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NON-AXISYMMETRIC DYNAMICS IN GALAXY CENTERS 

F. COMBES 

Observatoire de Paris, DEMIRM 

61 Av. de VObservatoire, F-75 014 Paris, France 

Abstract. O u r G a l a x y is r e p r e s e n t a t i v e of t h e m a j o r i t y of sp i ra l ga lax-

ies , wh ich are h ighly n o n - a x i s y m m e t r i c , deve lopp ing b a r s ( m = 2 per-

t u r b a t i o n s ) , b u t a lso lops idedness and off-centering ( m = 1), a n d super -

posed h igher o rde r p e r t u r b a t i o n s . Recen t h igh-resolu t ion N - b o d y a n d gas-

d y n a m i c a l s imu la t ions have cons iderably i m p r o v e d our knowledge on t h e 

n a t u r e a n d fo rma t ion of t hese fea tu res . C o n t r a r y t o p rev ious beliefs, t h e y 

a r e n o t long- l ived, b u t fade away a n d can be reformed cont inuous ly , p ro -

v ided e n o u g h gas is suppl ied t o t h e cen te r , t o m a i n t a i n g r a v i t a t i o n a l ins ta -

bi l i ty . T h e d y n a m i c a l m e c h a n i s m s involved are reviewed a n d discussed, a n d 

in p a r t i c u l a r t h e new fea tures b r o u g h t b y t h e d iss ipa t ive gas c o m p o n e n t . 

T h e role of t hese ax i symmet r i e s in t h e ga laxy evo lu t ion , m a s s concen t r a -

t i on , t o g e t h e r w i th nucleus fueling are descr ibed , a n d typ ica l t ime-sca les 

d iscussed in p a r t i c u l a r for conf ron ta t ion t o t h e Milky W a y obse rva t i ons . 

1 . Introduction 

A ga l axy s y s t e m t e n d s t o c o n c e n t r a t e m a s s t o w a r d s i ts cen te r , t o min imize 

i t s energy . B u t i t m u s t get r id of i t s angu l a r m o m e n t u m , since ga laxy disks 

a r e s u p p o r t e d by r o t a t i o n . Viscous t o r q u e s in t h e gas a re far from efficient 

a t l a rge r ad i i , s ince t h e viscous t ime-sca le is of t h e o rde r of t h e H u b b l e t i m e , 

or la rger . G r a v i t y t o rques g e n e r a t e d by n o n - a x i s y m m e t r i c p e r t u r b a t i o n s a r e 

the re fore t h e pr ivi leged tool for a ga laxy t o evolve a n d c o n c e n t r a t e m a s s 

(e .g . C o m b e s 1988). T h e m o s t f requent n o n - a x i s y m m e t r i c p e r t u r b a t i o n s a re 

m = 2 b a r s a n d sp i ra l s , b u t t h e r e can be also m = 1 ins tab i l i t i es in t h e 

ga l axy nucle i , especial ly if t h e p o t e n t i a l is so c o n c e n t r a t e d t h a t i t is a lmos t 

kep le r i an . 

Vio len t non-c i rcu la r m o t i o n s , a lmos t o m n i p r e s e n t in ga laxy cen t e r s , a r e 

t h e o b s e r v a t i o n a l t r ace r s of n o n - a x y s y m m e t r i c p e r t u r b a t i o n s . I t is n o w well 

e s t ab l i shed t h a t t he se pecu l i a r m o t i o n s can be exp la ined by r a t h e r n o r m a l 
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d y n a m i c a l f ea tu res a n d no t excep t iona l explosions or outf lows. T h i s does 

no t exc lude a c t u a l gas outf lows, b u t only a smal l f ract ion of t h e m a s s is 

involved in outf lows, w h e n t h e y exist ( s t a r b u r s t , A G N ) . 

I t is n o w well u n d e r s t o o d t h a t a single d y n a m i c a l s t r u c t u r e can ac t only 

over a l im i t ed r a n g e of r ad i i , b e t w e e n t h e t w o m o s t cha rac te r i s t i c L i n d b l a d 

r e sonances ; t o have a con t inuous ac t ion over a la rger r ad ia l r a n g e , a n d dr ive 

t h e gas t o w a r d s t h e very nuc leus , mul t ip le-sca le p e r t u r b a t i o n s a re necessary , 

such as n e s t e d b a r s e m b e d d e d like russ ian dolls (e.g. Sh losman et al 1989) . 

