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A b s t r a c t 

In t h e las t five y e a r s , mi l l imete r -wave in t e r fe romet ry has clearly shown t h e 

ex i s t ence of e n o r m o u s masses ( Ι Ο 9 — Ι Ο 1 0 M©) of molecu la r gas c o n c e n t r a t e d 

in t h e nuc lea r regions (R < 500 p c ) of m a n y l uminous a n d u l t r a - l u m i n o u s 

infrared ga laxies . In t he se s y s t e m s , molecu la r gas is an obvious source of fuel 

for nuc l ea r s t a r b u r s t s a n d ac t ive ga lac t ic nuclei ( A G N ) . For nea re r , lower-

l u m i n o s i t y sy s t ems t h e r e exis ts less s y s t e m a t i c cha rac t e r i za t i on of e i the r 

t h e p r o p e r t i e s or t h e s t r u c t u r e of t h e nuc lea r gas . Here we review recen t 

r esu l t s on t h e molecu la r gas in t h e nuclei of two nea r , lower- luminos i ty 

s y s t e m s ( M 5 1 a n d N G C 1068) a n d con t ra s t these resu l t s w i th t hose for t h e 

bes t s t u d i e d u l t r a - l u m i n o u s I R A S ga laxy , A r p 220. For all t h r e e ga lax ies , 

t h e r e now exis ts C O ( 2 - l ) i n t e r f e rome t ry a t h igh reso lu t ion which reveals , 

for t h e first t i m e , disks of ex t r eme ly dense , highly exc i ted gas on scales of 

50-300 p c . T h e s e s t r u c t u r e s va ry in the i r levels of a x i s y m m e t r y , t h i c k n e s s , 

a n d d u m p i n e s s . However , t h e y share t h e abi l i ty t o ex t ingu i sh op t ica l a n d 

near - in f ra red emiss ion from act ive or s te l lar nuclei a n d p e r h a p s t o co l l imate 

r ad io j e t s a n d ionized outf lows. W i t h i n t h e nuc lear regions of t hese t h r e e 

ga lax ies , t h e molecu la r gas cons t i t u t e s 10-50% of t h e t o t a l m a s s , w i t h t h e 

m o s t l u m i n o u s sys t ems h a v i n g t h e h ighes t gas mass- f rac t ions . 

1 . I n t r o d u c t i o n 

T h e cr i t ical role p layed by dense molecu la r gas in t h e ac t iv i ty of ga lac-

t ic nuclei h a s been a p p r e c i a t e d only in t h e last decade . T h i s gas , wh ich 

is v i r tua l ly u n d e t e c t a b l e v ia 21 cm HI obse rva t ions (except in r a r e cases of 

a b s o r p t i o n ) , ha s now been s tud ied a t mi l l imeter wave leng ths by b o t h single 

d ishes a n d a p e r t u r e syn thes i s , t h e l a t t e r achieving < 1" reso lu t ion in recent 

work . Molecu la r l ine obse rva t ions have revealed masses of in te r s t e l l a r gas 

typ ica l ly 10-100 t i m e s those previously inferred from 2 1 c m obse rva t ions , a 
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fact wh ich is no t a surpr i se if one considers t h e re la t ively large a b u n d a n c e of 

molecules in t h e nuc leus of t h e Ga laxy . However , desp i te some s imilar i t ies 

w i t h t h e nuc leus of t h e Ga laxy , h igher - luminos i ty ga lac t ic nuclei can har -

b o r molecu la r gas w i t h qu i t e different p rope r t i e s , n o t a b l y a h igher dens i ty 

(as ev idenced by t h e re la t ively s t r o n g h igh dipole m o m e n t molecu la r l ine 

emiss ion) a n d a s t r u c t u r e which is con t inuous a n d disk-like ( r a t h e r t h a n 

c l u m p e d in d i sc re te , se l f -gravi ta t ing G M C s ) . 

