for 

details. 2 Time since the infalling 

galaxy reached r = 120" from the 

nucleus. 
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Figure 1. J (1.24 p.m) mosaic in magnitudes per square arcsec. The range shown 

is 15.0 to 18.0 magnitudes per square arcsec. See Figure 7a for detail at the 

nucleus. 
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Figure 2. H (1.65 J.Lm) mosaic in magnitudes per square arcsec. The range 

shown is 14.8 to 17.0 magnitudes per square arcsec. See Figure 8a for detail at 

the nucleus. 
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Figure 3. K (2.16 J.Lm) mosaic in magnitudes per square arcsec. The range 

shown is 14.0 t o 16.5 magnitudes per square arcsec. See Figure 9a for detail at 

the nucleus. 
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Figure 4. Surface brightness at K in magnitudes per square arcsecond vs. r 114 . 

The points are at the average surface brightness of a wedge of the K mosaic that is 

10 degrees wide extending from the nucleus to the eastern edge of the mosaic. The 

error bar widths are determined from the scatter of the pixels used in the average, 

and the uncertainty in the underlying sky level. The solid line is the surface 

brightness from an integration of the light density we used to model our data (see 

Table 1 for the parameters of the model). The model at r < 3" (r 114 < 1.3) gives 

a poor fit to the data because the resolution of the model is 3". 
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Figure 5. Color-Color map J-H vs H-K for the pixels in the three mosaics, 

excluding the right hand side of the mosaic (those pixels with RA offset greater 

than 30" from the position of the nucleus) . The side of the mosaic was excluded 

because of the inferior quality of the data on this side of the mosaic (see §2). The 

solid line is at the slope of the reddening line and begins at the position of the 

color of an old stellar population (Frogel et al. 1978). Offsets from this line are 

not significant since they are within the photometric accuracy of our mosaic. 
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X 

Figure 6. Definition of angles used to described the warped disk. The z , y and 

z axes are the principal axes of the potential. The z1 axis is the axis of symmetry 

of the ring represented by the dotted ellipse. LOS is the line of sight. See §3.3 for 

further details. 
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Figure 7. a) J mosaic. The contour interval is 0.5 magnitudes per square arcsec-

ond with the lowest contour at the nucleus at 14.0. Brighter contours for the star 

40" to the west of the nucleus are not shown. Solid contours are at integer levels 

and dotted contours are at half integer levels. For r > 40"· from the nucleus, the 

data has been smoothed with a Gaussian with FWHM of 2". Offsets are from the 

position from the nucleus at K. North is up and East is to the left. b) J model at 

same contour levels. Parameters for this model are given in Table 1. See text for 

further details. 
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arcsecond with the lowest contour at the nucleus at 12.5. Brighter contours for 

the star 40" to the west of the nucleus are not shown. Solid contours are at integer 

levels and dotted contours are at half integer levels. For r > 40" from the nucleus, 

the data has been smoothed with a Gaussian with FWHM of 2". Offsets are from 

the position from the nucleus at K. b) H model at same contour levels. 
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Figure 9. a) K mosaic. The contour interval is 0.5 magnitudes per square 
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integer levels and dotted contours are at half integer levels. For r > 40" from the 

nucleus , the data has been smoothed with a Gaussian with FWHM of 2". Offsets 

are from the position from the nucleus at K. b) K model at same contour levels. 
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Figure 10. a) J-H mosaic. The contour interval is 0.25 magnitudes per square 

arcsecond with the highest contour at 1.75. Solid contours are at multiples of 0.5 

and dotted contours are at levels in between the solid contours. The data has 

been smoothed with a Gaussian with FWHM of 2" . Offsets are from the position 

from the nucleus at K. b) J-H model at same contour levels. 
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Figure 11. a) H-K mosaic. The contour interval is 0.2 magnitudes per square 

arcsecond with the highest contour at 0.65. The spacing between the solid contours 

is 0.4 beginning at 0.45, and dotted contours are at levels in between the solid 

contours. The data has been smoothed with a Gaussian with FWHM of 2 11
• Offsets 

are from the position from the nucleus at K. b) H-K model at same contour levels. 
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Figure 12. a) J-K mosaic. The contour interval is 0.25 magnitudes per square 

arcsecond with the highest contour at 2.5. Solid contours are at multiples of 0.5 

and dotted contours are at levels in between the solid contours. The data has 

been smoothed with a Gaussian with FWHM of 211
• Offsets are from the position 

from the nucleus at K. b) J-K model at same contour levels. 
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Figure 14. Gas configuration resulting from a numerical integration of an in

falling orbit. Parameters of the integration are given in Table 3. Angles are given 

in degrees. See §5 for details. a) The solid line is the inclination angle w( r ) re

sulting from the numerical integration. The dotted line is the function we used to 

generate the models for the mosaics (§3). b) The mass surface density (in M 0/pc) 

of material stripped from the infalling gala.xy as a function of radius. c) The solid 

line is the precession angle a( r) at the present time resulting from the numerical 

integration. The dotted line is the function (equation 3.4) with parameters given 

in Table 1) we used to generate the models for the mosaics (§3). 
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Figure 15. Kinematics of the Near Infrared Models. a) Projected model velocity 
field. Contours are 50 km s - 1 apart. The dot-dash contour is at the systemic 
velocity V.,.. The dotted contours are at velocities less than V.,,. and the solid 
ones indicate velocities larger than V,, •. b) Intensity contours. Contours are at 2, 
6, 18 and 26 percent of maximum intensity level. c) Projected orbits. Contours are 
2011 apart and are the radius on the gas plane as seen on the sky. d) Comparison 
of model to CO data. Solid lines are the data, dotted lines are the model. The 
vertical axes give the main beam antenna temperature in Kelvin and range from 
-0.1K to l.OK. The horizontal axes give velocity with respect to the local standard 
of rest , VLsR, and range from 170 to 900km s-1

. See Chapter 2 for more details 
about the data. 
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' "Cheshire Puss, ... Would you tell me, please, which way I ought to go 
from here?" 

"That depends a good deal on where you want to get to," said the Cat. 
"I don't much care where-" said Alice. 
"Then it doesn't matter which way you go," said the Cat. 
"-so long as I get .5omewhere," Alice added as an explanation. 
"Oh, you're sure to do that," said the Cat, " if you only walk long enough." 
Alice felt that this could not be denied, so she tried another question. "What 

sort of people live about here?" 
"In that direction," the Cat said, waving its right paw round, "lives a Hatter: 

and in that direction," waving the other paw, "lives a March Hare. Visit either 
you like: they're both mad." 

"But I don't want to go among mad people," Alice remarked. 
"Oh, you can't help that," said the Cat: "we're all mad here. I'm mad. 

You're mad." 
"How do you know I am mad?" said Alice. 
"You must be," said the Cat, "or you wouldn 't have come here." ' 

-Lewis Carroll, Alice'.s Adventure.! in Wonderland 

ABSTRACT 

We model the kinematics of the molecular gas in the nearly edge

on disk in M82, by considering velocity and surface density perturba

tions caused by a possible rotating kpc long bar. A model with a bar 

that has an Inner Linblad Resonance at r ,...._, 10" ,...._, 150 pc fits the 

molecular observations of the inner torus. This model is consistent 

with the angle of the bar inferred from the K (2.2pm) isophotes. The 

clouds have a cloud-cloud velocity dispersion of ""' 30 km s -l implying 

that the disk is unstable to short timescale axisymmetric perturba

tions. This is consistent with the hypothesis that the high star for

mation efficiencies in starbursts are due to the the short timescales 

of gravitational instability. It is likely that the bar has mediated the 

starburst. 
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There are serious deviations from our model at large radii. It is 

likely that there are two components of molecular material which were 

not considered by our model: (i) a component at large radii that is in 

the galactic plane and has low line-of-sight velocities due to a larger 

scale bar or due to the fact that there is a lack of molecular gas over 

a large range of radius (perhaps due to a previous interaction which 

caused a large fraction of the gas to sink into the nucleus), and (ii) a 

molecular wind with velocities of the order of the observed line widths 

(80- 120 kms-1 ). While dense gas can be accelerated in a galactic 

superwind to velocities of this order of magnitude, it is unclear how 

this gas interacts with the superwind. 

