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There is considerable evidence that the circumnucleaomegif galaxies are
intimately related to their host galaxies, most directlsotigh their bars. There
is also convincing evidence for relations between the ptaseof supermas-
sive black holes in the nuclei of galaxies and those of thest lyalaxy. It is
much less clear, however, how stellar (starburst) and teltas (AGN) activity
in the nuclear regions can be initiated and fuelled. | rewias transport from
the disk to the nuclear and circumnuclear regions of gasads well as the sta-
tistical relationships between the occurrence of nucletivity and mechanisms
which can cause central gas concentration, in particules &ad interactions.
There are strong indications from theory and modelling farinduced central
gas concentration, accompanied by limited observatiorideace. Bars are re-
lated to activity, but this is only a weak statistical effecthe case of Seyferts,
whereas the relation is limited to specific cases in statbufihere is no obser-
vational evidence for a statistical connection betweeeratttions and activity
in Seyferts, and some evidence for this in starbursts, lmitgily limited to the
extremes, e.g., ULIRGs. Some interesting hints at relattmtween rings, in-
cluding nuclear rings, and the presence of nuclear actarigyemerging. It is
likely that the connection between the inflow of gaseous fiweh the disk of a
galaxy on the one hand and the activity in its nuclear regiothe other is not
as straightforward as sometimes suggested, because tied-spatime-scales
concerned may be significantly different.

galaxies: kinematics and dynamics — galaxies: spiral —xggga structure —
galaxies: active — galaxies: starburst

1. I ntroduction

Black holes are ubiquitous in the nuclei of both active andt-active galax-
ies (e.g., Kormendy & Richstone 1995), and are thought ta beeedirect ori-
gin of non-stellar nuclear activity (e.g., Lynden-Bell B9@egelman, Bland-
ford & Rees 1984). The fact that the mass of the central sugssive black
hole (SMBH) in a galaxy is correlated with the velocity diggien of the bulge,
and hence with its mass (Ferrarese & Merritt 2000; Gebharalt 000) pro-
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vides the most tangible link between the nuclear regionstlagid host galax-
ies. But because not all galaxies with SMBHs have AGN charistics, the
presence of an SMBH in itself cannot be enough to make a gatetive”, at
least not continuously, and additional mechanisms musbhsidered which
can ignite the nuclear activity.

In the case of starburst galaxies, defined rather looselaksigs which
show abnormally enhanced massive star formation actimithéir central re-
gions (or in some more extreme cases throughout the galasjnilar ques-
tion can be posed, namely what ignites the starburst. Intheth\GN and the
starbursts, the availability of fuel at the right place an¢ha right time must
play a critical role. Such gaseous fuel is plentiful in thekdi of galaxies, but
must lose significant quantities of angular momentum inci@enove radially
inward. In fact, the “fuelling problem” is not the amount efel that is avail-
able, but how to get it to the right place, as graphicallysitated by Phinney
(1994, his fig. 1). Estimates for the mass accretion rateateéa fuel AGN
vary from aroundl0—* M/year for low-luminosity AGN such as LINERs,
up to around 10 M/year for high-luminosity AGN such as QSOs, or, over
putative lifetime of 16 years for the AGN activity, only 10to 10° M.

Large stellar bars, as well as tidal interactions and merdeve some time
ago been identified as prime candidates to drive gas effigigom the disk
into the inner kpc (see next Section). In this review we wihcentrate on
the observational evidence, mostly statistical in natimethe effectiveness of
these gravitational mechanisms, concentrating on thetsfig bars in Sec-
tion 2, and on those of interactions in Section 3. Galactiggiare considered
in Sections 4 and 5, and summarising remarks are given iroBegt Related
reviews considering the fuelling of primarily AGN includbadse by Shlos-
man, Begelman & Frank (1990), Beckman (2001), Combes (2@&Hlpsman
(2003), Wada (2004), and Jogee (2004).