In t h e m o r e l u m i n o u s sy s t ems , t h e la rge masses of molecu la r gas a re 

u n d o u b t e d l y respons ib le for t h e prodig ious s t a r b u r s t ac t iv i ty a n d very likely 

r e spons ib le for feeding m a s s i n t o cen t ra l , pc-scale A G N accre t ion disks . T h e 

gas is i m p o r t a n t no t only because it can form s t a r s ; it is also ex t r eme ly 

d i s s ipa t ive a n d efficient in r a d i a t i n g bu lk ro t a t i ona l energy a n d t r ans fe r ing 

a n g u l a r m o m e n t u m t o la rger rad i i . Desp i te i t s energet ic e n v i r o n m e n t , t h e 

molecu la r gas p r o b a b l y r e m a i n s a t t e m p e r a t u r e s of less t h a n 100 Κ d u e 

t o e x t r e m e l y effective cooling in molecu la r lines a n d t h e assoc ia ted d u s t 

c o n t i n u u m . T h e bu lk of t h e far- infrared luminos i ty can b e cha rac t e r i zed 

by color t e m p e r a t u r e s 40-80 K, a n d t h e masses of dus t der ived from t h e 

far- infrared opac i t y a re cons i s ten t w i th t h e molecu la r gas masses a s s u m i n g 

r e a s o n a b l y s t a n d a r d gas - to -dus t a b u n d a n c e ra t ios (100-500 by m a s s ) . 

In t h e following review, we c o n c e n t r a t e on recent h igh- reso lu t ion obser-

va t ions of t h r e e ga lac t ic nuclei : M 5 1 , N G C 1068, a n d A r p 220. T h e s e t h r e e 

a r e chosen b e c a u s e t h e y compr i se a sequence of increas ing nuc lear l uminos -

i ty a n d p r e s u m a b l y inc reas ing act iv i ty , a n d because recent s tud ies of t hese 

s y s t e m s have yie lded t h e h ighes t possible spa t ia l reso lu t ion . Desp i t e t he i r 

va ry ing luminos i t i e s a n d gas masses ( b o t h r ang ing over factors of 1 0 3 ) , t h e y 

exh ib i t s t r o n g s imilar i t ies in the i r molecu la r m o r p h o l o g i e s - specifically, nu-

clear disks w i t h radi i 50-300 p c . A l t h o u g h it is unl ikely t h a t t h e y r ep re sen t 

an e v o l u t i o n a r y sequence , i t is clear in each case t h a t t h e dense in t e r s t e l l a r 

gas is a p r i m e ingred ien t in a n d d e t e r m i n a n t of t h e nuc lea r ac t iv i ty . 

2 . M 5 1 

M 5 1 is one of t h e nea re s t galaxies (a t 9.6 M p c , 1" = 47 pc ) w i th clear , low-

level nuc lea r ac t iv i ty . A poin t - l ike nuc lea r r ad io source is seen wi th a b ipo l a r 

j e t ( C r a n e a n d v a n der Hüls t 1992) , a n d opt ica l spec t roscopy reveals n a r r o w 

emiss ion l ines in t h e two r ad io lobes e x t e n d i n g ou t t o a p p r o x i m a t e l y 10" 

r a d i u s (Cecil 1988). In a d d i t i o n , imag ing wi th t h e H S T reveals X - s h a p e d 

d u s t l anes cen te red on t h e nuc leus e x t e n d i n g t o 1" r a d i u s (Ford 1993). 

3 m m C O a n d H C N emiss ion has been m a p p e d in t h e cen t r a l region of 

M 5 1 by K o h n o et al (1996) a n d Helfer a n d Bli tz (1997) a t 4 " a n d 7" 

reso lu t ion respect ive ly . B o t h molecu la r l ine s tud ies show red- a n d b lue-

shif ted emiss ion s t r a d d l i n g t h e r ad io je t a t a p p r o x i m a t e l y t h e s a m e pos i t ion 
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Figure 1. T h e i n t e g r a t e d C O ( 2 - 1 ) e m i s s i o n ( h e a v y c o n t o u r s ) from Scov i l l e e£ a/. ( 1 9 9 7 a ) 
a n d 6 c m rad io c o n t i n u u m ( l ight c o n t o u r s ) from C r a n e and van der Hül s t ( 1 9 9 2 ) are 
s h o w n s u p e r i m p o s e d o n t h e H S T H a i m a g e (Ford et al. 1997) for t h e n u c l e u s of M 5 1 . 
T h e C O e m i s s i o n w a s i n t e g r a t e d over all c h a n n e l s c o n t a i n i n g s igni f icant l ine e m i s s i o n 
( 4 0 0 — 6 2 0 k m s - 1 ) , a n d t h e c o n t o u r s are a t 1 0 % of t h e p e a k . 