O b s e r v a t i o n s a n d s imula t ions h a v e clarified t h e var ious processes , a n d we 

can n o w ident i fy : 

- B a r s a t mac roscop ic scales, of typical ly « 5 k p c in r ad ius 

- M i n i - b a r s or nuc lea r b a r s , of typica l ly « 0.5 kpc in r a d i u s . T h e s e a re 

insc r ibed ins ide t h e p r i m a r y b a r s ' nuc lear r ing 

- M i c r o - b a r s (or micro-sp i ra l s ) of « 2 p c size. T h i s s t ep is still spec-

u l a t i ve , s ince we see it only in our own Ga laxy a n d in M 3 1 , d u e t o 

spa t i a l reso lu t ion c o n s t r a i n t s 

2 . M i c r o - s t r u c t u r e s 

2.1. OUR OWN GALAXY C E N T E R 

D u e t o i ts p r o x i m i t y ( l p c = 2 4 " ) , our own Ga laxy cen te r ha s been s tud i ed 

in excep t iona l de ta i l s . HI a n d C O surveys ( B u r t o n & Liszt 1978, D a m e 

et al 1987) h a v e revea led h igh non-c i rcu la r m o t i o n s , a n d in p a r t i c u l a r a 

200pc r ing (cal led t h e E M R , or e x p a n d i n g molecu la r r ing ) , t h a t is m o s t 

easi ly i n t e r p r e t e d as t h e inne r L indb lad resonance r ing ( I L R ) of t h e m a i n 

b a r of t h e Milky W a y (e.g. B inney 1994). T h e C O / — υ d i a g r a m shows a 

c h a r a c t e r i s t i c pa ra l l e log ram, t h a t is de l imi ted by gas in x\ o rb i t s para l le l 

t o t h e b a r , while t h e gas t r a c i n g t h e d iagona l of t h e pa ra l l e logram could b e 

t r a c i n g t h e p e r p e n d i c u l a r o rb i t s #2- Al te rna t ive ly , th i s gas could b e t r a c i n g 

a s e c o n d a r y b a r , e m b e d d e d in t h e m a i n one . 

A t smal le r scale , a consp icuous s t r u c t u r e is de t ec t ed in t h e gaseous 

c o m p o n e n t t o w a r d s t h e Ga lac t i c cen te r : be tween 1.5 a n d 7 p c r ad i i , t h e 

disk is essent ia l ly molecu la r , in r o t a t i o n wi th a c o n s t a n t o rb i t a l speed of 

110 k m / s . T h e disk is incl ined a t 65° , therefore a p p a r e n t l y decoup led from 

t h e e x t e r n a l edge-on disk. T h e r e is a n obvious r ing , of r ad ius 2 p c , seen in 

dense gas ( H C N , see fig 1). Ins ide th i s r ing , t h e gas is pa r t i a l ly ionised . T h e 

ionized c o m p o n e n t shows t h e wel l -known 3-a rm spira l s t r u c t u r e , i m a g e d 

w i t h t h e V L A by Lo & Claussen (1983) . A t leas t t h e t w o m a i n a r m s a re 

in a l m o s t c i rcu lar m o t i o n in t h e s a m e disk, as shown in figure 1 (cf Lacy 

1994) . T h e fact t h a t t h e micro-sp i ra l is inscr ibed in t h e 2 p c r ing is t yp ica l 
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Figure 1. A) superposition of [01] and HCN(l-O) contours, from Lacy (1994). The ring 
is 2 pc in radius. B) top the [Ne II] emission from the galactic center, and bottom same 
but including only gas within 50km/s of circular velocity (Lacy 1994); the micro-spiral 
is embedded in the ring 

of a n e s t e d s t r u c t u r e inside an inner r e sonance , a n d sugges ts a d y n a m i c a l 

i n t e r p r e t a t i o n . 