Subject heading.s: galaxies: individual (M82) - galaxies: kinematics 

and dynamics - galaxies: ISM - ISM: molecules 

1. INTRODUCTION 

The nearby1 "starburst" galaxy M82 (NGC3034, 3C231 , Arp 337) has been 

studied in almost every part of the electromagnetic spectrum. It is one of the most 

powerful infrared sources (of luminosity L 1 R = 3 X 1010 L0 , Telesco and Harper 

1980) which is interpreted to be the result of a high star formation rate. In the 

nuclear region more than 40 compact nonthermal radio sources are detected which 

are most likely young supernova remnants, implying a supernova rate of "' 0.3 

supernovae per year (Kronberg et al. 1985). M82 suffered a close collision with 

M81 and NGC3077 approximately 2 x 108 years ago, which is responsible for the 

large steamers and tails of HI linking the three galaxies (Yun 1992, Yun et al. 1993, 

1 The distance to M82 is estimated to be 3.25 Mpc (Tammann and Sandage 

1968) 
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Cottrell 1977). The results of a restricted N-body simulation of the three galaxy 

collision reproduces remarkably well the observed velocities and distribution of 

this gas (Yun 1992, Brouillet et al. 1991 ). It has been frequently suggested that 

the tidal interaction between the three galaxies triggered the starburst in the 

nucleus of M82. 

There is a high concentration of molecular of gas ("' 5.5 X 10 7 M 0 Walker 

et al. 1993, Lo et al. 1987, Knapp et al. 1980) which is located in the same vicin

ity as the central starbursting region. This double lobed molecular structure is 

thought to be in the form of a rotating ring with a radius of approximately 250 pc 

(Weliachew et al. 1984, Nakai et al. 1987, Loiseau et al. 1988, 1990, Lo et al. 1987, 

Carlstrom 1988a). High resolution observations show that the molecular mate

rial is composed of separate clumps (or associations of clumps) which have sizes 

and velocity dispersions comparable to galactic Giant Molecular Cloud complexes 

(Brouillet and Schilke 1993 (hereafter BRSC)). 

In the near infrared K or 2.2J.Lm band, there is a plateau of emission which is 

interpreted as evidence for a kpc long bar (Telesco et al. 1991 (hereafter TCJDD) , 

Larkin et al. 1993) which may have caused the molecular gas to sink into the nu

clear region. This mechanism for fueling a star burst has been predicted by numer

ical simulations of galaxy-galaxy collisions which include gas dynamics (Noguchi 

1987,1988, Barnes and Hemquist 1991). Comparison of extinction estimates based 

on near infrared colors with dust emission suggest that the molecular ring is not 

axisymmetric but possibly in the form of dustlanes leading each side of the ba.r 

(Larkin et al. 1993). The position velocity plot along the major axis of the molec

ular torus of BRSC, double peaks observed in the channel maps of 12C0(1-0) 

(Carlstrom 1988a), and a twist observed in the contours of the projected veloc

ity field of Loiseau et al. {1990) and Sofue et al. (1992) suggest that there are 

non-circular motions in the molecular gas, possibly induced by the bar. 

In this paper, by modeling the kinematics of the molecular material we 

attempt to see if peculiarities of the velocities observed in the m olecular material 

of the torus can be caused by bar induced non-circular motions. Because the 
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disk of M82 is edge on and direct observation of the bar is not possible, we use 

the simplest of assumptions for the rotating bar. We assume that the bar is a 

quadrupolar perturbation to the potential, with corotation radius near the end 

of the bar. We compare our models to 12C0(2-1) and 12 C0(3-2) maps of M82 

observed at the CSO (Caltech Submillimeter Observatory) which is presented and 

discussed more thoroughly in Walker et al. (1993) (hereafter Paper 1). 

There is also a.n extended large line width component of CO emission (Stark 

and Carlson 1982) of mass,...., 108 M0 (Lo et al. 1987) which has been interpreted 

to be in the form of a high velocity molecular outflow {Nakai et al. 1987), an 

extended halo with possible slower rotation than the galaxy (Loiseau et al. 1988), 

a rotating component displaying a decline in the rotational velocity of the galaxy 

(Sofue et al. 1992, Young and Scoville 1984) or showing tidal distortions caused 

by the M81,M82 NGC3077 interaction (Yun et al. 1993). This gas appears to be 

in the same region as ionized filaments extending out of M82's galactic plane (Mc

Carthy et al. 1987), X-ray emission (Watson et al. 1984, Fabbiano 1988, Schaaf et 

al. 1989) and other observations which are believed to be associated with a galac

tic superwind caused by the rapid star formation in the nuclear region (Tomisaka 

and Ikeuchi 1988, Heckman et al. 1990, Chevalier and Clegg 1985). This molec

ular emission may also be associated with an underlying wide velocity dispersion 

component observed in Ha spectra (Bland and Tully 1988), and a kpc circumnu

clear annulus of gas and dust observed in extinction by Waller et al. (1992) and 

in emission by Hughes et al. {1990). 

In §2 we discuss the thickness and velocity dispersion of the molecular disk. 

In §3 we describe our modeling procedure and in §4 our assumptions for bar 

induced velocity and surface density perturbations are discussed. The models are 

compared with the data in §5. Our models do not fit the data in the outer regions 

where the diffuse component is observed. Because of the lower quality of our data 

in this region, and the lack of symmetry in the distribution of this gas, we do not 

model this component however possible configurations it are discussed in §6. A 

discussion follows in §7. 
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2. THE THICKNESS OF THE TORUS 

In this section we discuss the molecular material in the plane of the galaxy. 

We note that although we refer to the gas as being in a torus, ax:isymmetry is 

not necessarily implied. By using hydrostatic equilibrium, the observed thickness 

of the torus provides a limit on the velocity dispersion of the clouds in the torus. 

Because the spectra in this region are wider than this limit, we discuss possible 

explanations. 

If the potential is dominated by a thin stellar disk then hydrostatic equi

librium requires that the stellar density p.(r, z) ex sech2 (z / h. ) with scale height 

h. 
2 

h "'~ 
• "' 1rGE (2.1) 

where u • is the velocity dispersion of the stars, and E is the mass surface density 

at radius r of the stellar disk. The molecular torus should be located at radii close 

to or less than the scale length of the disk (assuming that the stellar disk has an 

exponential form) so that we may approximate E(r) ""v~ jG1rr over the range of 

the molecular data. If the gas is a small fraction of the disk mass then the gas 

density as a function of z is approximately Gaussian, p 9 ( z) ex exp(-z2 /2h~) with 

scale height h 9 such that 

(2.2) 

where u 9 is the velocity dispersion of the gas clouds. Substituting this into the 
. . . 

previOus expressiOn gtves 
Ug h 9 

Vc ""~· (2.3) 

If the stellar scale height is greater or equal to the gas scale height then we can 

set a limit 

(2.4) 

We now use the this relation to set a limit on the velocity dispersion of the 

gas clouds composing the disk. Recent interferometric observations show that the 

integrated intensity of emission from HCN at r "" 13" has a width on the sky of 
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> ....... 3" HWHM (BRSC at 2" resolution) so that h 9 /r ....... 0.2. The rotation curve 

reaches a maximum of Vc ....... 100- 130kms-1 at this radius so that we may set 

a limit on the velocity dispersion of u 9 < 55 km.s- 1 . However the line widths 

observed in the torus are higher than this limit (Paper I , Loiseau et al. 1990, 

Carlstrom 1988a). We note the cloud complexes have line widths of less than 

30 km s-1 , (BRSC) hence the observed line widths are dominated by the bulk gas 

motions not the line widths of the molecular cloud complexes themselves (which 

may be broadened by turbulence and other processes). The high resolution {2" 

beam) spectra have similar line widths so that the large line widths are not due 

to the large beam of previous observations. 