angle as t h e m o r e o p a q u e a r m of t h e " X . " 

Recen t ly , Scoville et al. (1997a) have o b t a i n e d 1" reso lu t ion images of 
t h e C O ( 2 - l ) emiss ion . In F igure 1, t h e t o t a l C O ( 2 - l ) emission i n t e g r a t e d 
over t h e cen t r a l 2 2 0 k m s - 1 is shown s u p e r i m p o s e d on t h e H S T H a i m age 
(Fo rd et al. 1997) a n d t h e 6 cm rad io c o n t i n u u m ( C r a n e a n d van der Hüls t 
1992) . C O emiss ion is e x t e n d e d wi th a ma jo r axis r ad ius of 31 p c . T h e 
emiss ion is clearly resolved since t h e ind iv idua l velocity channe l m a p s show 
a s y s t e m a t i c shift in t h e emission veloci ty cen t ro id . 

T h e p e a k flux in t h e n a r r o w b a n d channe l m a p s implies a b e a m - a v e r a g e d 
b r i g h t n e s s t e m p e r a t u r e of 5.1 Κ a t 1.3 m m . A s s u m i n g a s t a n d a r d ga lac t ic 
CO-to-H2 convers ion r a t i o , t h e molecu la r gas m a s s a t R < 70 pc is 7.7 X 
1 0 6 Μ Θ . If t h e observed k i n e m a t i c g rad ien t is i n t e r p r e t e d as an edge-on 
disk ( i .e . n o inc l ina t ion cor rec t ion) , t h e n t h e impl ied d y n a m i c a l mass for 
t h e s a m e region is 3 Χ 1 0 8 Μ Θ . T h e b e a m - a v e r a g e d gas dens i ty wi th in t h e 
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c e n t r a l region is a p p r o x i m a t e l y 8000 c m " 3 a s s u m i n g filling factor > 0.1 in 

t h e b e a m . ^ F r o m t h e obse rved l inewid th in t h e cen t ra l b e a m , t h e m a s s 

in t e r io r t o 47 pc r a d i u s is 2 χ 1 0 8 Μ Θ . 

T h e loca t ion of t h e C O emiss ion a long t h e side of t h e r ad io j e t sugges ts 

t h a t t h e dense molecu la r gas m a y col l imate t h e j e t a long an axis p e r p e n -

d icu la r t o t h e o rb i t a l p l a n e of t h e molecules . T h e p ressure of t h e r ad io j e t 

h a s b e e n e s t i m a t e d t o b e ~ 1 0 ~ 9 d y n c m " 2 ( C r a n e a n d van der Hüls t 1992), 

a n d for molecu la r gas a t 50 K, t h e dens i ty requi red for equ i l ib r ium wi th th i s 

p r e s su re is ~ 1 0 5 c m - 3 . Th i s dens i ty r equ i r emen t is no t very different from 

t h e b e a m - a v e r a g e d gas dens i ty e s t i m a t e d above , a n d densi t ies a p p r o a c h i n g 

1 0 5 c m - 3 a r e cons i s t en t w i th t h e re la t ively s t r ong H C N emission ( K o h n o et 

al 1996; Helfer a n d Bli tz 1997). T h e h igh densi t ies seen in t h e molecu la r 

gas a r e no t in fact surpr i s ing ; t h e y m a y be inev i tab le if t h e dens i ty is t o 

b e sufficient t o b i n d t h e molecu la r gas s t r u c t u r e s aga ins t t ida l shea r . In 

M 5 1 a t 50 p c r a d i u s , t i da l s t ab i l i ty requi res t h a t t h e gas have dens i ty of 

a p p r o x i m a t e l y 2 X 1 0 4 c m ~ 3 . 

