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Abstract.

Context The morphology of massive star formation in the centralaegiof galaxies is an important tracer of the dynamical
processes that govern the evolution of disk, bulge, andeanelctivity.

Aims We present optical imaging of the central regions of a saraplE3 spiral galaxies in the &lline and in optical broad
bands, and derive information on the morphology of masgaefermation.

Methods We obtained images with the William Herschel Telescope tiyas a spatial resolution of below one second of arc.
For most galaxies, no d&limaging is available in the literature. We outline the obiseg and data reduction procedures, list
basic properties, and present thband and continuum-subtracted kmages. We classify the morphology of the nuclear and
circumnuclear |4 emission and explore trends with host galaxy parameters.

Results We confirm that late-type galaxies have a patchy circummau@ppearance ind and that nuclear rings occur pri-
marily in spiral types Sa-Sbc. We identify a number of pregiy unknown nuclear rings, and confirm that nuclear rings ar
predominantly hosted by barred galaxies.

Conclusions Other than in stimulating nuclear rings, bars do not infleetie relative strength of the nucleaw kpeak, nor
the circumnuclear K morphology. Even though our selection criteria led to arr-@mindance of galaxies with close massive
companions, we do not finghy significant influence of the presence or absence of a clospaxion on the relative strength
of the nuclear i peak, nor on the bl morphology around the nucleus.

Key words. galaxies: spiral — galaxies: structure

rXiv:astro-ph/0511558 vl 18 Nov 2005

(T 1. Introduction through galactic bars or galaxy interactions are invol\izue

to the asymmetric nature of their mass distribution, thay ca

4 . ) facilitate the loss of angular momentum in inflowing materia
form, appears to be an integral part of their evolution. Bo ., Shlosman, Begelman & Frank 1990; Athanassoula 1994;

forms of activity have been obser_ved to_ co-exist(e.g., Hm‘rk Combes 2001). Observationally, statistical links betwiears
et al. 1997) and are a clear manifestation of the symbiotie ey,

luti f galacti i d their host qalaxies. Th and interactions on the one hand and the occurrence of star-
tl.J Ir?tn 0 g? ?.C lcbcet\rl]vres 6,:2 eirhos ?t?] aX|es.t | EI Bsh burst and AGN activity on the other are clear in certain aineu

\ght correlation between the masses ol the central bSO, g (e.g., extreme starbursts and interactions)ylsge
and the velocity dispersions in the surrounding bulges,(esg

X ) : nificant in others (e.g., lovi- AGN and bars; lowk starbursts
view by Ferrarese & Ford 2005) provides the most direct eVind interactions), and absent in the case of lbWGN and
dence for this evolution and yields important clues on the d '

: ) ) thteractions (e.g., review by Knapen 2004).
namics, structure, and evolution of galaxies.

To initiate and to maintain the AGN or nuclear starburst ac- I\|_/|Iassw_e SF can db_e convmm_rrglybtraced dby_tt:: © tac%om dpta rlly-
tivity, gas inflow must be stimulated from the disk to the caht g Mo emlgsmn andis |\</ery .eastltﬁggser_\llgle wi | s and ar de €
regions — a process which must be accompanied by a sgpopes an cameras (Kennicu &.isimainly produce

stantial loss of angular momentum in the gas. Theoreti,calQ]the Hu regions surrounding massive B and O stars, although

this leads to the suggestion that gravitational torques@ct opks and non-stellar aCt'_V'ty can also lead todtnission. In
the images of the 73 galaxies analysed here, we study the mor-

Send offprint requests to: J. H. Knapen phology of the K emission in the circumnuclear, two kpc ra-

Enhanced nuclear activity in disk galaxies, in starbur&t@N
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dius regions, as well as from the nucleus se. The circumnu- Table[l for details and Buta & Block 2001 and Block et al.
clear area as chosen is large enough to incorporate mosamuc2004 for a description o®y).

rings. This kind of circumnuclear, low-starbursts are found  Finally, we list in Tablddl (col. 16) whether a galaxy has a
in around one fifth of spiral galaxies (Knapen 2005, hereaftelose companion or not. The criterion for classifying a skemp
KO05), and characterise the dynamics of the host galaxy andgalaxy as having such a companion is that it must have at least
stellar bar (e.g., Buta & Combes 1996; K05). one neighbouring galaxy within a radius of five times the diam

We present our galaxy sample in Sect. 2, and descrigter of the galaxy under consideration @, < 5xD2s, where
the observations and data reduction procedures in SectD3s is listed in column 2 of TablEl 1. Any companion must also
The nuclear and circumnucleanHnorphology is analysed in have a recession velocity within a rangex#00 km s? of the
Sections 4 and 5, and relations to host galaxy properties, ssample galaxy, and be not more than three magnitudes fainter
as the presence of bars and nuclear activity, the morplaabgiThese criteria have evolved from those used by Schmitt (001
type, and the presence of companion galaxies, is discussedaine et al. (2002) and K05, and ensure that companion galax-
Sect. 6. Section 7 lists our main conclusions. In a subsdquiers are not only nearby, but also massive enough to have a grav
Paper Il (L. M. Mazzuca et al., in preparation) we will furthetational impact on the sample galaxy. The search for quatify
investigate the morphology and stellar ages in the 22 nucleeighbouring galaxies was performed using the “near name”
rings which we have identified in the course of this study.  search option in the NED.