2.2. M31 C E N T E R AND OTHERS 

T h e r e is also in M 3 1 evidence for a p r i m a r y b a r (4 k p c r a d i u s , S t a rk & 

B i n n e y 1994). D u e t o i t s proximi ty , a n d t o t h e high spa t i a l reso lu t ion of 

t h e Space Telescope , a m i c r o - s t r u c t u r e ha s also been de t ec t ed wi th in 10 

pc of t h e cen te r . T h e r e is a 10 pc nuclear disk, decoupled from t h e ex-

t e r n a l disk (w i th a s l ightly different inc l ina t ion ) , wi th ev idence of a non-

a x i s y m m e t r i c p e r t u r b a t i o n ( m = 2 or m = 1). In p ro jec t ion , t h e op t ica l 

i m a g e revea ls t w o b r i g h t p e a k s (Laue r e t al 1993), b u t t h e veloci ty field is 

r a t h e r r egu la r , a n d t h e peak of veloci ty d ispers ion does no t coincide w i t h 

t h e b r i g h t ones (Bacon e t al 1994). T h e a m p l i t u d e of t h e veloci ty disper-

sion sugges ts t h e ex is tence of a cen t ra l mass ive black hole ( K o r m e n d y & 

R i c h s t o n e 1995) . T h e second b r igh t p e a k could be d u e t o an m = 1 spi-

ra l ( T r e m a i n e 1995) , or t o t h e merg ing w i th a smal l sys t em (Emse l l em 

& C o m b e s 1997) . In m o r e r e m o t e ga laxies , m i n i - s t r u c t u r e s h a v e also been 

d e t e c t e d (cf M 1 0 0 , K n a p p e n et al 1995) , a n d in N G C 1068, it is possible 

t h a t a m i c r o - s t r u c t u r e ( b a r / s p i r a l ) a t t h e t h i r d level of t h e h ie ra rchy h a s 
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Figure 2. Examples of bars within bars, detected in NIR by Jungwiert et al (1997). 

b e e n obse rved w i t h a d a p t i v e op t ics ( R o u a n et a l , t h i s m e e t i n g ) . Mi l l imeter 

i n t e r f e rome te r s w i t h sub-arcsec resolut ion are also p o i n t i n g t o w a r d s t he se 

s t r u c t u r e s (Tacconi et a l , a n d Scoville e t a l , th i s m e e t i n g ) . 

3 . M = 2 p e r t u r b a t i o n s 

3.1. BARS WITHIN BARS 

For a lmos t two decades now, nuc lea r b a r s have been observed in b a r r e d 

ga lax ies , i .e. smal le r b a r s t r u c t u r e s e m b e d d e d in bigger p r i m a r y b a r s (de 

Vaucou leu r s 1974; S a n d a g e & B r u c a t o 1979; J a rv i s et al . 1988). B u t it h a s 

b e e n only recen t ly t h a t t h e i n t e r p r e t a t i o n of th i s p h e n o m e n o n has been 

real ized for t h e d y n a m i c a l evo lu t ion of ga laxies . Consp icuous nuc lea r b a r s 

h a v e b e e n discovered for t h e first t i m e t h r o u g h near- inf rared ( N I R ) imag-

ing in N G C 5728 a n d N G C 1097 by Shaw et al . (1993) , a n d since t h e n 

m a n y N I R surveys h a v e been comple t ed t o precise t h e f requency of t h e 

p h e n o m e n o n a n d t h e s ta t i s t i ca l ly averaged phys ica l p rope r t i e s of nuc lea r 

b a r s (sizes, excen t r i c i t i e s , angu la r o r i en t a t i ons , e.g. Wozn iak et al . 1995, 

S h a w et al . 1995, Friedli et al . 1996). O n e of t h e m a i n cha rac te r i s t i c s of 

t h o s e nuc l ea r b a r s is t h a t t h e y are inscr ibed ins ide t h e nuc lea r r ing of t h e 

p r i m a r y b a r , a n d t h a t t hey can have any o r i en t a t i on wi th respec t t o t h e 

p r i m a r y b a r . A b o u t 2 5 % of t h e b a r r e d galaxies a p p e a r t o possess a nuc lea r 

b a r ( J u n g w i e r t et al . 1997, cf fig. 2 ) . 