2. The effects of bars

Theoretically and numerically, bars are expected to canangas in the
central regions of spiral galaxies because the torqued famcked gas within
the bar loses angular momentum which allows the gas to matheefuin (e.g.,
Schwarz 1984; Combes & Gerin 1985; Noguchi 1988; Shlosmeamik-&
Begelman 1989; Knapen et al. 1995a). The dynamics of barshadinflu-
ence on the circumnuclear regions has most recently be@wey by Kor-
mendy & Kennicutt (2004), and previously by, e.g., Sellwa@ddVilkinson
(1993) and Shlosman (2001). The general theoretical andencah formal-
ism of bars is now well understood, and different aspectsar continuously
being confirmed by observations. For instance, we recentlgstigated the
well-known numerical result that stronger bars will leagst@ight dust lanes
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along the leading edges of the bar, whereas the dust landsawiiore curved
in weak bars (Athanassoula 1992). Using a small number okbtagalax-
ies for which we had adequate data, we could indeed confirrmaradisonally
that there is an anti-correlation between the amount ofature of the dust
lanes and the gravitational bar torque, or bar strength fknaPérez-Ramirez
& Laine 2002; see Fig. 1). In another study (Zurita et al. 200 used k
Fabry-Pérot data of the strongly barred galaxy NGC 1530dwsh a graphic,
two-dimensional way that indeed, as predicted by theorggla&elocity gradi-
ents are found at the position of the dust lanes. Within thases, directly
tracing enhanced concentrations of dust and thus gas,diteectly tracing the
location of shocks in the gas, the large velocity gradienhfits massive star
formation, which we observe to be located just outside tigeors of largest
shear or velocity gradient (Zurita et al. 2004; see RegageM& Teuben 1997
for an Ho Fabry-Pérot map at lower resolution which neverthelesicates
the shocks in the velocity field).
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Figure 1.  Gravitational bar torque&),, an indicator of bar strength, as a function of the
curvature of the dust lanes« in a sample of 9 barred galaxies. Small values\ef indicate
straight dust lanes, which are seen to occur in strong bhaus, ¢onfirming theoretical and
numerical predictions. Data from Knapen, Pérez-Ramireafaé (2002).

Considering now specifically the theoretical and numerigalv that bars
can instigate radial inflow of gas, and thus lead to gas aclation in the
central regions of barred galaxies, several pieces of easenal evidence to
fit this picture have been forthcoming in recent years, baimfobservations
of gas tracers in barred and non-barred galaxies (e.g.n8akeet al. 1999;
Jogee, Scoville, & Kenney 2004; Sheth et al. 2004), and fronerp less
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direct, measures of the gas concentration (e.g., MaioRisaliti, & Salvati
1999; Alonso-Herrero & Knapen 2001). These results have begewed
in somewhat more detail by Knapen (2004a), and we limit duesehere to
the conclusion that there is increasing observational atipr the theoretical
suggestion that bars lead to gas accumulation in the ceatriamns of galaxies.

One must keep in mind that in all cases the observed coorlbtween the
presence of a bar and increased central gas concentrasitatisical and not
very strong, that there is a large overlap region in whiclptioperties of barred
and non-barred galaxies are very similar indeed (for icggam the study by
Sakamoto et al. 1999 just over half of the 19 sample galaxeemdhe overlap
range of gas concentration parameigy,, which is inhabited by both barred
and non-barred galaxies), and that in the CO studiesktti@ctor which gives
the transformation of CO luminosity to mass is assumed te lasame value
in the circumnuclear regions and in the disk. One can alsstmurewhether
the statistical gas accumulation by bars is in fact relatetthé occurrence of
nuclear activity of the non-stellar or stellar variety, andareful consideration
of both spatial- and timescales must be made to connectgtiavially driven
inflow to fuelling of the starburst and/or the AGN. Finallipete is as yet no
convincing direct observational evidence of inflow in a bdrgalaxy, mainly
because the inflow rates are so low that they may be unobsenvapractive
(see above), and because most of the gas in bars moves aneurattand will
thus move inward during a part of its orbit, but then move @uthagain on a
subsequent part (see discussion in Knapen 2001).

In the remainder of this Section, we will review the questanwvhether
there is observational evidence that bars are related tuctherence of nuclear
activity.