We find that 26 of our 73 galaxies have a close compan-
ion (36%). This is a rather high number, no doubt influenced
by the fact that we have been selecting galaxies with praviou
For this study, we selected galaxies with some prior evidenevidence for “interesting” structure in their central @ys, and
for Ha structure in their central regions, either from the litalso by the fact that our sample spans a considerable range in
erature or from our own unpublished work. Since one of thiistance. In comparison, only 48 (15%) out of the 327 galax-
aims of the current study is to identify nuclear rings, weéhaves which comprise the statistically complete sample oéloc
included a number of galaxies with known nuclear or inngralaxies in the HaGS (& Galaxy Survey, James et al. 2004)
rings, some of which have also been described in the woitsow a close companion under the same criteria as used here
by Pogge (1989a, b), Buta & Crocker (1993), or KO5. The ol§d. H. Knapen & P. A. James, in preparation).
served sample is therefore not complete and any results must
be interprgted with the app_ropriate care. For inst.anqesahe 3. Observations and data reduction
ple selection procedure will not allow a determination o th
fraction of, say, nuclear rings in spiral galaxies. All the imaging presented in this paper has been obtainedjusi

The final sample, as observed by us with the Williarthe Auxiliary Port (Aux Port) camera on the 4.2m WHT, oper-
Herschel Telescope (WHT), consists of 73 galaxies spanniaigd by the Isaac Newton Group in La Palma. The bulk of the
a range in many basic parameters, for which we obtained Hmaging was obtained during a total of four observing nights
B andl imaging (see next Section for details). The galaxy samgranted by the UK time allocation panel (1999 September 16
ple is presented in Tabl& 1, which also lists a number of imp@nd 17, and 2000 July 25 and 26), with additional imaging ob-
tant observational parameters as obtained from the litexat tained in service mode during a number of nights in 1999 and
From the RC3 (de Vaucouleurs et al. 1991) we obtained tB800. We also used images of a few galaxies (e.g., NGC 4314
morphological type (column 2 in Tablg 1), the apparent majand NGC 4321) obtained by one of us (JHK) during earlier ob-
isophotal diameter measured at or reduced to surface hagét serving runs with the WHT. The images of NGC 4321 have
level ug = 25.0B-mag arcse®, D5 (in arcmin, col. 4), and been published before by Knapen et al. (1995a,b).
the inclination and major axis position angle (in degreet,© The Aux Port camera is a small optical camera without any
and 6). From the NASAPAC extragalactic database (NEDYe-imaging optics located at a dedicated folded cassefpain
we obtained a descriptor of the nuclear activity of the galaxcus of the WHT. Its small pixel scale (0.11 arc4exel) com-
for which we will distinguish between the four main categsri bined with a 10241024 pixel TEK CCD and round filters
Seyfert, LINER, starburst orid and none (col. 2). The recesields a circular field of view (FOV) of about 1.8 arcmin in di-
sion velocity (in km s, col. 7) was obtained from the RC3 forameter. We used HarrB and| filters, and one of the narrow-
most galaxies, but from the NED for those where the RC3 doeand filters 657®5, 659444, 660750, 662644 or 665644,
not list a value. depending on the systemic velocity of the galaxy, where the

The distancé® to a galaxy (in Mpc, col. 8) was taken fromnumbers denotd/A2, or the central wavelength of transmis-
the Nearby Galaxies Catalog (Tully 1988) whenever a vals®n and the width of the transmission curve, both in A. We
was given there; if not, we derived it from the recession @eloused typical exposure times of 1, 3, and 10 minutek &nd
ity assuming a Hubble constant b = 75kms*Mpc™. We B, and Hv, respectively. Atmospheric conditions were good in
used the distance to derive the image scale, in parsec [gercargeneral, and the resulting spatial resolution as measuoed f
(col. 10). The absolute blue magnituddg, col. 11) was taken the reduced images is around 0.8 arcsec in theahid|-band
from Tully (1988), or derived from the distance where a galaximages, and around 1.0 arcsedn
is not included in the Tully (1988) catalogue. As an indicato The data reduction process followed basic procedures for
of bar strength, we list the gravitational bar torque patamebias subtraction and flat fielding using twilight sky flat field
Qv (col. 12), as obtained from various papers (see captionltoage registration was done by measuring the positiongef fo