There are a number of possible explanations for the observed wide profile 

shapes: 

(i) A bar causes non-circular motion in the gas, so that each beam position 

samples a larger range of velocities. 

(ii) Extended diffuse gas which has a larger velocity dispersion is also detected 

at the central positions increasing the observed profile widths. 

(iii) The molecular ring is expanding (similar to one possible interpretation of 

non-circular velocities observed in our Galactic Center. 

Recent estimates of extinction based on near infrared maps show that the 

extinction is higher on the eastern side of the galaxy than on the western side, 

although the concentration of dust and molecular gas is similar on either side of the 

nucleus (Larkin et al. 1993). This implies that the gas disk is not axisymmetric. 

If such a configuration is in a steady state, it is not possible for the gas to be 

in uniform circular motion. Double peaks observed in CO{l-0) channel maps 

(Carlstrom 1988a) and large line widths observed in the position velocity plot 

of molecular material along the major axis of the disk (BRSC) can either be 

interpreted as emission from an expanding gas ring, or due to non-circular motion 

induced by a rotating bar. Because the torus is not axisymmetric non-circular 

motions are a likely explanation for the large line widths. In §4 we discuss our 
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method for modeling profile shapes in a potential with a rotating bar in order to 

explore this possibility. 

3. KINEMATIC MODELING 

In this section we describe our procedure for modeling molecular line profile 

shapes. Because M82 is close to edge on, it is necessary to consider the vertical 

structure of the disk. We model our profile shapes in a fashion similar to that 

previously done by Quillen et al. (1992); however we integrate along the line of 

sight as well as over the plane of the sky, so that the integration is performed 

in three dimensions. This integration is simplified by the assumption that the 

molecular material is composed of optically thick clouds with a low volume filling 

factor, so that the probability that any cloud is blocked by another is low. Ob

servations that support this assumption are discussed in §3.2. The function we 

used to describe the surface density as a function of radius is discussed in §3.3, 

and our description for the vertical structure of the disk is discussed in §3.4. The 

projection angles for the galaxy are defined in §3.5, and the rotation curves used 

are described in §3.6. The form we chose for the rotating bar potential and the 

induced velocity and surface density perturbations are discussed in §4. 

3.1 Modeling Procedure 

Our procedure consists of doing a simulated observation in which a model 

velocity field is convolved with the beam of the CSO. Around each position on 

the sky where we have a CO spectrum, we construct a three-dimensional grid. 

Simultaneously we also make an array of velocity bins. At each position on the 

grid a mean line of sight velocity is computed, and a corresponding weight is 



95 

placed at that location in the velocity bin array. This weight consists of three 

factors: 

(i) A factor that depends on the distance between the point of the grid and the 

center of the beam. For the CSO, a Gaussian representation of the beam 

is accurate to the one percent level. We tested the sensitivity of our profile 

shapes to the beam of the telescope by changing the size of our model beam 

by a few percent. We did not see a significant difference in our model profile 

shapes resulting from this change. 

(ii) A factor that depends on the averaged surface intensity of the model disk 

at that radius and azimuthal angle (see §3.3 and §4.2). 

(iii) A factor which depends on z, the distance from the plane of the galaxy 

which describes the vertical structure of the disk (see §3.4). 

Afterwards the spectrum is convolved with a Gaussian of width determined from 

the velocity dispersion of the clouds in the gas disk. The resulting velocity array 

is a model profile shape that incorporates the finite size of the telescope beam, 

and can be compared directly to the observations. We assume that the velocity 

dispersion is constant as a function of z and r. We do not consider any radiative 

transfer effects. 

3.2 See-through Disk 

Recent high resolution multi-line molecular studies find that the molecular 

gas in the torus is hot ,....., 45K and that the 12 C0(2-1) and 12 C0(3-2) lines are 

optically thick with a maximum area filling (or covering) factor (on the sky) 

f~ ""'0.5 (Wild et al. 1992, Paper I). CO, HCN and HCQ+ observations show that 

the molecular material in the torus is in the form of dense clouds with a volume 

filling factor fv < 0.002 (Carlstrom 1988b, BRSC). These estimates of area and 

volume filling factor imply that the probability that emitting clouds are blocked 

by another one is low, and that we can see through the disk. Symmetry about 
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the nucleus of the observed projected velocity field (Carlstrom 1988a, Loiseau et 

al. 1990, Sofue et al. 1992) ( r -+ -r implies v -+ -v) is consistent with this 

assumption. For regions on the sky with a high area filling factor our model will 

overestimate the surface brightness because the opacity of individual clouds when 

they block one another is ignored. 

3.3 Surface Intensity of tbe Torus 

If the beam is filled with optically thick clouds at temperatures Tc (assuming 

LTE) that have an area filling factor fa. (on the sky) then the antenna temperature 

observed is fo.Tc. We describe the disk surface intensity as a function of radius 

in terms of the integrated intensity (integrated over all velocities) that would be 

observed if the disk were observed face on at high angular resolution. 

There is little molecular material observed within r < 5 11 of the nucleus, and 

for r > 2011
• Therefore we chose a function for the azimuthally averaged surface 

intensity as a function of radius that is flat from r1 to r 2 and decays for r < r1 

and for r > r 2 • This choice roughly follows the form of the observed integrated 

intensity; however, we note that the observed surface density may not reflect the 

azimuthally averaged surface intensity because of perturbations caused by the bar. 

The function we use for the integrated intensity as a function of radius is 

.( ) B ( r - ri)2 
lr= exp 2 

-20"1 
r < r 1 

(3.1) 

where B is the integrated intensity observed ( K km s - l) if the disk were observed 

face on at the radius of maximum surface intensity. We compare our models to 

two molecular lines hence we denote the integrated intensity maxima for the two 

lines by Bco(2 _ 1) and Bco(!-2). The line ratio between these two lines is assumed 

to be constant. 
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We have chosen a smooth function for the surface intensity as a function 

of radius. However, high resolution observations (at 2") show that the disk is 

resolved into individual molecular cloud complexes (BRSC). Since we compare our 

models to lower resolution observations the effects of these individual complexes 

is averaged. However we do expect some deviations from our model in the data 

due to individual clouds. (Individual cloud complexes may cause bright pointed 

features in the spectra not seen in the model.) 

3.4 Vertical Structure of the Gas Disk 

If the gas 1s m hydrostatic equilibrium the gas density as a function of 

distance z from the galactic plane can be approximated by a Gaussian 

(3.2) 

where h9 is the scale height of the gas disk and 

(3.3) 

where q2 = h./r is the axis ratio of the stellar (and halo) component of the galaxy. 