T h e p i c t u r e of a s y m m e t r i c nuc lear disk feeding mass t o t h e cen t r a l A G N 

of M 5 1 is ce r t a in ly oversimplif ied, given t h e a s y m m e t r y of t h e molecu la r 

gas s t r u c t u r e w i th respec t t o t h e cen t ra l r ad io source . W i t h i n t h e cen t r a l 

2 " , a p p r o x i m a t e l y t h r e e t i m e s as m u c h C O ( 2 - l ) emission is seen on t h e 

wes t as on t h e ea s t . A t s o m e w h a t la rger rad i i , t h e H C N m a p s by K o h n o 

et al (1996) show m u c h g r ea t e r s y m m e t r y wi th respec t t o t h e nuc l eus , 

a n d we expec t t h a t fu tu re mi l l imete r -wave m a p p i n g wi th m o r e comple t e 

u-v coverage a t b o t h h igh a n d low resolut ion will be needed t o resolve th i s 

i ssue . 

3 . N G C 1 0 6 8 

A t a d i s t a n c e of 14.4 M p c , N G C 1068 is t h e neares t e x a m p l e of a b r igh t 

Seyfert 2 ga l axy w i t h a b u n d a n t nuc lea r molecu la r gas . Enc i rc l ing t h e nu-

cleus a t a p p r o x i m a t e l y 12" r ad iu s are two molecu la r spiral a r m s which a p -

p e a r t o o r ig ina t e from t h e ends of t h e stel lar b a r seen in t h e near - inf ra red 

( P l a n e s a s et al 1991; K a n e k o et al 1992; Helfer a n d Bli tz 1995). In add i -

t i on , molecu la r gas is seen in t h e nuc leus a t < 2" r a d i u s - weakly in C O ( 1 - 0 ) 

emiss ion ( P l a n e s a s et al 1991) b u t m u c h m o r e s t rongly in high d ipole m o -

m e n t molecules such as H C N (Tacconi et al 1994) a n d in C O ( 2 - l ) (Taccon i 

1998; B a k e r a n d Scoville 1997) . 

In F i g u r e 2 , c h a n n e l m a p s of t h e C O ( 2 - l ) emission in t h e nuc leus ( B a k e r 

a n d Scoville 1997) a re shown for velocit ies ± 7 3 k m s - 1 w i th respec t t o sys-

t e m i c . T h e emiss ion is clearly e longa ted wi th a ma jo r axis a p p r o x i m a t e l y 

ea s t -wes t . C h a n n e l m a p s fu r ther i n t o t h e l ine wings reveal t h a t t h e gas h a s 

a k i n e m a t i c m a j o r axis w i th P A ~ 125°. T h e a l ignmen t of t h e k i n e m a t i c 
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Figure 2. CO(2-1) emission from the red and blue sides of the line in the nucleus 
of NGC 1068 is indicated by thick and thin contours, respectively. Contour levels are 
multiples of 1.9 Jy b m _ 1 km s - 1 . The position of the peak 1 mm radio continuum is shown 
as a cross. 

m a j o r axis w i th in 35° of t h e i sopho ta l m a j o r axis suggests t h a t t h e emiss ion 
comes from a r o t a t i n g disk, cen te red on t h e nuc lea r r ad io source ( ind ica t ed 
by t h e c ross ) . T h e pos i t ion angle of t h e rad io j e t is a p p r o x i m a t e l y 25° , 
i.e. no t far f rom t h e mino r axis of t h e molecu la r gas disk. T h e obse rved 
m o r p h o l o g y can b e i n t e r p r e t e d as a w a r p e d disk (Baker a n d Scoville 1997), 
a l t h o u g h o t h e r mode l s a re poss ible ; Tacconi et al. (1994) suggest inflow 
a long a b a r . 