2. Sample selection and parameters
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NGC Type Activity Dys i PA v D Ref scale Mg (0% Ref. Morph.  Comp.
(NED) O ) ) (kms') (Mpc) (D) (pg”) (@) N CN
128 .L..p 30 72 1 4241 56.6 1 274.1 -20.99 N P Y
157 .SXT4.. 42 50 40 1668 20.9 2 101.3 -20.06 0.33 8 w P N
210 .SXS3.. 50 49 160 1634 20.3 2 984 -20.06 0.05 8 N P Y
255 .SXT4.. 30 34 15 1600 20.0 2 97.0 -19.26 N P N
278 SXT3.. 21 17 641 11.8 2 57.2 -19.62  0.05 8 N R N
470 .SAT3.. Hil 2.8 52 155 2374 30.5 2 1479 -20.05 N P Y
473 .SXRO*. 1.7 51 153 2133 29.8 2 1445 -19.77 W R N
488 .SAR3.. 52 42 15 2269 29.3 2 142.1 -21.36 0.03 8 S N N
613 .SBT4.. Sy 55 41 120 1475 17.5 2 84.8 -20.53 0.30 8 S R N
628 .SASS.. 105 24 25 656 9.7 2 47.0 -20.32 0.02 4 w P N
772 .SAS3.. 7.2 54 130 2458 32.6 2 158.0 -21.80 0.1 3 S P Y
788 .SASO*. Sy2 19 41 75 4078 544 1 263.6 -20.68 S N N
864 .SXT5.. 47 41 20 1560 20.0 2 97.0 -20.20 0.32 8 S P N
922  .SBS6P. 19 36 3092 41.2 1 199.9 -20.63 N P Y
925 .SXS7.. Hil 105 56 102 553 9.4 2 45.6 -19.66 N P N
1042 .SXT6.. 47 39 15 1373 16.7 2 81.0 -1991 0.04 8 W P Y
1068 RSAT3.. Syl Sy2 71 32 70 1137 14.4 2 69.8 -21.39 0.16 3,7 8 Y
1073 .SBT5.. 49 24 15 1211 15.2 2 73.7 -19.44  0.56 8 N P N
1079 RSXTOP. 35 52 87 1447 16.9 2 819 -18.83 S P N
1084 .SASS.. 32 56 115 1406 17.1 2 829 -20.26 0.04 8 S P N
1087 .SXT5.. 3.7 53 5 1519 19.0 2 92.1 -20.21  0.43 8 S P N
1140 .IB.9P* HIl Sy2 1.7 57 6 1509 18.2 2 88.2 -18.77 S P N
1232 .SXT5.. 74 29 108 1682 20.0 2 97.0 -21.11 0.21 7 N N N
1241 .SBT3.. Sy2 2.8 53 145 4030 26.6 2 129.0 -19.83 0.18 8 S P Y
1300 .SBT4.. 6.2 49 106 1568 18.8 2 91.1 -2042 052 8 W R Y
1302 RSBRO.. 39 17 1703 20.0 2 97.0 -20.11 0.06 8 S N N
1343 .SXS3*P 26 51 80 2215 29.5 1 143.2 -18.85 W R N
1398 PSBR2.. Sy 7.1 41 100 1407 16.1 2 78.1 -20.57 0.2 3,7 S N N
1530 .SBT3.. 46 58 2461 36.6 2 1774 -21.32 0.71 6 N R N
1637 .SXT5.. 40 36 15 717 8.9 2 43.1 -18.33  0.19 8 S P N
3982  .SXR3*. 23 29 1109 17.0 2 82.4  -18.65 S P N
4303 .SXT4.. HIl Sy2 6.5 27 1569 15.2 2 73.7 -20.71  0.08 8 S R N
4314 .SBT1.. LINER 4.2 27 963 9.7 2 47.0 -18.65 0.44 8 S R Y
4321 .SXS4.. LINER HII 7.4 32 30 1586 16.8 2 814 -21.13 018457 S R Y
5248 .SXT4.. Sy2 HII 6.2 44 110 1153 22.7 2 110.1 -21.07 0.06 8 R N
5383 PSBT3*P Sbrst 32 32 85 2250 37.8 2 183.3 -20.96 N P N
5430 .SBS3.. HIl Sbrst 22 58 O 2961 39.5 1 1914 -20.11 N P N
5457 .SXTE6.. 288 21 241 54 2 26.2 -20.45 0.125 3,5 N P Y
5701 RSBTO.. LINER 43 17 1506 26.1 2 126.5 -20.35 0.14 8 S N N
5728  .SXR1* Sy2 31 55 0 2788 42.2 2 204.6 -21.67 S R N
5730 1..9%, 1.8 78 88 2533 33.8 1 163.7 -18.01 N P Y
5850 .SBR3.. 43 29 140 2556 28.5 2 138.2 -20.69 0.31 8 S P Y
5905 .SBR3.. Syl 40 49 135 3390 45.2 1 2191 -20.69 0.43 5 N R Y
5921 .SBRA4.. LINER 49 36 130 1480 25.2 2 122.2 -20.67 0.26 8 S PN
5945 .SBT2.. 21 21 105 5516 73.6 1 356.6 -20.63 S R Y
5953 .SA.1*P LINERSy2 16 34 169 1965 33.0 2 160.0 -19.59 S R Y