This assumes that the gas clouds are in a steady state and supported primarily 

by their velocity dispersion a 9 which is constant as a function of z. We use this 

function to describe the gas density as a function of z and allow q to vary. The 

circular velocity, Vc used is described in §3.6. We assume that the gas scale height 

is azimuthally symmetric. 
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3.5 Projection Angles of the Galaxy 

We describe the orientation of the galaxy with the three angles tJ, X and 

</J-.. We define X to be the position angle on the sky of the projected rotational 

axis ( z-axis) of the stellar disk (measured from the north), and iJ t o be the angle 

between the line of sight and the z-axis (i.e., the inclination of the galaxy). We 

define <P-. to be the angle between the major axis of the bar and the line of sight 

projected onto the principal plane of the galaxy. We assume that the southern side 

of the disk is more distant; this assumption is supported by observations showing 

heavier redenning on the southern side (Waller et al. 1992). When the less distant 

end of the bar is to the west of the nucleus we define </J& > 0. Our definition for 

q,, is shown schematically in Figure 1. Estimates for the inclination of the disk of 

M82 based on the ellipticity of isophotes range from tJ = 70 - 82 o (see references 

cited in TCJDD) hence we allow tJ to vary in our models within this range. From 

K isophotes at a radius of r ,...., 40" the position angle of the galaxy is found to be 

X ,...., 20° which we adopt in our models. TCJDD observe an offset of 4 ° of the K 

isophotes interior to 30" . This radius is suspected to be approximately the end of 

the bar, since a plateau of constant K surface intensity ends at this radius. From 

this TCJDD find that q,, ,...., 68° if the galaxy is at an inclination of tJ = 80°. This 

estimate is crude since the inclination of the galaxy is not accurately known and 

the angle of the K isophotes is influenced by the form of the bar and by extinction 

from dust . We allow </J& to vary in our models within 10° of this estimated value. 

3.6 Rotation Curves 

We explored two rotation curves, the first without an Inner Linblad Reso

nance (ILR) from the bar (assuming that the corotation radius is near the the 

end of the bar) and the second with an ILR. (See §4.3 for discussion on the loca

tion of the ILR and the angular rotation rate of the bar. ) Both of these rotation 
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curves are described by two parameters, a. pea.k velocity A and a. core radius r 0 • 

A is close to the maximum velocity observed and is 100- 150 km s - 1 . Previous 

observations suggest that the core radius is small (ro < 10" Loiseau et a.l. 1990, 

Carlstrom 1988a), however the bar may induce non-circular velocities, hence the 

observed velocity centroids may not accurately trace the gravitation potential. 

We therefore treat r 0 a.s a free parameter. 

The circular velocity at radius r for the rotation curve without an ILR is 

given by 
Ar 

v (r) - --;;:::===::;: 
c - ..j(r2 + r~) (3.4) 

This rotation curve is fiat for r > > r 0 and is linear for r < < r 0 . This model 

ha.s a. small ma.ss density at the nucleus and so would correspond to galaxy with 

a. small bulge. Yun (1992)'s numerical simulations of the M82, M81, NGC 3077 

encounter require a. large ma.ss for M82, and the CO and HI data. observed outside 

a. kpc radius do not support a. falling rotation curve (Min et al. 1993, Young and 

Scoville 1984) so that the rotation curve could be fiat at large radii. However 

the velocities observed in the outer positions r > 2' along the major axis of the 

galaxy show a. large decline in the rotational velocity (Sofue et a.l. 1992) so if the 

molecular ga.s is undergoing circular rotation at these radii this rotation curve will 

not accurately model the velocities observed at large radii. 

An Inner Linbla.d Resonance (ILR) could exist and would be found near 

where the bulk of the molecular material is located (Kenney et al. 1992, TCJDD). 

The second rotation curve which ha.s an ILR is given by 

vc( r) = 2A.jTrO 
(r + ro) 

(3.5) 

and ha.s a. higher ma.ss density near the core radius r 0 which would correspond to 

a central bulge component of the stellar disk. This rotation curve corresponds to 

a. spherical density distribution with a. surface density that gives a. good approxi

mation to a. de Va.ucouleurs R 11• law {Hernquist 1990). 
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4. GAS RESPONSE TO A BAR 

Because the disk of M82 is close to edge on, we do not have much information 

about the bar axis ratio, the amplitude of the quadrupole and higher moments of 

the potential, and the bulge to disk mass ratio. Because of this lack of information 

we try to keep our assumptions about the bar as simple as possible. 

4.1 Bar Potential 

We assume that the rotating component of the potential caused by the 

bar is a quadrupolar perturbation~ 1(r, ¢) = ~,(r) cos [2 (4>- 4>,)], where ~,(r) 

describes the dependence of the bar potential on radius, and 4> b is the angle of the 

major axis of the bar on the principal plane of the galaxy (see §3.5). We chose 

the following form for ~,(r) as a function of radius 

( 4.1) 

where ~0 ( r) is the axisymmetric part oft he potential and determined by the rota

tion curves described in §3.6 and fp is the ellipticity of the potential at the radius 

r, . The width CTb determines the range of range of radii where the potential has 

a significant ellipticity. Bar potentials derived from photometry of other barred 

galaxies (that are not edge on) can have a form similar to this (Athanassoula 

1992b). (rb +ub,....., R, where R, is the end of the bar (Athannassoula 1992b)). We 

assume that the core of the galaxy does not have a large ellipticity. The plateau in 

surface intensity at K extends out to,...., 3011 on either side of the nucleus (TCJDD) 

so that r, should be within this radius. The peak velocity width seen along the 

major axis of the HCN(1-0) isophotes is at r ,...., 1211 (BRSC) so we would expect 

Tb to be close to this radi.us. 
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4.2 Velocity and Surface Density Perturbations 

Gas clouds are expected to settle onto closed orbits since collisions between 

gas clouds dissipate energy. Recent hydrodynamic simulations of gas flows in 

model barred galaxies show that gas flows are intimately linked to the closed 

ballistic periodic orbits (Athanassoula 1992a). We note that a good fit to bar 

induced noncircular velocities observed in the molecular gas in the Galactic Center 

of our galaxy has been found assuming that the gas follows these periodic orbits 

(Binney et al. 1991 ). Since the velocities of the molecular data in M82 (as in the 

Galactic Center) can be roughly understood if most of the gas is in circular orbits, 

we assume that the motions induced by the bar are perturbations to circular 

motion, and so are in orbits that are near the closed periodic orbits. Recent 

observations find that the rotation of the stars and gas in the inner region is 

identical (McKeith et al. 1993). This suggests that dissipative processes may 

not significantly affect the gas velocities. The fact that stars are forming in the 

molecular disk at a high rate suggests that the velocity shear is not large. This 

also suggests that the gas orbits can be approximated by orbits that are close to 

circular. 

If the gas response to the bar is small then the first order velocity perturba

tions Vr and VifJ in the plane of the galaxy are (equations 6-30 Binney and Tremaine 

1987) 

Vr(r, rP) = ( 4~~b + 2(0 _ Ob) d!b) sin [2 (~-</>b)] 

( A.)= (4(0-0,)~, i:_d~") cos [2(¢-,P,)] 
VifJr,Y' r +20 dr 6. 

(4.2) 

where/::}.= K.2 -4(0-0,)2, 1\, is the epicyclic frequency, n, is the bar pattern angu-

lar rotation rate, and 0 is the angular rotation rate determined from the rotation 

curve (0 = vc(r) / r, see §3.6 for our adopted rotation curves). We note that we 

have neglected the force due to gas pressure. From the continuity equation (and 
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neglecting dvr/dr which should be second order), we find that the perturbation 

to the surface density ~1 is 

(4.3) 

where ~0 is the unperturbed gas mass surface density (assumed axisymmetric) at 

radius r . In our models we assume that the CO line surface intensity is propor

tional to the mass surface density. We note that the equations for the velocity 

and surface density equations diverge near the ILR. In terms of the ballistic closed 

orbits of the potential, this range of radii corresponds to where a shock causes 

gas on an z 1 orbit to plunge onto an orbit of the z2 family deeper in the po

tential (Athanassoula 1992a, Binney et al. 1991). Since the region where this is 

occurs is small, (typically a region of width less than 30Rb, where Rb is the radius 

of the end of the bar) we set the perturbations to zero over this region (where 

1.6./02 1 < 0.15). We estimate the percent of integrated intensity contributed from 

this range of radii to be less than 30% per CSO beam. 