T h e m a x i m u m observed b r igh tnes s t e m p e r a t u r e in t h e C O ( 2 - l ) l ine 
is 7 K , i n d i c a t i n g a l a rge filling factor for t h e gas if i t s t r u e exc i t a t ion 
t e m p e r a t u r e is ~ 50 K. For a s t a n d a r d Ga lac t i c CO-to-H2 conversion r a t i o , 
t h e molecu la r gas m a s s is 8 x 1 0 7 Μ Θ . O n t h e o t h e r h a n d , t h e gas clearly h a s 
h igh exc i t a t i on since t h e observed C O ( 2 - 1 ) / ( 1 - 0 ) b r igh tness t e m p e r a t u r e 
r a t i o is ~ 2 — 3, well in excess of 0.8, t h e r a t i o typical ly seen in Ga lac t i c 
mo lecu la r c louds . T h e m i n i m u m molecu la r m a s s a s suming t h e l ines a re 
op t ica l ly t h i n is ~ 3 X 1 0 6 M ® (Bake r a n d Scoville 1997). T h e d y n a m i c a l 
m a s s e s t i m a t e d from t h e C O ( 2 - l ) k inema t i c s is ~ 6 χ 1 0 8 Μ Θ w i th in R < 
90 p c . 

4 . A r p 2 2 0 

A r p 220 is t h e p r o t o t y p i c a l , u l t r a - l u m i n o u s infrared ga laxy wi th a lumi-
nos i ty a t 8 -1000/ /m of 1.5 χ 1 0 1 2 L @ , clearly p lac ing it in t h e luminos i ty 
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reg ime of q u a s a r s . In t h e v isua l , A r p 220 exh ib i t s t w o faint ta i ls which 
a r e p r o b a b l y t h e resu l t of a p a s t t ida l i n t e rac t ion (cf. J o s e p h a n d W r i g h t 
1985) , a n d in t h e nuc l eus , h igh-reso lu t ion near- inf rared a n d r ad io i m a g i n g 
revea ls a doub l e nuc leus w i t h a spa t i a l s epa ra t i on of 0 .95" ( G r a h a m et al. 
1990; Norr i s 1988) . T h e p ro j ec t ed s epa ra t i on of t h e nuclei co r r e sponds t o 
330 p c ; t h i s doub le nuc leus s t r u c t u r e , t o g e t h e r w i t h t h e e x t e n d e d op t ica l 
t a i l s , sugges t s t h a t t h e ga laxy is in t h e final s t age of ga lac t ic merg ing . 

Single-dish obse rva t ions of t h e C O in A r p 220 have revealed an ex t r ao r -
d inar i ly h igh C O luminos i ty , co r re spond ing t o an H2 m a s s of 2 X 1 0 1 0 M 0 

a s s u m i n g a Ga lac t i c convers ion r a t i o (Sander s et al. 1991), a n d 3 m m ape r -
t u r e syn thes i s h a s revealed t h a t t h e bulk of th is C O luminos i ty o r ig ina tes 
from t h e cen t r a l k p c (Scoville et al. 1991). Recent ly , th i s s y s t e m h a s been 
m a p p e d in C O ( 2 - l ) a t 1" reso lu t ion (Scoville et al. 1997b; Downes 1998) . 
T h i s new work reveals for t h e first t i m e mul t ip l e c o m p o n e n t s in t h e dense 
gas : p e a k s co r r e spond ing t o each of t h e doub le nuclei ( s e p a r a t e d by 0 .95" 
a t P A = 101°) , a n d a m o r e e x t e n d e d disk-like s t r u c t u r e a t P A = 53° sim-
ilar t o t h e d u s t l ane seen in op t ica l images . A p p r o x i m a t e l y two- th i rd s of 
t h e t o t a l C O emiss ion ( a n d p r e s u m a b l y t h e H2 mass ) coincides wi th t h e 
c o m p a c t doub le nuc leus region. 