Table 1.Global parameters of the galaxies in the observed sampiginelol from the RC3 unless otherwise indicated. Galaxies

are listed in order of increasing RA. Tabulated are the ifieation number of the sample galaxies (all are NGC numberspt
IC 1438 (col. 1); the morphological type (col. 2); nucleativaty class (from NED; col. 3)D,s, the apparent major isophotal
diameter measured at or reduced to surface brightnessugvel25.0 B-mag arcse@(col. 4); inclinationi as derived from the
ratio of the major to the minor isophotal diameter (col. ®sition angle PA of the disk (col. 6); mean heliocentric ehgielocity
v, in a few cases obtained from NED (col. 7); distaficin Mpc (col. 8); reference fob, where 1 isv from col. 7 and assuming
a Hubble constant dfly = 75kms*Mpc?, 2 is the Nearby Galaxies Catalog (Tully 1988; col. 9); imagale in parsec per
arcsec, as derived from the distance (col. 10); absolute tlagnitude, taken from Tully (1988) whenever possiblegiatise
derived frommg (from the RC3) and the distance (col. 11); gravitationaltbegueQy (col. 12); reference fo®y, (col. 13), where
3is Laurikainen & Salo (2002), 4 is Block et al. (2001), 5 is8& Block (2001), 6 is Block et al. (2004), 7 is Laurikaineraét
(2004), 8 is Buta et al. (2005). An average is given when nittae bne measure is available in the literature, except veheakie
is available from Block et al. (2004) or Buta et al. (2005),iethare given without taking earlier determinations inte@mt;
morphological classification of the nuclear (col. 14; wh&emeans no emission, "W’ weak, 'S’ strong, and 'P’ positisee
Sect. 4.1) and circumnucleantemission (col. 15; 'D’ means fluse, 'P’ patchy, ‘N’ none, 'R’ ring; see Sect. 5.1), and wiesth
a galaxy is classed as having a close companion ("Y’) or it €ol. 16; see Sect. 2).
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NGC Type Activity Dys i PA Y D Ref scale Mg Q  Ref. Morph. Int.
(NED) O ) ) (kms') (Mpc) (D) (pg”) (@) N CN
5970 .SBR5.. LINER HII 29 47 88 1963 31.6 2 153.2 -20.55 N P Y
5982 .E.3... 26 41 110 3017 40.2 1 195.0 -20.98 S N Y
6217 RSBTA4.. Sy2 30 34 1362 23.9 2 1159 -20.19 0.39 3 S P N
6384 .SXR4.. LINER 6.2 49 30 1663 26.6 2 129.0 -21.31 0.14 8 S N N
6412 .SASS.. 25 29 1324 235 2 1139 -19.69 N P N
6503 .SAS6.. LINER HIl 71 70 123 44 6.1 2 29.6 -18.64 w R N
6574 .SXT4*, Sy 14 39 160 2282 35.0 2 169.7 -20.76 w P N
6814 .SXT4.. Syl.5 30 21 1563 22.8 2 1105 -20.41 S P N
6907 .SBS4.. 33 36 46 3161 42.2 1 204.3 -21.22 0.07 8 S P N
6946 .SXT6.. Hil 115 32 52 55 2 26.7 -20.78 0.04 4 S P N
6951 .SXT4.. LINERSy2 39 34 170 1426 24.1 2 116.8 -20.73 0.3% S R N
7130 S.1P. LINERSy2 15 24 4842 64.6 1 313.0 -21.13 S P N
7217 RSAR2.. LINERSy 39 34 95 946 16.0 2 776 -20.38 0.03 8 S R N
IC 1438 PSXT1* 24 32 2616 33.8 2 163.9 -20.08 W R Y
7331 .SAS3S.. LINER 105 69 171 821 14.3 2 69.3 -21.10 0.12 3 S P Y
7469 PSXT1.. Syl.2 1.5 44 125 4916 65.6 1 317.8 -21.08 S R Y
7479 .SBS5.. LINERSy2 41 41 25 2378 324 2 157.1 -21.11 0.70 8 P N
7550 LA.-.. AGN 1.4 29 5072 67.6 1 3279 -20.99 W N Y
7570 .SB.1.. 15 54 30 4698 62.6 1 303.7 -20.09 N R N
7606 .SAS3.. 54 67 145 2233 28.9 2 140.1 -21.28 0.09 3 S D N
7672 .S..3.. Sy2 1.2 41 4010 535 1 259.2 -18.94 S P Y
7716 .SXR3*, 21 34 35 2571 33.7 2 163.4 -19.84 S R N
7723 .SBR3.. 35 47 35 1875 23.7 2 1149 -20.29 0.32 8 S P N
7727 .SXS1P. 47 41 35 1814 23.3 2 113.0 -20.38 0.09 8 S D Y
7741 .SBS6.. 44 47 170 755 12.3 2 59.6 -18.76 0.74 8 P P N
7742 .SAR3.. LINER HII 1.7 0 1653 22.2 2 107.6 -19.65 S R N
7769 RSAT3.. LINERHII 1.7 17 4214 56.2 1 272.4 -20.93 S P Y

Table 1.Continued.