4.3 Bar Angular Rotation Rate 

We may estimate the pattern angular bar rotation rate from the radius of 

corotation. By considering the stellar orbits near the corotation radius , Contopou

los et al. {1989) have shown that bars must end interior to this radius, and Kent 

{1990) finds that barred galaxies have a ratio of corotation radius to bar radius of 

......- 1.2. Combes and Elmegreen {1993) have found from N-body simulations that 

galaxies with larger bulge to disk mass ratios form bars with a flat density profile 

and corotation radius near the end of the bar. Since M82 has a bar with a flat 

density profile {as observed in the K isophotes TCJDD), it is likely that corota-

tion is near the end of the bar. From this we may estimate that nb ......- A/ (1.2Rb) 

where A is the maximum rotational velocity (see §3.6 for our adopted rotation 



103 

curve), and R, is the radius of the end of the bar. The plateau in surface inten

sity at K extends out to "' 30" on either side of the nucleus (TCJDD) so that 

R, "' 30" I sin <f>,. Using this estimate for n, and the rotation curve described 

in equation (3.5), we find that RILR ~ 10" which agrees with the estimate of 

TCJDD. 

5. RESULTS OF MODELING 

We compare our models to three sets of data. These data are composed of 

single disk spectra with positions in a grid centered on the 2.2J..L nucleus. The first 

set of data is a 5 x 5 position map in the 12 C0(3-2) line with a 6" spacing between 

the positions of the grid. The second map has 9 x 9 positions also in the same line 

with a 12" spacing between positions. The third set of data is a 11 x 9 position 

map in 12 C0(2-1) with a 12" spacing between positions. Though the pointing 

offset errors between individual positions in the maps is 2" - 3" the whole map 

may have a pointing offset from the position of the 2.2J..Lm nucleus as large as 

511 - 611 • When comparing the model to the profile shapes, we adjust the position 

of the whole map to account for this possible pointing offset. The offsets used are 

listed in the figure captions. The beam for the C0(2-1) data has FWHM "'30" 

and for the C0(3-2) data has FWHM "' 20". See paper I for further discussion 

about this data. 

Models are displayed in Figures 2 and 3 with parameters listed in Table 

1. Ranges of the varied parameters where a good fit to the data was found are 

also given in Table 1. No good fit to the data was found with the rotation curve 

described by equation (3.4) so details of these models are not displayed. Using the 

rotation curve given by equation (3.5) (with ILR) a model without a bar (having 

circular orbits) is displayed in Figure 2, and a model with a bar is displayed 

in Figure 3. Integrated intensity maps are shown (for comparison to HCN(1-0) 

BRSC, C0(2-1) Sofue et al. 1992 and Loiseau et al. 1990, CO(l-0) Carlstrom 
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1988a). and a projected mean line of sight velocity plot (for comparison to Figure 

3 Sofue et al. 1992) and a position velocity plot along the major axis of the gas 

(for comparison to Figure 5 BRSC and other data). Also displayed are channel 

maps (for comparison to channel maps in Carlstrom 1988a, BRSC, and Loiseau 

et al. 1990) and model spectral profile shapes compared with data presented in 

Paper I. 

5.1 Without a Bar 

Models without a bar do not fit the data or the phenomenology of the ob

servations well. No twist in the projected velocity field is predicted by the model, 

and the line widths are smaller than observed. Nevertheless some parameters of 

our models can be determined. 

The parameters of the rotation curves (see §3.6) r 0 , the core radius, and A, 

the maximum rotational velocity, were both varied for best fit to the data. We 

find that our best fitting model has close to circular orbits for r "' 25 11 so that 

the peale velocity observed at this radius is equal to A. Since the disk is close 

to edge-on, our value for A is not sensitive to the inclination 19 of the disk. Our 

best fit value for r 0 is determined by the radius where the observed line of sight 

velocity ceases to rise though we note that this observed radius can be influenced 

by the velocity perturbations caused by the bar. 

We adjusted the cloud-cloud velocity dispersion u 9 (see §3.4 and §2) so that 

the model could reproduce the finer features in the data ( u 9 < 45 kms-1 ), yet did 

not have large spikes that are not observed in the data ( u 9 > 20 km s-1 ). A good 

fit to the data was found with u9 = 30 ± 15 kms-1
. We note that the dispersion 

of the clouds may in fact be lower than this; when clouds block one another the 

width of the line shapes is larger than the velocity dispersion (F. Combes, private 

communication). Because of the high inclination of the disk, the width of the 

disk observed at high resolution is approximately twice the gas scale height of the 
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disk. The thickness of the gas disk is related to the axis ratio of the stellar disk 

(equation 3.3) so that our estimate for u 9 allows us to estimate q2 ,....., h. / r ,....., 0.4. 

This estimate for the axis ratio of the stellar disk is similar to the ellipticity of 

the observed K isophotes (Larkin et al. 1993) at r < 10". The isophotes may be 

more circular at this radius than at larger radii because of a stellar nuclear bulge. 

That we did not find a good fit to the data using rotation curve (equation 3.4) 

and did with the rotation curve with an ILR (equation 3.5) also suggests that the 

galaxy has a central bulge at r < 10". If individual molecular cloud complexes 

have sizes that are similar to the thickness of the disk, or if the velocity dispersion 

of the individual clould complexes themselves is larger than the dispersion of the 

clouds in the galaxy, we may have overestimated the scale height of both the gas 

and stellar disk. 

5.2 With a Bar 

The model with a bar has a twist in the projected mean velocity field that has 

been previously observed in projected velocity fields (see Figure 4 which displays 

the projected velocity field of Sofue et al. 1992). This twist can also be seen as 

a tendency for the intensity in channel maps around systemic velocity to allign 

at an angle that is not perpendicular t the najor axis of the disk ( se ? igure 5 

which displays channel maps from Loiseau et al. 1990). This twist causes a shift 

in the centroids of our model line profile at positions along the minor axis of the 

disk which is observed in the da a (see Figure 3d). 

The parameters that describe the range of radii of the bar potential are r b 

and u, (see §4). Bar induced velocity perturbations are highest near the ILR for 

the rotation curve given in (equation 3.5) and highest nearest r, for the other 

rotation curve. Best fits were found for r, ,....., Ub = 20" ± 10" . 

The peaks of the isophotes of the model are primarily determined by per

turbations in the surface density caused by the bar. As a result the fits to the 
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data were insensitive to the parameters describing the azimuthally averaged sur

face intensity r1, r2, u1, u2 (see §3.3) and these parameters could only be estimated 

crudely, however, our fits did required form for the surface intensity that had a 

hole in the middle. The integrated intensity between the ILR and the radius of 

corotation rcR, is highest along the bar so peaks in the observed integrated in

tensity are predicted for r = r, ± u,j2 for the rotation curve without ILR and for 

riLR < r < rcR for the rotation curve with ILR. Our models have fp = 0.06 which 

is the maximum ellipticity we allowed. Larger values cause severe departures from 

circular motion and our approximations are no longer valid. 