De ta i l ed m o d e l i n g of t h e C O line profiles in A r p 220 us ing a D o p p l e r 
image -deconvo lu t i on t e chn ique s imilar t o t h a t used previously for N G C 1068 
(Scovil le et al. 1983) yields a best-fit C O emissivi ty d i s t r i bu t ion a n d ro t a -
t ion cu rve which are m u t u a l l y c o n s i s t e n t - in t h e sense t h a t if t h e t o t a l 
m a s s d i s t r i b u t i o n follows t h e C O emissivi ty, it p roduces t h e der ived ro t a -
t i on c u r v e . T h e impl ied CO-to-H2 conversion r a t i o is 0.45 t imes t h e Ga lac -
t ic va lue if t h e bu lk of t h e m a s s resides in t h e molecular gas r a t h e r t h a n 
t h e s t a r s . T h e t o t a l molecu la r gas mass for A r p 220 is t h e n inferred t o 
b e a p p r o x i m a t e l y ~ 9 χ 1 0 9 Μ Θ . A n i m p o r t a n t resul t of t h e l ine profile 
mode l l i ng is t h a t t h e in t r ins ic veloci ty dispers ion in t h e e x t e n d e d disk is 
on ly 9 0 k m s _ 1 . A s s u m i n g t h a t t h e disk gas is ent i re ly se l f -gravi ta t ing , i t s 
t h i ckness ( F W H M ) is only 1 6 p c . T h e m e a n dens i ty in th i s disk is t h e n 
2 χ 1 0 4 c m - 3 , a va lue which is ent i re ly cons is ten t w i th t h e s t r o n g emiss ion 
from h igh d ipole m o m e n t molecules such as H C N a n d H C O + (cf. So lomon 
et al. 1992) . If t h e gaseous disk is only par t i a l ly se l f -gravi ta t ing , i.e. t h e 
p o t e n t i a l is d o m i n a t e d by a s te l lar disk, t h e n t h e gas th ickness can be a 
few t imes l a rger . 

^ F r o m t h e h igh b r igh tness t e m p e r a t u r e s of t h e observed C O emiss ion 
(17-21 K ) a n d c o m p a r i s o n w i t h t h e infrared color t e m p e r a t u r e , it is clear 
t h a t t h e a r e a filling factor of t h e disk is very high ( ~ 0.25) , a n d therefore 
t h a t t h e gas m u s t fairly uni formly fill t h e disk r a t h e r t h a n exist in d i sc re te , 
se l f -g rav i ta t ing c louds . T h i s r ep re sen t s a ma jo r change in our p i c tu re of t h e 
c e n t r a l gas d i s t r i b u t i o n s in merg ing galaxies : even in these highly d i s t u r b e d 

https://doi.org/10.1017/S0074180900084631 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900084631


MOLECULAR GAS IN LUMINOUS GALACTIC NUCLEI 211 

ι 1 1 1 1 Γ 

CO (2-1) 

5000 5200 5400 5600 5B00 5000 5200 5400 5600 5000 
es (km/eec) cs (km/aec) 

Figure 3. The integrated intensity of CO(2-l) emission from the brightest 'clean' com-
ponents (Scoville et al 1997b) is shown with the crosses indicating the positions of the 
two radio nuclei (Baan and Haschick 1992). Spectra of the clean components at the two 
nuclei are shown at the bottom. Their double horned shapes suggest gas disks within 
each of the nuclei. 

s y s t e m s , t h e gas h a s re laxed t o a ro ta t iona l ly s u p p o r t e d disk which , d u e 

t o i t s e x t r e m e l y h igh surface dens i ty a n d rela t ively low veloci ty d i spers ion , 

m u s t b e very t h i n . P r e s u m a b l y , th i s r a p i d r e l axa t ion h a s occur red as a resu l t 
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of t h e very s t r o n g d iss ipa t ion in t h e in te r s te l l a r gas . Direct obse rva t iona l 

ev idence for t h e ex i s tence of a t h i n disk in t h e cen te r of A r p 220 has recen t ly 

b e e n p rov ided by h igh reso lu t ion near- inf rared imag ing o b t a i n e d wi th t h e 

N I C M O S c a m e r a on t h e H S T (Scoville et ai 1998). T h e near- inf rared im-

ages clearly show t h e d o m i n a n t wes t e rn nuc leus t o be c re scen t - shaped , as 

t h o u g h t h e cen t r a l s t a r c lus ter has been par t i a l ly obscured by an e m b e d d e d , 

o p a q u e d u s t disk. 
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