ground stars where available, and the centre of the galaaly in4. Ho morphology: Methodology and limitations
cases. For the subtraction of the continuum from therklages o

we used thd-band images. We determined the scaling factdr1. Nuclear Ha emission

by applying the procedure described by Boker et al. (1989) o e
all individual sets of | + | images. This method uses the fac e have chosen to limit the classification of the nuclear H

that most pixels in any set of two registered images of a galaworphology to three categories: strong, weak, and none.ighi

will show continuum emission, whereas only a minority shoWa'nly because of the uncertainties in the continuum sobtra

continuum plus line emission. When plotting all individpat- tion usingl-bar_ld images i_n the very centres of our gale_lxies,
els, those tracing the continuum will scatter along a na,rro\\fvvhere diferential dust extinction can play a more prominent

well-defined band, the slope of which denotes the scaling fa(t8le thanllnt trlﬁ disk t(K?ap_er: etal. 200_4a). Trt1.esetthaSS|fI|ca—

tor to be used for the continuum subtraction. Pixels comgin lons apply o the central point source — In practise the earc

Ha emission will end up above this band (assuming that Hegton of_one seeing element in size. The exact pos_ltlone)f th

intensity is plotted as the ordinate). We refer the readéné¢o nucleus_ in a galaxy was determined from ﬂh_band Image.

papers by Boker et al. (1999) and Knapen et al. (2004a) f'PB(F qualify as a strong bl source, a nuclear point source must
e

a more detailed description. Knapen et al. (2004a) distwess lmor?r Ium|r1|9us than iny othlenHzmntlng regtugn in the ¢
uncertainties introduced by usirgband imaging for contin- galaxy. To qualify as weak, a nucleawtpeak must be presen

uum subtraction, and conclude that the resulting errorbén tht stronger peaks are found outside the nucleus. Obviously

luminosities of Hi regions are smaller than some 5%, and th ' cat_eg(_er none” describes those cases where no belevab
the resulting k¥ morphology is reliable. «a emission can be observed from the nucleus. In one case

(that of NGC 7741) we could not pinpoint the location of the
nucleus (not even using the near-IR image from Knapen et al.
2003), and this galaxy is thus not included in the followirg d
cussion.

The I-band and continuum-subtractedrHmages of all
sample galaxies are shown in Fig. 1 (published electragical 4 2 circumnuclear He morphology
The B-band images (not shown here) generally outline a mor-
phology similar to that shown in & though less pronouncedFor the purpose of this paper, we consider the morphology of
in showing the star forming regions. the Hx emission in the circumnuclear region as that arising
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from outside the nucleus and within a radius of 2.0 kpc fromEmission N D d Mg Companions?
the nucleus of the galaxy. The range in distances to our sampl () _(Mpc) (mag) Y(%) N(®%)
galaxies, from 5 to 74 Mpc (Tablg 1), implies that this 2 kpc ra Overall sample
dius corresponds to a range of linear sizes in our imageg; var 73 37 239 204 018  36%  64:6%
ing roughly from 77 arcsec to 6 arcsec. The hhorphology Nuclear emission
7 . . . . L Strong 44 39 238 -20.6 0.16 82% 68:7%

was c_Iassmeq by V|su_al inspection of the images within fhe a Weak 10 34 245 -201 019 405% 60-15%
pr_oprlate radial area independently by two of the co-awlbr 5 18 30 310 -201 021 442% 5612%
this paper. Circumnuclear emission

We used a minimal number of fiérent morphological patchy 39 35 228 -202 0.19 B8% 648%
classes, following the scheme introduced by K05. The maimone 9 43 266 -21.0 014 224% 7814%
categories are, first, “none”, where obviously no Emission  Ring 22 35 265 -204 030 360% 64:10%
is detected in the circumnuclear region (there will usublly Diffuse 3 47 289 -21.0 0.09 &727% 3327%

emission from the nucleus). Second, “patchy”, where irlivi Table 2. Median values of the host galaxies’ diameter (in ar-
ual and clearly delimited patches ot+&mission are detected,cmin, from the RC3; col. 3), distance (in Mpc, from Tully 1988
tracing individual Hi regions, but not in an obvious ring pat-col. 4), absolute magnitude (calculated usimgfrom the RC3
tern. The “patchy” class includes galaxies where the cimuim and the distance; col. 5), and the gravitational bar stre@gt
clear Hu regions form a spiral pattern, but because such a pgdel. 6), for the overall sample and theffdirent classes of nu-
tern is hard to classify simply and unambiguously, we hawe nglear and circumnuclear emission (col. 1; the number obgala
explicitly classified such cases as spiral. Third, “ringhieh ies in each category is shown in col. 2). The last two columns
denotes K emission organised into a well-defined nucleashow the fractions of the fierent nuclear and circumnuclear
ring. In three galaxies, circumnucleawwHs detected which Ha emission morphologies among those galaxies which have
is not confined to individual patches, and these three gadax¢lose companions (col. 6) and those which do not (col. 73, fol
have been classified “fiuse”. The classifications are given irlowing the criteria set out in Sect. 2. Uncertainties are as
Table[d. determined from Poisson statistics.