Because of the large beam of the data (21"- 31"), the model profile shapes 

were insensitive to the value of the inclination of the galactic disk f). However a low 

value for the inclination affected the axis ratio of the integrated intensity contours 

on the sky (see figure 1a). For fJ < 80° the model disk was wider than high 

resolution observations of the disk (BRSC, Carlstrom 1988a). On the principal 

plane of the galaxy, the model contours of constant gas density are ellipses. If the 

gas in M82 were in the form of dust lanes leading the bar (as observed in many 

face on barred galaxies, and in M82 suggested by observations in the near infrared 

Larkin et al. 1993) then a lower inclination for the disk would be consistent with 

the observed thickness of the molecular disk. 

The integrated intensity maximum of the disk when observed face on, B , 

(see §3.3) was scaled to fit the data for the two CO lines. Bco(2 _ 1) was 30% 

higher than Bco(3 _ 2)· This small difference between the temperature of the two 

lines is consistent with the assumption that the disk is composed of optically 

thick clouds (Wild et al. 1992). Most of the area on the sky in these model 

channel maps is at a temperature less than 20K. If the average cloud excitation 

temperature is 45K (Wild et al. 1992) then these areas on the sky have area filling 

factor of "" 0.5 (for clouds in the given velocity channel) and our approximation 

of a see-through disk (see §3.2) overestimates the intensities by a factor of ,..... 

10% (assuming Poisson statistics). For areas on the sky in the channel maps 

above 20K, our approximation of a see-through disk more severely overestimates 
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the peak intensities. However the area on the sky where this happens is small. 

For the most part our approximation of a see- through disk is a reasonable one. 

Differences between the profile shapes and integrated intensity on either side of 

the nucleus may be in part due to the opacity of the disk (if the gas density is not 

axisymmetric). 

The mass surface density of the disk can be estimated from our model value 

of the maximum integrated intensity that would be measured if the disk were 

observed face on (B) and by using the empirical relation for the H 2 column density 

(5.1) 

where leo is the integrated antenna temperature of the CO(l-0) line and the 

constant of proportionality 

(5.2) 

for optically thick molecular clouds in the Galactic disk (Scoville and Good 1989). 

We note that the molecular clouds are different in M82 than in our galaxy so that ~ 

may differ in M82. For optically thick clouds the antenna temperatures in C0(2-

1) and CO(l-0) are approximately the same (as is observed Wild et al. 1992). 

Using these relations with leo "'500K kms- 1 for our best fitting model, we find 

that the maximum azimuthally averaged molecular gas mass surface density is 

(5.3) 

Our value for the total mass in the torus is "' 7 x 10 7 M 0 which agrees previous 

estimates ("' 5.5 x 107 M 0 Walker et al. 1993, Lo et al. 1987, Knapp et al. 1980). 

Axisymmetric stability to gravitational perturbations in a gas disk requires that 

Q > 1 where 

Q= Uglt . 

1rG~o 
(5.4) 

Using our estimate of the cloud-cloud velocity dispersion u 9 and approximating 

the epicyclic frequency K. "" ..;2Ajr we find that Q "' 0. 7 which implies that the 

gas disk is unstable to perturbations (as would be expected from the observed 
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high star formation rate) . The instability has a time scale of ""' Q j K. ""' 10 s years. 

We note that though these estimates are crude, they are nevertheless consistent 

and also support Larson (1987)'s suggestion that the high efficiency of star form~ 

tion in starburts is due to the short time scale of gravitational instabilities. Gas 

circulating in the disk will be compressed by the bar approximately once every 

4 x lOs years {'n-/ (0 -0,)) which suggests that there may be a difference in angle 

in the plane of the galaxy between supernovae (which take "' lOs years to occur) 

and the major axis of the bar. This may account for the anticorrelation between 

the observed supernova remnants and the dense molecular cloud cores (BRSC). 

The rotation curve with an ILR gives a surprisingly good fit to the data. Our 

modeling procedure is successful at reproducing the observed spectra in the inner 

region and reproduces the large line widths of the high resolution observations 

(BRSC, Carlstrom et al. 1988a) and yet the t hickness and velocity dispersion of 

the disk are not large and so are consistent with high resolution observations. 

The large extent of the intensity contours in each of the channel maps (Carlstrom 

1988a, Figure 2 BRSC) and the triangular shape in t he position velocity plot 

(Figure 3 BRSC, Carlstrom 1988a) are also predicted by our model. The ILR 

of this model coincides with a plateau observed in K isophotes (TCJDD). Since 

the near infrared colors do not differ remarkably in this region, it is unlikely that 

recent star formation is responsible for this plateau (Larkin et al. 1993) so this 

inner plateau may reflect a larger stellar density. Inside t he ILR stellar orbits 

will also be aligned perpendicular to the bar which could cause the sharp jump 

observed in the K surface brightness at this radius. 

The peaks in the data are higher than those in the model. Our model may 

lack these peaks since our model disk is not made up of individual molecular cloud 

complexes. Peaks in the integrated intensity "' 20% higher than the average that 

are "' 10" apart are observed in HCN(l-0) (BRSC) so differences of this order 

between our model and the CO data would not be unexpected. Our model has 

an arbitrarily chosen form for the azimuthally averaged gas surface density as a 

function of radius (see §3.3) . A more accurate function would give a better fit to 
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the data. A model that considers strong surface density variations caused by the 

bar as well as CO opacity may also improve the fit to the data. 

6. EXTENDED EMISSION 

There is a component of emission which extends out of the galactic plane and 

to large radii along the major axis of the galaxy which is not present in our models. 

This component has very wide profiles shapes of width 80- 120 kms -l FWHM. 

The profile shapes in the outer region vary only slightly from beam position to 

beam position unlike the profile shapes near the nucleus. The centroids of the 

outer profile shapes are close to systemic velocity showing little rotation (Sofue 

et al. 1992, Loiseau et al. 1990, Young and Scoville 1984). The mean velocities 

on southern side of the galaxy are redshifted by "' 30 km s -l . This has been 

interpreted as evidence for a molecular outflow (Nakai et al. 1987). This diffuse 

component is brighter on the Eastern side of the galaxy and seems to be correlated 

with both ionized filaments and optical dustlanes (Yun et al. 1993, Carlstrom 

1988a). The morphology of the integrated intensity of the extended emission is 

not symmetrical about the nucleus (Yun et al. 1993, Sofue et al. 1992). 

6.1 Material Stripped Tidally 

It is possible that this gas is gas stripped tidally due to the M82, M81, 

NGC3077 tidal interaction. Stripped material is not in circular motion, so it will 

not rotate with the galaxy. It is then possible that the line-of-sight velocity of 

stripped material could be close to the the systemic velocity as we observe for 

the diffuse extended molecular material. However material stripped tidally from 

the outer parts of a galactic disk is observed to have small line widths (Hibbard 

and van Gorkom 1992 in NGC 7252 and NGC 3921 , Yun 1992, Yun et al. 1993 
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in HI tails between M81 and M82). HI and CO emission from gas far from the 

nucleus (r > 3') along the major axis of M82 is observed to have small line widths 

(30- 60 km s-1 (Yun et al. 1993), Sofue et al. 1992) unlike the larger line widths 

observed in our data at smaller radii. The HI intensity maps at these larger radii 

also shows that the galactic plane of M82 begins to warp at r > 3' (Yun et al. 

1993). The low line width material near the galactic plane at r > 3' is probably 

material stripped tidally from the gala.xy, whereas the large line width material 

nearer to the nucleus is not . 