2.1 Barsand starburst activity

There is a clearly observed trend for nuclear starburstxearopreferen-
tially in barred hosts (e.g., Hummel 1981; Hawarden et alB61Devereux
1987; Dressel 1988; Puxley, Hawarden, & Mountain 1988; Aasdt 1989;
Huang et al. 1996; Martinet & Friedli 1997; Hunt & Malkan 199Rous-
sel et al. 2001). For example, Hummel (1981) reported that#ntral radio
continuum component is typically twice as strong in barrednanon-barred
galaxies; Hawarden et al. (1986) found that barred galalaesinate the group
of galaxies with a high 26m/12um flux ratio; and Arsenault (1989) found an
enhanced bafring fraction among starburst hosts. Huang et al. (19965+ev
ited IRAS data to confirm that starburst hosts are prefakntarred, but did
point out that this result only holds for strong bars (SB slamsthe RC3 cata-
logue, de Vaucouleurs et al. 1991) and in early-type gagaxesults confirmed
more recently by Roussel et al. (2001). In contrast, Isobeeélson (1992)
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did not find an enhanced far-IR to blue flux ratio among barr@dxdes, and
Ho, Filippenko & Sargent (1997) found only a very marginairizase in the
detection rate of Hi nuclei (indicative of starburst activity) among the barred
as compared to non-barred galaxies in their sample, on\ngrtiee late-type
spirals (Sc-Sm), and most likely resulting from selectidfeas rather than
bar-induced inflow (Ho et al. 1997). All results mentioneadabrely on op-
tical catalogues such as the RC3 to derive the morphologlaskifications,
whereas it is now well-known that the presence of a bar caredeatd more
reliably from near-IR imaging (e.g., Scoville et al. 1988)dfen et al. 1995b).
Although near-IR imaging leads to enhanced bar fractiorcoagpared to op-
tical imaging (e.g., Knapen, Shlosman & Peletier 2000; idgir et al. 2000),
it is not clear how it would affect the results on bars andstests.

The statistical studies referred to above thus seem to dreivibars and star-
bursts are connected, but that the results are subject toriam caveats and
exclusions. Further study is needed, determining bar paterfrom near-IR
imaging, using carefully defined samples, and exploringemuirect starburst
indicators than the IRAS fluxes which have often been useghétiresolution
imaging of the starburst galaxies is also needed, to confiempbssiblecir-
cummuclear nature of the starburst, already suggested bad8 iy Hawar-
den et al.

2.2 Barsand Seyfert activity

Seyferts are almost ideal for a study of AGN host galaxiesy thre rel-
atively local and occur predominantly in disk galaxies (B#g 2 for a nice
example). One of the aspects of the host galaxy — Seyfestitsgctionnec-
tion that has received a good deal of attention over the yeding question of
whether Seyfert hosts are more often barred than non-3$gyf8tarting with
the work of Adams (1977), many authors have dedicated sffontesolve this
guestion, without finding conclusive evidence (e.g., Add®is7; Simkin, Su,
& Schwarz 1980; Balick & Heckman 1982; MacKenty 1990; Molsrquez,
& Pérez 1995; Ho et al. 1997; Crenshaw, Kraemer, & Gabel 2008jortu-
nately, many of these investigations are plagued by thenabsef a properly
matched control sample, by the use of the RC3 classificatipwarse per-
haps, ad-hoc and non-reproducible classification criterdetermine whether
a galaxy is barred; and all of them are based on optical ingagin

Near-IR imaging is much better suited for finding bars (seetiGe 2.1),
and a small number of studies have combined the use of higliguear-IR
imaging with careful selection and matching of samples gf&éeand quies-
cent galaxies. One such study, by Mulchaey & Regan (199pprte iden-
tical bar fractions, but Knapen, Shlosman, & Peletier (3008ing imaging
at higher spatial resolution and a rigorously applied sebaf criteria, find



Figure 2. Near-IR K, image of the Seyfert host galaxy NGC 4303, showing a prontiban
and a well-structured set of spiral arms. North is up, Eathédeft, and the size of the image
shown is approximately four minutes of arc. The image wasrtakith the INGRID camera on
the William Herschel Telescope, see Knapen et al. (2003nfme details.

a marginally significant difference, with a higher bar frantin a sample of
CfA Seyferts than in a control sample of non-Seyferts (axiprately 80%
vs. 60%). The results found by Mulchaey & Regan (1997) carebenciled
with those reported by Knapen et al. (2000) by considerimgldver spatial
resolution employed by the former authors.

Laine et al. (2002) later confirmed this difference at a®2lével by increas-
ing the sample size and using high-resolutit®TNICMOS near-IR images of
the central regions of all their active and non-active sangallaxies. Laine et
al. (2002) also found that almost one of every five samplexiggdaand almost
one of every three barred galaxies, has more than one banuthear bar frac-
tion, however, is not enhanced in Seyfert galaxies as coedgarnon-Seyferts
(see also Erwin & Sparke 2002).