Since b a r s can dr ive gas i nwards a n d fuel t h e nucle i , m a n y g roups have 

t r i ed t o p i n p o i n t a cor re la t ion b e t w e n nuc lear ac t iv i ty a n d t h e p resence of a 

b a r . B u t t h e resu l t s h a v e b e e n controvers ia l . For recent example s , McLeod 

& Rieke (1995) conc lude from the i r s ta t i s t i ca l s ample t h a t Seyfert ga laxies 

a r e n o t m o r e b a r r e d t h a n n o r m a l ga laxies , while Pele t ier et al (1997) find 

t h a t 9 6 % of Seyfert a re b a r r e d , while only 74% are in t h e cont ro l s a m p l e . 
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M a y b e p a r t of t h e con t roversy comes from t h e ident i f icat ion of t h e ac t ive 

b a r : t h e nuc l ea r b a r (or mic ro -ba r? ) is m o r e i m p o r t a n t for t h e A G N fueling 

t h a n t h e p r i m a r y b a r . 

3.2. DYNAMICAL SCENARIO 

N u m e r i c a l s imu la t i ons h a v e descr ibed t h e d y n a m i c a l p rocessus l ead ing t o 

t h e f o r m a t i o n of nuc lea r b a r s (Friedl i & M a r t i n e t 1993, C o m b e s 1994). T h e 

first b a r c o n c e n t r a t e s t h e m a s s t o w a r d s t h e cen te r by i t s g rav i ty t o r q u e s 

e x e r t e d essent ia l ly on t h e gas c o m p o n e n t (see e.g. B u t a & C o m b e s 1996) . 

O n c e t h e m a s s c o n c e n t r a t i o n is h igh e n o u g h , t h e r o t a t i o n curve is modif ied 

in t h e cen te r , a n d t h e precess ing r a t e of t h e m = 2 el l ipt ical o rb i t s , Ω — κ / 2 , 

h a s a n e a t p e a k t o w a r d s t h e cen te r (while i t was r a t h e r flat before) . Th i s 

s t r o n g differential precess ing r a t e p r e v e n t s t h e self-gravity from a d a p t i n g 

all p recess ing r a t e s from smal l t o la rge rad i i , a n d decoupl ing occurs . T h e s e 

decoup led nuc lea r disks a re f requent ly observed e i the r w i t h H S T ( B a r t h e t 

al 1995) , or mi l l ime te r in te r fe romete r s (e.g. Ishizuki et al 1990) . T h e y are 

also d e t e c t e d k inemat ica l ly , t h r o u g h r o t a t i o n curves ( R u b i n et al 1996, So-

fue 1996) . In t h e decoup led disks , two b a r s r o t a t i n g a t t w o different speeds 

deve lop . In t h e s imu la t i ons , t h e two b a r s have a r e sonance in c o m m o n , m o s t 

often t h e inne r L i n d b l a d r e sonance of t h e p r i m a r y ba r is t h e co ro t a t i on of 

t h e s e c o n d a r y one . I t is t h e n likely t h a t t h e two b a r s exchange energy a n d 

a n g u l a r m o m e n t u m a t th i s c o m m o n re sonance , t h r o u g h non l inear coupl ing 

(e .g . Tagge r et al . 1987). 

T h i s second p a t t e r n t akes over t h e t o r q u e s of t h e p r i m a r y one , a n d 

dr ives t h e gas fu r the r t o w a r d s t h e cen te r , t h r o u g h a m e c h a n i s m a l r eady 

sugges t ed by S h l o s m a n et al . (1989) . B u t m a n y m o r e s teps seem t o b e 

r equ i r ed t o reach t h e nuc leus a t 100 A U scales, t h e scales t h a t a re d i rec t ly 

re levan t t o fuelling of t h e cen t ra l ac t ive nuc leus t h a t m igh t b e p r e sen t . Since 

g r a v i t y is scale- i n d e p e n d e n t , t h e r e is no reason no t t o p red ic t a recurs ive 

p h e n o m e n o n , a n d t h e ex is tence of a h ie rarchy of s t r u c t u r e s w i t h inc reas ing 

p a t t e r n speeds . A mic ro -ba r could t h e n b e e m b e d d e d in t h e nuc lea r b a r , 

s h a r i n g a c o m m o n resonance w i th i t . 