Of the 22 nuclear ring galaxies reported here, to the extent
of our knowledge five have not been reported as nuclear ring
hosts in the literature. These newly identified nuclearsiage
those in NGC 473, NGC 5905, NGC 5953, NGC 7570, angte classified as having weak nuclear emission, and 18 as
NGC 7716. having no Hr emission at all. The circumnucleam€mission

The classification scheme used here is rather coarse, iBysatchy in more than half of our galaxies (39 out of 73), and
we believe that it fiers a good compromise between the neédthe form of a nuclear ring in 22. A further 9 galaxies show no
for classification and the enormous variety encounteretién tcircumnuclear ki emission at all, and 3 haveftlise emission.
detailed Hr morphology from galaxy to galaxy. This variety is  Table[2 also lists the median values of a number of key
no doubt partly due to the nature oéteémission - originatingin host galaxy parameters for the overall sample and for the dif
regions of massive star formation whose ionised gas emissigrent classes of nuclear and circumnuclearéiission. We
will show a strong time evolution. have listed diameter, distance, absolute blue magnitutte, a

We will not discuss the fractions of galaxies in our sampl@e bar’s gravitational torque parame@y, or bar strength, for
which show patchy, ring-shaped, or nalémission, becausethose galaxies where this value is given in the literatutee T
the selection criteria of our sample imply that any conduosi only trend worth noting for the nuclearaHemission is that
from such a discussion would have no wider significance. Thiose galaxies withoutdlemission from the nucleus are, in the
is in contrast to the study of KO5, where the selection of @ssta median, further away than those with emission, which islgasi
tically meaningful sample leads, for instance, to the tebalt understood as related to sensitivity and detection. Thalksxg
one of every five spiral galaxies has a nuclear ring. What th& with strong k peaks in the nucleus are slightly brighter
current sample can be used for, except of course for sefectifan others, but this may be a morphological tyfiee (see
sub-samples of specific interest, or for referring to indiddl next section) and we will not discuss it in more detail.
objects, is an analysis of how a certain circumnucleantor- As for the circumnuclear &l emission, TablE]l2 shows how
phology is distributed with respect to host galaxy paramsetgne 12 galaxies without, or with fluse, Hr emission are both
such as morphological class or presence of a bar, provi@gd {arger in diameter and fainter than the others. Those with
reference is made to the distribution of such parametemsacyaichy Hy emission are, in the median, at smaller distances
the whole sample under consideration (next Section). from us. UsingQ, as an indicator, the galaxies with nuclear
rings appear to have slightly stronger bars in the median, bu
a Kolmogorov-Smirnov (KS) tesshows that this dierence is

5. He morphology and host galaxy parameters
@ P 9y g yp not statistically significant.

5.1. Overall results

! The Kolmogorov-Smirnov test is a statistical test that dess
The results on the overall distribution of thefdrent Hr mor-  the jikelihood that two data sets have been drawn from the grent
phology classes are summarised in Tdfle 2. Strong nuclé®tribution: a probability? < 0.05 is usually interpreted as describing
emission is found in 44 of our 73 sample galaxies, while 1@o statistically distinct populations.
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Fig. 2. Set of histograms showing the distribution of circumnurig. 3. As Fig. 2, now for the distribution of nuclearaHemis-
clear Hr emission morphology with host galaxy type, the lattesion morphology.
obtained from the RC3.

galaxies, norl -type is given in the RC3. We reiterate that no

We also list the percentages of galaxies in tiedent cate- attempts Were_mgde_at the sample selection stage to achieve a
gories which have nearby companions. Taking into accoent $Pecific type distribution.
numbers of galaxies in theftiérent categories, the presence or Galaxies with patchyircumnuclear Ha morphology tend
absence of a close companion influenoeither the nuclear, t0 be of later types, and in fact there are only two galaxies of
nor the circumnuclear W morphology. We will discuss this re- the 19 of type later than Sbc which anet classified as patchy
sult, and its implications, in more detail in Sect. 5.3. (an Sc with no circumnucleardd and an Scd with a ring).
Ring-like morphology is preferentially found in earlierpigs,

peaking at Sb and Sbc types. Galaxies with no circumnuclear
Ha emission are also preferentially of early type, confirming
the findings of KO5.

52.1. T-type Not much can be deduced from the distributiomaélear
Table[3 lists the distribution of the various classes of eacl Ha morphology with morphological type of the host galaxy
and circumnuclear morphology with spifBitype, as obtained (Fig. 3) because of the relatively low numbers of galaxieth wi
from the morphological classifications listed in the RC3(thweak, or no, nuclear & emission, but thd -type of the host
translation ofT -type as used in the RC3 and more widely use@pes not seem to correlate with the presence of relativegitie
descriptors of the type Sa, Sb, etc., is given in the headerofdhe nuclear i emission.