In a recent paper, Laurikainen, Salo & Buta (2004) study treplooperties
of some 150 galaxies from the Ohio State University Brighta®a Survey
(Eskridge et al. 2002) in terms of their nuclear propert@spng other factors.
Using several bar classification methods on optical and-ire@nages, they
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find that only a Fourier method applied to near-IR imagesdaad significant
excess of bars among Seyferts/LINERs as compared to nive-getiaxies: a
bar fraction of 71%:4% for the active/starburst galaxies, versus 35 for
the non-active galaxies (at a significance level 0635

The Fourier method employed by Laurikainen et al. (2004 bjsdive but
sensitive largely to classical bars with high surface krighses, and in this
respect similar to the strict criteria applied by Knapenle{2000) and Laine
et al. (2002), who basically rely upon significant a rise aalllih a radial
ellipticity profile for bar identification. The results ofd@h~ourier analysis by
Laurikainen et al. (2004) are remarkably similar to thogemfiKnapen et al.
and Laine et al., apparently because all trace prominestibarear-IR images.
Laurikainen et al. find that the excess of bars among SejfédERs does not
manifest itself in an analysis of optical images, which agrevith the general
lack of excess found by the many authors who relied upon alpiticaging
for their bar classification (see references above). Laurdn et al. (2004)
also find that the bars in active galaxies are weaker tharetlmoaon-active
galaxies, a result which confirms earlier indications te #ffect by Shlosman,
Peletier & Knapen (2000) and by Laurikainen, Salo, & Rangai (2002).

We can thus conclude that there is a slight, though significaxcess of
bars among Seyfert galaxies as compared to non-activeigslabhis result is
found only when using near-IR images, and only when applyiggrous and
objective bar classification methods. Even so, there remaiortant num-
bers of active galaxies without any evidence for a bar, andhe other hand,
many non-active galaxies which do have apparently suitadis. Given that
any fuelling process must be accompanied by angular mommelass, most
easily achieved by gravitational non-axisymmetries, egittne timescales of
bars (or interactions, see below) are different from thdgbeactivity, or the
non-axisymmetries are not as easy to measure as we thinigsiance be-
cause they occur at spatially unresolvable scales, andl dmumasqueraded
to a significant extent by, e.g., dust or star formation (ka@t al. 2002), or
because they occur in the form of weak ovals (e.g., Kormerg#9)1Lwhich
will not necessarily be picked up by ellipse fitting or Foutiechniques. Ad-
ditional work is clearly needed, but it is not clear whethes should be aimed
primarily at the large-scale bars described in this Sectiwrperhaps better
at the kinematics and dynamics of the very central regiorectife and non-
active galaxies. In any case, the use of carefully matchegbles and control
samples is of paramount importance.

1itis an interesting exercise to add the numbers found byikainen et al. (2004) to those found by Laine
et al. (2002), which would give largely the same overall leisuterms of bar fractions, but with smaller
error bars thanks to the increased sample sizes, and arl @igniicance level of more thans3 Formally
this is not allowed though because the original samples haea selected using different methods, and
should not simply be added.
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3. The effects of interactions

Galaxy interactions can easily lead to non-axisymmetrigise gravitational
potential of one or more of the galaxies involved, and as saatbe implicated
in angular momentum loss of inflowing material, and thus edrably in star-
burst and AGN fuelling (e.g., Shlosman et al. 1989, 1990;ddi& Hernquist
1995).

31 Interactions and starburst activity

It is well known that there is ample anecdotal evidence ferdbnnection
between galaxy interactions and starburst activity. Thisarhaps clearest for
the most extreme infrared sources, specifically the Ultrerinous InfraRed
Galaxies (ULIRGS). They are powered mainly by starbursteni&el et al.
1998), and it has been known since briefly after their disgoteat they oc-
cur in galaxies with disturbed morphologies, presumablg assult of recent
interactions (e.g., Joseph & Wright 1985; Armus, Heckmaryigey 1987;
Sanders et al. 1988; Clements et al. 1996; Murphy et al. 1988ders &
Mirabel 1996). Given that the ULIRGSs are both among the mxfseme star-
bursts known, and are occurring in interacting galaxies,@an infer that such
massive starbursts are in fact powered by gas which hasrigsiaa momen-
tum in galaxies which are undergoing a major upheaval, are,merging or
interacting.