Gas interior to the tidal radius may have been strongly affected by the tidal 

encounter with M81 (or perhaps by passing through the outer part of M81's disk, 

Yun 1992). We note that if the circular velocity at r = 2' is "" 100 km s-1 then 

the rotational period is "" 108 years which is similar to the time since the closest 

approach of M81 and M82 (Cottrell1977, Yun 1992). Because of the slow rotation 

at these radii, non-axisymmetric disturbances in the disk caused by the interaction 

may still be present. This may in part account for the lack of symmetry about 

the origin in the observed CO integrated intensity. 

6.2 Gas in the Galactic Plane 

The large line widths observed in this gas suggest that either the gas is 

not confined to the plane of the gala.xy or it is not undergoing circular motion. 

We first consider the possibility that a component of this the gas is found in the 

galactic plane. A large scale warp is unlikely because no tilt is observed in either 

the optical isophotes or the CO integrated intensity contours for r < 31 (Sofue et 

al. 1992). It is unlikely that perturbations from spiral arms on the galactic plane 

could cause the appearance of both a lack of rotation and large line widths over 

such a large range; however a large scale tidally induced bar (larger scale than 

the one considered in this paper as suggested by Yun et al. 1993) could possibly 

account for these observations. If there is a lack of molecular gas over a range of 
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radii (e.g., 0.5' .:::;; r .:::;; 1.5') (resulting from a previous large scale inflow into the 

nucleus) and a significant amount of gas remains at larger radii, then the observed 

low rotational velocities along the major axis of the galaxy could be from gas far 

from the nucleus that is undergoing circular motion. We note that in all cases the 

velocities observed may not accurately trace the potential of the galaxy so that 

Sofue et a.l. 1992's interpretation of the low rotational velocities as evidence of a 

small mass for M82 may not be entirely consistent. 

6.3 Gas Above the Galactic Plane 

Since there is a significant amout of dust emission observed above and below 

the galactic plane (Hughes et a.l. 1990) and the CO emission is correlated with Her 

filaments and optical dustlanes, there must be a component of molecular gas above 

and below the galactic plane. The correlation with filaments and dust suggests 

that the molecular gas has origin from the galactic plane and is associated with the 

starbursting region. Our molecular spectra do not show the double peak: (with 

separation bet ween the peaks of "' 200 - 300 km s - 1 
) observed in H a spectra 

along the minor axis of the galaxy {Heckman et al. 1990, Axon and Taylor 1978) 

so that this molecular component not outflowing at the high velocities of the 

atomic component. 

Clouds can be accelerated by a hot superwind to a velocity of 

£ 1/ 2 -112N-112 km -1 
Vclo"d = 400 bol,ll rkpc 21 S (6.1) 

(see the excellent review by Heckman et al. 1992) where N21 is the column densit y 

of the clouds in units of 1021 em - 2 , Lbol,ll is the bolometric luminosity of the 

starbursting region in units of 10 11 L 0 {which for M82 Lbol,ll "" 0.3 as estimated 

from LIR) and Tlcpc is the initial location of the clouds. Dense molecular clouds 

with number densities ,...., 103 - 108cm-3 (such as are found in the torus) and 

1 - 20 pc size scales located above the galactic plane would be accelerated to 
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lower speeds than the atomic component to velocities of the order of the observed 

profile widths (10- 200 km s - 1 ) (but not to the large velocities suggested by N a.kai 

et al. 1987). Shocks driven by the wind into the molecular material will also heat 

the clouds, but if the clouds have a high density they will not be heated to high 

temperatures. 

The pressure and the ambient radiation field determine whether molecular 

clouds will be disassociated. The pressure in the molecular clouds in the torus 

range from 10-12 < P < 10-~ dyne cm-2 assuming that the number density 10 3 < 

n < 105cm-3 and 20K < T < 40K, while the pressure in the high temperature 

(""" 107 K) gas above the plane is P """ 3 x 10-12ry- 112 dyne cm-2 where 1J is 

the volume filling factor of the X-ray emitting gas (Fabbiano 1988). The high 

pressure in the wind coupled with a less intense radiation field suggests that the 

molecular material may not be disassociated above the galactic plane. If there 

is a poloidal magnetic field geometry in the high temperature gas (Reuter et al. 

1992), conduction between the hot and cold gas will not be important, however 

turbulent mixing between the high and low temperature phases (Begelman and 

Fabian 1990) may affect the evolution of the wind (e.g., by lowering the cooling 

time of the hot gas) and set the observable emission line ratios (e.g., Slavin et al. 

1992). 

It is difficult to differentiate between molecular gas clouds that are at large 

distances from the nucleus and clouds that are associated with the superwind. 

However, high resolution multi-line spectra observations should be able to tell the 

difference between these two components using temperature and pressure diag

nostics. The amount of dust emission observed above and below the disk (Hughes 

et al. 1990) suggests that most of the CO detected above and below the disk 

(107 - 108 M0 ) is material that has been ejected from the disk. This would imply 

that a large portion of the gas that could be forming stars has been ejected from 

the disk. This would severely lower estimates of the star formation efficiency of 

the starburst (Rieke et al. 1980). 
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1. SUMMARY AND CONCLUSION 

In this paper we model the kinematics of the molecular gas of the nearly 

edge-on disk in M82. A model with velocity perturbations caused by a bar that has 

an Inner Linblad Resonance at r "' 1011 
"' 150 pc fits the molecular observations 

remarkably well. This model predicts the large line widths that are observed, and 

yet the model disk is not thicker than observed. This model has the bar orientation 

angle consistent with the angle of the K isophotes interior to the end of the bar. 

The two-lobed appearance in the integrated intensity contours is primarily caused 

by non-axisymmetric perturbations in the gas surface density. The clouds have a 

cloud-cloud velocity dispersion of ~ 30 km s-1 implying that the disk is unstable 

to short timescale axisymmetric perturbations. This is consistent with Larson 

(1987)'s hypothesis that the high star formation efficiencies in starbursts are due 

to the the short timescales of gravitational instability. It is likely that the bar 

mediated the starburst by causing gas in the outer parts of the disk to sink into 

the nucleus. 

There are serious deviations from our model at large radii along the major 

axis of the galaxy and above and below the galactic plane. It is likely that there 

are two additional components of molecular material which were not considered 

by our model: (i) a component at large radii that is in the galactic plane and has 

low line of sight velocities due to a large scale bar or due to the fact that there 

is a lack of molecular gas over a large range of radius. (This is perhaps because 

of a previous interaction, which caused a large fraction of t he gas to sink into 

the nucleus.) (ii) A molecular wind with velocities of the order of the observed 

line widths (80- 120 kms- 1 ). While dense gas can be accelerated in a galactic 

superwind to velocities of this order, it is unclear how this gas interacts with the 

superwind. High resolution multi-line observations of the molecular gas above and 

below the disk may be able to differentiate between the two molecular components 

and study the nature of the molecular material in the wind. Studies of emission 
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lines may find evidence of mixing between the phases of the wind (Slavin et al. 

1993). 

We regard this investigation as a first attempt to model the kinematics of this 

complex galaxy. Future models should be compared to existing higher resolution 

molecular data and should use the observed K surface intensity to estimate the 

potential of the galaxy. It is difficult to compare M82 with the results of fluid 

codes (such as explored by Athanassoula 1992a) because the galaxy is edge on and 

direct measurement of the morphology of the molecular gas and bar is not possible. 