Table[3). These results are shown as histograms in Figs. 2 and

3 for the circumnuclear and nucleawhmnorphology, respec- 5.2.2 Bars

tively. The results confirm those presented by KO5. The dvera™

distribution of T-type for the sample shows a peak near typ&he distribution of K morphology has been tabulated
Sb and SbcT =3 and 4, see Tabl@ 3), a broad distribution rangTable[3) for the various bar classifiers used in the RC3: SA,
ing from SO to Sm, and a lack of galaxies of type Sdm. For@X (often quoted as SAB), and SB, in Table 3. Five galaxies

5.2. Morphological type of the host galaxy
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Emission N Morphological typel Spiral type
0 1 2 3 4 5 6 7 8 9 - SA SX SB -
S0 Sa Sab Sb Sbc¢ Sc Scd Sd Sdm Sm - N (%)
Total sample

73 5 8 3 22 14 10 6 1 0 2 2 16(22) 28(38) 24(33) 5(7)
Nuclear emission

Strong 44 4 6 3 13 10 5 1 0 0 1 1 11(25) 16(36) 14(32) 3(7)
Weak 10 1 1 0 1 3 1 2 0 0 0 1 3(30) 6 (60) 1(10) 0(0)
None 18 O 1 0 7 1 4 2 1 0 1 1 2(11) 6 (33) 8(44) 2(11)
Position 1 1
Circumnuclear emission

Patchy 39 1 1 0 13 7 9 5 1 0 2 0 8(21) 14@36) 14(36) 3(8)
None 9 3 0 1 1 1 1 0 0 0 0 2 3(33) 2(22) 3(33) 1(11)
Ring 22 1 6 2 6 6 0 1 0 0 0 0 %418) 11(50) 7(32) 0(0)
Diffuse 3 0 1 0 1 0 0 0 0 0 0 1 133 1(33) 0(0) 1(33)

Table 3. Morphological and bar type distribution of the various tyé circumnuclear bt emission. For the whole sample and
for the nuclear and circumnuclear emission, col. 2 givegdke number of galaxies in each category (as describedlirl§o
with the number of galaxies of each morphological type (ftheyRC3) in columns 3-13, and bar type (from the RC3) in colsimn
14-17. In these four columns, the numbers in brackets arpdteentages of the total. Notesee Sect. 5.5.

have merely been classified as 'S’ in the RC3 and are not coniclear ring host galaxies in the current sample in moreildeta
sidered here. The distribution between SA, SX, and SB cdasge Sect. 5.5.

seen across the whole sample is closely mirrored in the sub-

samples of dierent nuclear and circumnuclearrhnorphol- )

ogy. The numbers in the Table might appear to indicate atsligh3- Close companions

excess of SX galaxies among those with weak nuclearatid In analysing the relations between our sample galaxies and

a slight lack of SA galaxies among those with no nuclear emis; . .
. . - S ...~ Whether or not they have nearby, relatively massive (as de-
sion. Poisson statistics show that in either case the signifie

L . s fined in Sect. 2 as not more than 3 mag fainter than the sample
of this difference is at mostdl. Considering the same num- . .

. .~ galaxy) companions, we consider two related sets of numbers
ber from the perspective of non-barred vs. barred galavies, those describing how many galaxies in each of our nuclear and
see that 69%12% of the non-barred (SA) vs. 58%% of the . 9 y9 .

circumnuclear i morphology categories has a close compan-

barred (SXSB) galaxies has “strong” nuclearaHemission, . o :

19%4;10(% Vs 13%5% wweak® and 913%8% VS, 27%6% ion, and those describing the properties of the subsetsgilsa

“none”. A ain. none of the diierénces are si nific'ant galaxies that either have, or do not have, a close companion.
-Agam, 9 ' The result on the former, shown in Talile 2 and already men-

The bar distribution in the galaxies in theldirent classes Fioned in Sect. 5.1, is that we find no significantfeiiences

of circumnuclear emission mirror those in the overall sanf? the numbers of galaxies that have close companions among

ple closely (the apparent deviations in the case of the th/2d different categories of nuclear and circumnucleamfibr-

SA and two SX “none’ galaxies are arleffect). TableB phology. This is surprising, be(_:ause one might have exdecte
shows explicitly how the percentages of barred and noreblarf0S€ cOmpanions ajaf interactions to lead to enhanced mas-
galaxies are rather stable for thefdient classes of morphol->'V€ star format|on in, and thu5al-bm|55|.0n from, the nucleus, ]
ogy. Calculating the percentage of thefeient morphology " nuclear rings (Knapen.et al. 1995a; Buta & Combes 1996;
classes for barred and non-barred galaxies, we see the samb'g/lér & Shlosman 1996; Knapen et al. 2004b). In fact, the
fect, for instance, 50%13% of non-barred (SA) galaxies have®Nly hint at such a generaffect is the slightly lower fraction
a patchy circumnuclear ddmorphology, versus 54%% of of galaxies with close companions among those with no cir-

barred galaxies (SXSB). These numbers are 199%0% vs. cumnuclear emission, but with two out of nine galaxies caus-
10%:4% for “none”; and 25%11% vs. 35% 7% for “ring” ing the lower number in Tabld 2 we cannot call this deviation
(but see below). ’ significant. We must conclude thagither the nuclearnor the

circumnuclear massive star formation morphology is atfall a

The galaxies hosting circumnuclear rings inr Binly show  fected by the presence of close companions.