More in general, and considering galaxies less extreme ithesge in the
ULIRG class, there is considerable evidence for a connedigiween inter-
actions and enhanced star formation in galaxies, often unegsising galaxy
colours which are bluer in the case of current star formasee, e.g., the sem-
inal paper by Larson & Tinsley 1978). But even so, a more Betaionsider-
ation can expose possible caveats. We mention the receet pgBergvall,
Laurikainen, & Aalto (2003), who considered two matched gl@s of nearby
interacting (pairs and clear cases of mergers) and nomairtteg galaxies, and
measured star formation indices basedldBV colours. From this analysis,
Bergvall et al. dmnotfind evidence for significantly enhanced star-forming ac-
tivity among the interacting/merging galaxies, althoulgéytdo report a mod-
erate increase in star formation in the very centres of thigracting galaxies.
Interesting in this respect are also recent results fromnabatation of Sloan
Digital Sky Survey and 2dF Galaxy Redshift Survey data,gmtd by Balogh
et al. (2004). These authors study the equivalent widthc&hkhission, a mea-
sure of starburst activity, and find no correlation betwégdistribution among
the star-forming population of galaxies and the envirorimen

So although mergers can undoubtedly lead to massive ssésbtirey appear
to do so only in exceptionally rare cases. Bergvall et al08@stimate that
only about 0.1% of a magnitude limited sample of galaxie$ gkt massive
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starbursts generated by interactions and mergers. Mastaations between
galaxies may not lead to any increase in the starburst gctivhose that do
may be selected cases where a set of parameters, both intetha galaxies

and regarding the orbital geometry of the merger, is comdutn the occur-

rence of starburst activity (e.g., Mihos & Hernquist 1998).further illustrate

this point, we quote the results published by Laine et al0820who find very

little evidence for trends in starburst activity from dédiHSTimaging of the

Toomre sequence of merging galaxies.

3.2 Interactionsand Seyfert activity

Interactions and mergers have long been suspected ofringgagh-lumi-
nosity AGN such as QSOs (e.g., Disney et al. 1995; Bahcall.el897),
although many of such AGN seem to lie in entirely undisturb#igtical sys-
tems. In fact, Dunlop et al. (2003) show that the host galaxopgrties of
radio-loud and radio-quiet AGN are indistinguishable frimose of quiescent
but otherwise comparable galaxies, and Floyd et al. (2004 rib correla-
tion between the luminosity of a quasar and the presenceyahanphological
disturbance in the host.

Seyfert activity is known to occur in interacting and meggoalaxies, and
several rather spectacular examples are well known (féamee NGC 2992,
or a number of the closest ULIRGs such as Mrk 273). To chedisttally
whether there is a connection between interactions anddbigrrence of this
type of nuclear activity, authors have considered the nusnbecompanions
to Seyfert galaxies as compared to non-active control gzda(e.g., Fuentes-
Williams & Stocke 1988; de Robertis, Yee, & Hayhoe 1998; Sith2®01), or,
alternatively, have searched for different fractions ojf€e or AGN activity
among more or less crowded environments (e.g., Kelm, FocarBalumbo
1998; Miller et al. 2003). The conclusion from this subsirbody of work
must be that no unambiguous evidence exists for a directemiom between
the occurrence of Seyfert activity and interactions. Soaréex work did re-
port claims of a statistical connection, but this work watotanately plagued
by poor control sample selection (see Laurikainen & Saldblf®® a detailed
review), and most early studies, but also some of the recey, @re not based
on complete sets of redshift information for the possiblmpanion galaxies.
In addition, Laine et al. (2002) have shown that the bar ibachmong both
the Seyfert and non-Seyfert galaxies in their sample is ¢et@ly independent
of the presence of companions (interacting galaxies weteausidered by
Laine et al.). We thus conclude that interactions and Segtgivity may well
be linked in individual cases, but that as yet the case tlegtdne statistically
connected has not been made convincingly.
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4, Barsand nuclear rings

Apart from concentrating gas in the central regions of gakas discussed
in Section 2, bars also set up resonances which can act dfonts for the
gas flow. As reviewed by, e.g., Shlosman (1999), gas coratestithere in
limited radial ranges, where it can become gravitationaltgtable and form
stars. Rings in disk galaxies are mostly identified by thtir formation, ei-
ther by their blue colours or by &ddemission, and are intimately linked to the
internal dynamics and the evolution of their hosts (see Bu@ombes 1996
for a comprehensive review on galactic rings).