Nevertheless, we hope that understanding gained from comparing observations of 

galaxies that are not edge-on to the results of this type of simulations will help us 

better understand edge on galaxies such as M82. The detailed knowledge of the 

M81,M82, NGC3077 interaction may soon permit exploration through N-body 

codes of the formation and subsequent evolution of the bar in M82. Since the 

mass of the gas is ,..... 10% of the dynamical mass in the nucleus, it is likely that 

the process of causing the the gas to sink into the nucleus has caused the bar to 

evolve on short timescales. 
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APPENDIX A. OBSERVATIONS 

Observations of M82 in the J = 2 -+ 1 and J = 3 -+ 2 transitions of 12 CO 

were made at the Caltech Submillimeter Observatory (CSO) on Mauna Kea in 

1989 March. A description of the CSO can be found in Phillips et al. {1987). 

At rest frequencies of 230 GHz and 345 GHz the beam size is 30" FWHM and 

20" FWHM respectively. The velocity resolution for the C0(2-1) observations 

was 1.3kms-1 over a range of 650kms-1 and for the C0{3-2) observations was 

0.85kms-1 over a range of 430kms-1 . The spectra were centered at VLsR = 

220kms-1 (which is approximately the systemic velocity of M82 (VLsR = 230 ± 

10hn.s-1 Loiseau et al. 1990). 

We obtained three sets of observations, a 11 x 9 position map in C0(2-1), a 

9 x 9 map in C0{3-2) and a 5 x 5 map in C0(3-2) with smaller spacing. Data were 

obtained on a grid on the sky along the east-west direction (not along the major 

axis of the galaxy). The spacing between the positions in the grid for the 11 x 9 

C0{2-1) and 9 x 9 C0(3-2) maps was 12", and for the 5 x 5 C0{3-2) maps was 611
• 

We note that this spacing is smaller than the beam for both frequencies. The grid 

is centered at the position of the 2.2j'm emission peak: RA(1950)= 9h51 m43• .9 

and DEC(1950)= 69°55'01" (Rieke et al. 1980). The central 7 x 7 positions of 

the map in C0(2-l) were observed on March 7, whereas the outer positions were 

observed on March 27. The central 7 x 7 positions of the 9 x 9 map in C0{3-2) 

were observed March 25, and the outer positions were observed March 26. The 

5 x 5 C0{3-2) map was observed on March 26. The data are displayed in Figures 

1, 2. The data were calibrated by the usual ambient/ chopper technique. The data 

were divided by the main beam efficiencies, 1JMB = 0.72 (C0(2-1)) and 1J = 0.6 

(C0(3-2)), as determined by continuum measurements of planets and a linear 
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baseline was removed from the data. On source integration times range from 2 

minutes near the nucleus to 3 minutes in the outer parts of the maps. There 

may be a relative pointing offset between individual spectra observed on different 

nights as large as 5 - 10 11
• However pointing offsets between individual spectra 

taken on the same night should be less than 2 - 3". We checked our pointing 

every night by making sure that at the nuclear position, we could clearly see the 

double peaked profile shape centered at the systemic velocity. 

' 'Twas brillig, and the slithy toves 
Did gyre and gimble in the wabe: 
All mimsy were the borogoves, 
And the mome raths outgrabe. 

"It seems very pretty," she said when she had finished it, "but it's rather 
hard to understand!" (You see she didn't like to confess, even to herself, that she 
couldn't make it out at all.) "Somehow it seems to fill my head with ideas- only 
I don't exactly know what they are!. .. " ' 

- Lewis Carroll, Through the Looking Gla.s.s 
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TABLE 1 

MODEL PARAMETERS1 

Rotation Curve2 

A( kms- 1 ) 

V .. y.( kms- 1
) (LSR) 

ro('') 

r1(") 

r2(") 

0'1 (") 

0'2 (") 

r6(11
) 

0'6(") 

€,(") 

Surface Intensity of Torus3 

Projection Angles4 

Bar Parameters5•7 

n6(1o- 7 yr-1 ) 

Thickness Parameters 6 

140 ± 15 

220 ± 10 

15 ± 8 

500 ±50 

10 ± 3 

15 ± 5 

5 ±3 

10 ± 5 

20° ± 5 

80° ± 5 

60° ± 15 

15 ± 10 

15 ± 10 

0.06 

2.2 

0.4 ± 0.2 

25 ± 15 

1 See §5 for discussion of the sensitivity of the 

parameters and comparison to the data. 2 See 

§3.6 for description of parameters. 3 See §3.3. 

4 See §3.5. 5 See §4. 6 See §3.4. 7 These 

parameters are only used in the model with the 

bar. 
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• cpb 

LOS 

Figure 1. Definition of the bar angle q,,. This figure shows the bar (represented 

by the ellipse) in the plane of the galaxy. LOS is the line of sight. The dotted line 

follows the major axis of the bar. The circle in the center shows the direction of 

galactic rotation. The nearer side of the bar is to the west of the nucleus on the 

sky. 
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Figure 2. The model without a bar. Model parameters are given in Table 1. 
a) Model integrated intensity map at a resolution of 2" . The contour interval is 
500Kk.ms-1 . The axes are in arcsecs from the 2.2pm nucleus. b) Mean model 
projected velocity map at a resolution of 2". The mean velocity is the intensity 
weighted mean of the line of sight velocity. The contour interval is 20 km. s - 1 . 

Solid lines are at velocities greater or equal to the systemic velocity and dotted 
lines are at velocities lower than systemic velocity. The axes are in arcsecs from 
the 2.2p nucleus. The 20" beam is displayed as a circle in the lower right hand 
corner. c) Model position velocity map along the major axis of the gala.xy in a 
strip on the sky of 8" wide (for comparison to Figure 5 of BRSC). The contour 
interval is lOK. The horizontal axis is in arcsec and the vertical axis is in kms - 1 

(VLSR). 
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Figure 2d) Model channel maps. The contour interval is !OK. The central 

velocity for each channel (VLSR) is written on the top left hand corner of each 

map. The axes are in arcsecs from the 2.2p. nucleus. 
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Figure 2e) Comparison of 12 CO observations with the model without a bar. 

Individual spectra of 5 x 5 grid in 12 C0(3-2). The data were taken on a north

south, east-west grid with a grid spacing of 6" between positions centered at the 

2.2J..'m nucleus. The velocity resolution displayed here is 10 kms - 1 . The vertical 

axis is given in antenna temperature, the horizontal axis in kms - l (VLSR). The 

dotted line is the model and the solid line is the data. 
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Figure 3. The model with a bar. Model parameters are given in Table 1. a) 

Integrated intensity map. b) Projected velocity map. c) Position Velocity map 

along the major axis. See Figure 2 caption and text for further details. 
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Figure 3d) Model channel maps. 
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Figure 3e) Comparison of 12 CO observations with a model with a bar. Individual 

spectra of 5 x 5 grid in 12 C0(3-2). The dotted line is the model and the solid line 

is the data. 
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Figure 3f) Comparison of 12CO observations with a model with a bar. Individual 

spectra of 9 x 11 grid in 12C0(3-2). The grid spacing is 12" between positions. 

The data has a pointing offset so that the central position of the map is -5" to 

the west and -511 to the north of the 2.21'm nucleus. Axes are the in the same 

units as Figure 2e. The dotted line is the model and the solid line is the data. 
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Figure 3g) Comparison of 12CO observations with a model with a bar. Individual 

spectra of 9 x 9 grid in 12 C0(2-l). The grid spacing is 12" between positions. 

The data has a pointing offset so that the central position of t he map is -5 11 to 

the west and -5" to the north of the 2.2~m nucleus. Axes are the in the same 

units as Figure 2e. The dotted line is the model and the solid line is the data. 
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Figure 4 Mean velocity field from Sofue et al. (1992). The z direction is along 

the major axis of the galaxy. 
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Figure 5 Channel maps from Loiseau et al. (1990). The horizontal direction is 

along the major axis of the galaxy. 