4 . M = l i n s t a b i l i t i e s 

4.1. OBSERVATIONAL EVIDENCE 

E c c e n t r i c a s y m m e t r i e s in t h e d i s t r i bu t ion of l ight in spi ra l ga laxies h a v e 

b e e n k n o w n for a long t i m e (Ba ldwin et al . 1980, R ich t e r & Sancisi 1994). 

In severa l cases t h e s e fea tures can b e identif ied as o n e - a r m e d spi ra ls ( m = 

1 m o d e ) . M o r e f requent ly , nuclei of galaxies a re obse rved d isp laced w i t h 

r e spec t t o t h e g rav i ty cen te r (Bl i tz , t h i s m e e t i n g ) . In our o w n ga laxy cen te r , 
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3 / 4 of t h e molecu la r gas is found on one side (pos i t ive l ong i tude ) . 

4.2. POSSIBLE MECHANISMS 

T h e difficulty t o u n d e r s t a n d these m = 1 fea tures comes from t h e fast 

differential precess ion r a t e Ω — κ;, especially in t h e cen te r ; t h e excep t ion 

is for a pu re ly Kep le r i an p o t e n t i a l of course , where Ω = κ . B u t for t h e 

d e v e l o p m e n t of a n m = 1 m o d e , self-gravity m u s t be i m p o r t a n t , a n d t h e 

p o t e n t i a l is t h e n far f rom keple r ian . 

T h e p resence of r e t r o g r a d e s t a r s can favor m — 1 ins tabi l i t ies ( Z a n g 

k Hoh l 1978; P a l m e r k Papa lo i zou 1990). T h e case of c o u n t e r - r o t a t i n g 

disks h a s b e e n s tud ied recent ly by Sell wood k Mer r i t t (1994) , Davies k 

H u n t e r (1997) a n d C o m i n s et al (1997) . Miller k Smi th (1992) h a v e s t ud i ed 

t h r o u g h N - b o d y s imu la t ions of disk galaxies , a pecu l ia r osci l la tory m o t i o n 

of t h e nuc leus w i t h respec t t o t h e res t of t h e a x i s y m m e t r i c galaxy. T h e y 

i n t e r p r e t t h e p h e n o m e n o n as an m = 1 ins tabi l i ty , a dens i ty wave in o rb i t a l 

m o t i o n a r o u n d t h e cen te r of m a s s of t h e galaxy. Weinbe rg (1994) shows t h a t 

a s te l la r s y s t e m can sus t a in weakly d a m p e d m = 1 m o d e for h u n d r e d s of 

cross ing t i m e s . A fly-by e n c o u n t e r could exci te such a m o d e , a n d expla in off-

c e n t r i n g in m o s t sp i ra l ga laxies . T r e m a i n e (1995) has p roposed a m o d e l t o 

a c c o u n t for t h e m—1 s t r u c t u r e in t h e cen te r of M 3 1 : t h e ins tab i l i ty could 

c o m e from d i s k / b u l g e d y n a m i c a l fr ict ion. T h e bulge does no t r o t a t e , or 

ve ry slowly, there fore frict ion removes angu la r m o m e n t u m m u c h fas ter t h a n 

energy , a n d t h e s te l lar o rb i t s b e c o m e m o r e excen t r i c , which amplifies an 

m = 1 m o d e . T h e l a t t e r will r o t a t e w i th a pos i t ive Ω ρ t h r o u g h self-gravity. 

However , t h e self-consistency of t h e m e c h a n i s m is no t d e m o n s t r a t e d . 

W h e n gas is p r e sen t in a b u n d a n c e in ga laxy cen te r s , w i th a h igh cen-

t r a l m a s s c o n c e n t r a t i o n , a n o t h e r m e c h a n i s m can b e invoked , s imilar t o t h a t 

occu r ing in gaseous disks assoc ia ted wi th y o u n g s tel lar ob jec t s ( A d a m s et 

al 1989, Os t r i ke r et al 1992) . In these eccent r ic m = 1 m o d e s , t h e s t a r 

does no t lie a t t h e cen te r of m a s s of t h e sy s t em. Shu et al (1990) p r e s e n t e d 

a n a n a l y t i c a l desc r ip t ion of a m o d a l m e c h a n i s m , t h e S L I N G ampl i f ica t ion . 