T ;
015 * -
9 CoX ]
S, 01f ) R
£ L i
_ - X 1
0.0 = «x ¥ XX ]
Lk ko i

O ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 ‘ 1

0 0.2 0.4 0.6

@

Figure 3. Relative size (ring diameter divided by host galaxy diamef a sample of 15
nuclear rings as a function of the gravitational torgpg, or strength, of the bar of its host
galaxy. Data from Knapen, Pérez-Ramirez, & Laine (2002)kamapen (2004b).

Nuclear rings are those on scales of less than one to roughlkitopar-
sec in radius. They are rather common, and occur in about Z08earby
spiral galaxies (Knapen 2004b). They can be directly lint@éhner Lind-
blad resonances (Knapen et al. 1995a; Heller & Shlosman;18Bi®sman
1999), and are in fact found almost exclusively in barredxjak (e.g., Buta
& Combes 1996; Knapen 2004b; but see below for a countereeampm-
dividual gas clouds in a nuclear ring can undergo a Jearesdgfapse either
spontaneously (Elmegreen 1994), or after compression hsitgavaves set up
by the bar (Knapen et al. 1995a; Ryder, Knapen, & Takamiyd ROQuclear
rings are thus not only excellent tracers of massive standtion in starburst
regions, but also of the dynamics of their host galaxies. [@tter point is il-
lustrated by Fig. 3, which shows that nuclear rings with gdasize relative
to their host galaxy can only occur in bars with a low graiataal torque, or:
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large rings cannot occur in strong barsThis confirms the results from ear-
lier theory and modelling that the extent of the perpendicu® orbits needed
to sustain the nuclear ring is limited as the bar gets stmprige, as therl
orbits become more elongated (see Knapen et al. 1995a;rKefdlosman
1996; Knapen, Pérez-Ramirez, & Laine 2002; Knapen 2004k)geaphically
shows how intricately bars and nuclear rings are related.

A small number of rings, or pseudo-rings, apparently ocoundn-barred
galaxies. Some of these hosts, although classified as moedfaom optical
imaging in the major catalogues, are obviously barred whiagied in the near-
IR (e.g., NGC 1068, Scoville et al. 1988, and NGC 4725, Shaal.e1993;
Mdllenhoff, Matthias, & Gerhard 1995). In other cases, a-barred host
galaxy may either have an oval distortion, or be undergdiegetfects of an
interaction with a companion galaxy. In either of these sagee gravitational
potential of the galaxy could be disturbed, and the nonyaxisetric potential
could lead to ring formation, in much the same way as in thegiree of a bar
potential (Shlosman et al. 1989).

Figure 4.  Real-colour image of the galaxy NGC 278 produced from asthiv450W,
F606WW, and F'814W HST images. Area shown is about 100 arcsec on a side, or about
5.7 kpc. The blue region, apparently made up of spiral argnfients, indicates the nuclear
ring, with a radius of 1.1 kpc. Image data from Knapen et d004).

A nice example is that of NGC 278, a small, nearby and isolafadal
galaxy @sys = 640kms™; D = 11.8 Mpc; Dos = 7.2 kpc; Mp = —18.8).
Although classified as SAB(rs)b in the RC3, there is no ewddor the pres-
ence of a bar in this galaxy from eith&efST WFPC2 or ground-based NIR
imaging (Knapen et al. 2004a). The optical disk of NGC 278xshtwo dis-
tinct regions, an inner one with copious star formation alegrcspiral arm
structure, shown in Fig. 4, and an outer onex{ 27 arcsec or > 1.5 kpc)
which is almost completely featureless, of low surface Hirigss, and rather
red. NGC 278 has a largeitdlisk, which is morphologically and kinematically
disturbed, as seen fromiHdata (Knapen et al. 2004a). These disturbances sug-
gest a recent minor merger with a small gas-rich galaxy, a@stsimilar to a
Magellanic cloud.