T h i s m e c h a n i s m uses t h e co ro t a t i on amplifier , a n d feedback t h r o u g h re-

flexion a n d ref rac t ion . T h e whole ampli f icat ion m e c h a n i s m d e p e n d s on t h e 

reflect ing c h a r a c t e r of t h e disk o u t e r edge . By self-consistent s imu la t ions , 

i nc lud ing gas a n d s t a r s , we h a v e found such an m = 1 p e r t u r b a t i o n in 

ga l axy cen te r s ( J u n q u e i r a k C o m b e s 1996). T h e center of m a s s of t h e gas 

a n d of t h e s t a r s is d isp laced from t h e cen te r of m a s s of t h e s y s t e m a n d t h e y 

a r e d i sp laced in oppos i t e pos i t i ons , i nduc ing t h e m = 1 wave f o r m a t i o n . 

T h e m e a s u r e d p a t t e r n speed is very h igh , typica l ly Ω ρ « 400 k m / s / k p c , 

c o r r e s p o n d i n g t o t h e O L R at 3 k p c (figure 3) . T h e m = 1 wave is conspic-

u o u s in t h e very cen te r , u p t o i t s O L R . 
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Figure S. Gray-scale maps of the pattern speed Hp(r) (in units of 100 km/s/kpc) of 
the m = 1 spiral wave determined from the power spectrum of the total potential and 
surface density of the gas as a function of radius (in kpc). 

5. O t h e r m e c h a n i s m s o f n u c l e a r f u e l i n g 

W h e n t h e cen t r a l disk is gas d o m i n a t e d , it is J e a n s u n s t a b l e , a n d f r a g m e n t s 

in m u l t i p l e c l u m p s ; t h e gra in iness of t h e i nduced p o t e n t i a l diffuse s t a r s , 

d e s t r o y a n y b a r , a n d dr ives t h e gas t o w a r d s t h e cen te r (Heller & S h l o s m a n 

1994) . Also , w h e n g ian t c lumps or G M C are p r e s e n t , d y n a m i c a l friction 

aga in s t t h e bu lge dr ives t h e m t o w a r d s t h e cen te r in a d y n a m i c a l t ime-sca le 

of 1 0 7 y r . 

If we bel ieve t h a t a mass ive b lack hole exis ts in mos t ga laxies , t h a n 

t h r o u g h ga laxy m e r g i n g , a b i n a r y black hole can form. T h i s will gener-

a t e m = 1 a n d m = 2 p e r t u r b a t i o n s , t h a t can fuel t h e gas t o t h e nuclei 

(Tan iguch i & W a d a 1996). T h i s process could also be t h e cause of shal low 

profiles in el l ipt ical galaxies formed by merg ing ( M a k i n o 1997). 

6 . C o n c l u s i o n s 

I t is now well e s tab l i shed t h a t n o n - a x i s y m m e t r i c s t r u c t u r e s a re t h e w a y 

ga lax ies evolve, t h r o u g h rad ia l gas t ransfer t o w a r d s the i r cen te r . Scale-

i n d e p e n d e n t g rav i ty is t h e source of mul t ip le-sca le s t r u c t u r e s , whe re a hi-

e r a r chy of s p i r a l / b a r s a re e m b e d d e d wi th in each o the r . Whi l e b a r s w i th in 

b a r s h a v e b e e n k n o w n for a long t i m e , we a re beg inn ing t o see t h e t h i r d level 

of t h e h i e ra rchy in some ga laxies , w i t h t h e he lp of h igh spa t i a l r eso lu t ion , 

r evea l ing nes t ed m i c r o - s t r u c t u r e s . 

T h e m = 1 ins tab i l i t i es a p p e a r omni -p re sen t in ga laxy cen te r s , b u t t h e 

d y n a m i c a l m e c h a n i s m s a re m u c h less wel l -known. 
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