The scale and morphology of the region of star formation inONEZ78 in-
dicate that this is in fact a nuclear ring, albeit one with echlargerrelative
size with respect to its host galaxy than practically allentknown nuclear
rings (the absolute radius of the nuclear ring is about ghkileec, normal for
nuclear rings). Knapen et al. (2004a) postulate that it ifaah the past in-
teraction which has set up a non-axisymmetry in the grawitat potential,
which in turn, in a way very similar to the action of a classar,ldeads to the
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formation of the nuclear ring. The case of NGC 278 illussdtew in appar-
ently non-barred galaxies rings can be caused by depaftorasaxisymmetry
induced by interactions, but also shows how difficult it cartdo uncover this:
in the case of NGC 278 only through detailed ébservations.

5. Rings and nuclear activity

Although nuclear rings and especially nuclear activityehas separate top-
ics received considerable attention in the literaturey fnessible interrelation
has not been much studied. Many nuclear rings, of coursearsgedotally
known to occur in galaxies which also host a nuclear stattasra prominent
AGN (often of Seyfert or LINER type, given the typical paraers of the
host galaxies involved), and some famous examples includ€ M068 and
NGC 4303.

In a recent paper, we explored the correlations betweereauclctivity
(both of the non-stellar and starburst variety) and the weoge of nuclear
rings in a sample of 57 nearby spiral galaxies (Knapen 2004i)ng infor-
mation on the activity from the NASA/IPAC Extragalactic Rbase (NED)
and ring parameters as derived from new trhaging (Knapen et al. 2004b),
we found not only that nuclear rings significantly more oftlean not occur in
galaxies which also host nuclear activity (only two of thenli2zlear rings occur
in a galaxy which is neither a starburst nor an AGN host; 3hef37 sample
galaxies overall would fall into this category), but alsattthe circumnuclear
Ha emission morphology of the AGN and starbursts is signifigamiore of-
ten in the form of a ring than in non-AGN, non-starburst gaax38% of
AGN, 33% of starbursts, 11% of non-AGN, and 7% of non-AGN sterburst
galaxies have circumnuclear rings in our sample of galaxies

Although the number of galaxies in this initial study is matismall for de-
tailed statistical analyses, we did find this most intengstiorrelation between
the occurrence of nuclear rings and that of nuclear activibur initial in-
terpretation of this effect is that both nuclear rings, asdad by the massive
star formation within them, and starbursts and AGN (of thgf&e or LINER
variety) trace very recent gas inflow. Although it is not clagriori why the
kpc-scale fuelling of nuclear rings and the pc-scale fogltf activity might be
so closely related, nuclear rings do seem to show a potergtimhcers of AGN
fuelling. These findings may also be related to the reportghehn incidence
of rings among Seyfert and LINER hosts than among non-AGExied (Ar-
senault 1989 for nuclear rings; Hunt & Malkan 1999 for inned auter rings).
All these aspects of rings and nuclear activity need furticeutiny.
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6. Concluding remarks

From theory and modelling, and increasingly also from olagéons, it is
clear that bars can remove angular momentum from gaseoesiahaand thus
drive it from the disk into the central kpc-scale regions gh#axy (Section 2).
In contrast, the evidence that this centrally condensedigastly and imme-
diately leads to AGN or starburst activity remains rathesse. The relevant
results, reviewed more in depth elsewhere in this papeidisated below, have
been summarised in Table 1, where bars and interactionsdesrelabelled as
primary indicators for links between the inflow-provokingamanisms and the
possibly resulting AGN or starburst activity. Also listed Table 1 is a small
number of so-called secondary indicators, which have vedeattention as
outlining possible links between inflow and activity, butiaihmay well be a
result of one of the primary indicators. The information soamised in Table 1
can be related to the content of this paper as follows:

Table 1. Summary of observational evidence for relations betwed&bws host galaxy features
and Seyfert/LINER and starburst activity

Feature Seyferts/LINERs Starbursts

Primary indicators

Bars yes (but 2.5) yes (but not in general?)
Interactions no yes (but extremes only?)

Secondary indicators

Nuclear bars no N/A
Rings yes, some yes (nuclear rings at least)

m Starbursts can be provoked by bars or interactions, atileastne cases
(Section 2,1, 3.1).

m There is an increasing body of evidence that Seyfert agtjwieferen-
tially occurs in barred host galaxies, but the effect is éistteal one,
and not very pronounced (Section 2.2).

m There is no convincing evidence that AGN hosts are intargathore
often than non-AGN (Section 3.2).

= Nuclear bars (Section 2.2) have great theoretical poldiatidbringing
fuel very close to the centre of a galaxy (the “bars withirsbacenario,
Shlosman et al. 1989) but have so far not lived up to that pialein
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terms of their detections in imaging surveys, where no highelear
bar fractions have been found in Seyferts as compared t@Gegferts.
As far as we aware, the possible statistical connectionsdsat nuclear
bars and starbursts have not yet been studied.

m There is some interesting evidence that rings, both nu@edrnon-
nuclear, may be related to the presence of low-luminosityNA@tivity
(Section 5). This issue needs further exploration, but in ease the
rings will most likely have formed under the influence of eitta bar
or another form of non-axisymmetry in the gravitationalgmiial of the
host, hence the inclusion of rings as secondary indicatofslble 1.

= Finally, there is a direct link between starburst activibgdhe presence
of nuclear rings, since small nuclear rings with significaratssive star
formation can be classified as starburst, and since mariyussés might
in fact be circumnuclear rather than nuclear, albeit witlalming radii
of tens to hundreds of parsec (e.g., Gonzalez-Delgado €t9I8), or
possibly even smaller. Statistical links between inndgbuings and
starburst activity have not yet been explored.

Since we have known for quite some time that net radial gasvinfhust
be accompanied by the loss of significant quantities of awmgmomentum,
and that the kind of deviations from axisymmetry in the giational potential
of the host galaxy set up by bars and interactions is welkkdui lead to such
angular momentum loss (see reviews by Shlosman et al. 1989; Shlosman
2003), we must be missing some part of the puzzle. One pbigsisithat
we are not looking at the right things at the right time: thatst as well
as the time-scales under consideration may not be correctarSthe spatial
scale considered observationally has been from tens of &y do, roughly,
a few hundred parsec. Whereas this range may be wholly atefprathe
study of a major starburst, which can span up to a kpc, it mdl/heewholly
inadequate for AGN fuelling, which is expected to be relateddoretion to
a SMBH, on scales of AUs. As far as timescales are concernbdi as
been considered in the studies reviewed here is generaliyharrlong-lived
phenomenon influencing kpc-scale regions (bar or galalgxgadnteraction).
Starburst or AGN activity, on the other hand, occurs on dsdnunknown
timescales (somewhere around® — 10® years could be expected for most
AGN or starbursts). If the starburst or AGN activity is indeshort-lived,
and possibly also periodic, the connection between theepoesof activity
at the currently observed epoch and any parameter of thegadmsty is not
necessarily straightforward (as pointed out, e.g., by Beak2001).

The fact that we see any correlations at all, such as thosardractions
with the presence of starburst or Seyfert activity, indisathat bars and in-
teractions do have a role, presumably by establishing aemevoir in the
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central kpc region. In the coming years, we must start tondiseyle the ef-
fects of gravitationally induced gas inflow, which bringsda the inner kpc
region at least, from those of possible other mechanismshatan transport
the gas further in, and from the time scales and duty cycléiseohctivity. We
seem to have reached the limits of purely morphologicalietudf the central
regions of active and non-active galaxies (e.g., Laine .ef@D2), and must
start to worry about the effects of the AGN or starburst orirtemediate
surroundings as we push the observations to smaller sgatifds, of tens of
parsecs. One must, hence, move on to careful studies of tharghstellar
kinematics and dynamics. Integral field spectroscopy,(Baron et al. 2001),
especially when used in conjunction with adaptive optichmégues, should
allow a good deal of progress here, giving simultaneous-tegblution map-
ping of the distributions of stellar populations and dustweell as of the gas
and stellar kinematics. In combination with detailed nugamodelling, this
could lead to the detection of the dynamical effects of, muglear bars on gas
flows which may be more directly related to the fuelling psxef starbursts
and/or AGN.

Acknowledgementsam indebted to my collaborators on the various aspects
of the work described here, especially John Beckman, Shardbgee, Seppo
Laine, Reynier Peletier, and Isaac Shlosman. Valuable camsrby confer-
ence participants have helped improve this paper.
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