a rather moderate preference for SX and SB hosts, which at The results on the second test are summarised in Table 4,
first sight may appear to be at odds with the findings of KOBhich compares the properties of those galaxies that have a
who confirmed the standard picture that bars are almost-exatiose companion with those that do not. Columns 3 and 4 show
sively responsible for the existence of nuclear rings. lkt,fathat within our sample the galaxies with close companioas ar
K05 pointed out that of the 12 nuclear ring hosts considergdrther away, and smaller in angular diameter, than thotie-wi
only two have been originally classified as non-barred SA, bout close companions. This is related to the fact that thaaned
that each of those two has clear evidence from near-IR imadpsolute magnitudes of the galaxies with close companiens a
ing for the existence of a bar. We will discuss the four SAetypbrighter than those of the isolated galaxies, in the median b
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N D d Mg type Q@ Circumnuclear k& morph. (N(%)) Nuclear Hr morph. (N(%))

() (Mpc) (mag) Patchy  None Ring Oi. Strong  Weak None

Close companion 26 29 321 -206 4.0 0.16] 14(54) 2(8) 8(31) 2(8) 14 (54) 4(15) 8(31)
No close companion 47 3.9 227 -20.3 3.0 0.20| 25(53) 7(15) 1430) 1(2 30(64) 6(13) 10(21)

Table 4. Median values of overall parameters of the interacting Geet. 2 for criteria) and non-interacting sample galaxies
(sample sizes in col. 2), as well as the numbers and pera(kdter in parenthesis) of those galaxies in thedént circumnu-
clear (cols. 8-11) and nuclear (cols. 12-14) khorphology classes. Parameters are diameter (in arcroim, thhe RC3; col. 3),
distance (in Mpc, from Tully 1988; col. 4), absolute magdéy(calculated usingig from the RC3 and the distance; col. 5),
morphological type (from the RC3; col. 6), and the gravitasl bar strengtiQy, (col. 7).

0.3 mag inMg. It is plausible that the combination of theselus subtraction. This will lead to artificially reducedvtden-
differences implies that galaxies with close companions dral peaks. Galaxies classified as starbursts (ar"jHbut with
brighter, and therefore more likely to be included in our pam “none” nuclear K emission may well dtier from the same
at higher distances. Galaxies with a close companion atieein effects. Another possibility is that the classification as AGN o
median, also of later morphologicaitype than those without starburst as given on the NED is in fact erroneous, but checki
a close companion. We performed KS tests on these data st is outside the scope of this paper.
and found that whereas thefldirence in distance between the The second interesting feature from Tdﬂ|e 5is the enhanced
two sub-samples is significar®® (= 0.029), none of the other fraction of AGN among the nuclear ring host galaxies. Of the
differences arel{, Mg, T). AGN, 42% have a ring, against 30% of the complete sample.
Yet even though our “closely accompanied” galaxies at@onversely, 59% of the ring galaxies have an AGN, versus 42%
brighter, possibly because of enhanced star formatiogerigd of the complete sample. KO5 found a simildfeet, but much
by the interaction, thefBects on the morphology of the cur-more marked; there, almost all nuclear rings were acconegani
rent massive star formation in the nucleus and in the 2 kpg AGN or starburst activity.
radius circumnuclear region are negligible. Taldle 4 cordirm  The ring-AGN connection occurs partly because both rings
this by showing the same data as tabulated before in Tableagd AGN are most common among the early-type galaxies. Of
but now analysed as percentages of thedent Hr morphol-  our sample, 52 galaxies (71%) haVe< 4 (Sbc), but 21 out
ogy classes occurring in the sample galaxies with, and withoof our 22 rings (95%) and 26 out of our 31 AGN (84%) are
a close companions. The percentages are remarkably simiigysted by galaxies of such early types. This means that half o
confirming our overall conclusion that the presence of aeclog|| T < 4 galaxies are AGN, and statistically 10.5 ring hosts
companion has no influence on the morphology of massive sf@ll also host AGN. We concur with K05 in finding a higher
formation in and around the centre. number than this statistically expected one. As discussed i
more detail by K05, the connection between rings and AGN
is most likely to be through the availability and recent inflo
of gas, which fuels both the massive star formation in thg rin

We have scanned the NED for nuclear activity classificatio8d nuclear activity. In this interpretation, the nucleags are

of our sample galaxies. As explained in K05, the informatigherely a by-product of the gas inflow from the disk toward the
from NED may not be as reliable as a uniformly conductetgy central region (Shlosman 2005). A fraction of the inflow
spectroscopic survey, although K05 showed that this did HBg 9as moves further inward, and is ultimately respondirie
significantly alter their results. In addition, our sampieludes the AGN activity.

galaxies at larger distances than those in KO5. More galaxie

may thus not have been checked for nuclear activity in deta§l5 Nuclear rings and their dynamical origin
and will hence, by default, have no nuclear activity classifi 4

in the NED. The results are tabulated in Tdﬂle 5, which ShO\We |dent|fy 22 nuclear ringsy three of which have not been re-
that of our 73 sample galaxies, 31 have been classified as Agdtted in the literature so far (those in NGC 473, NGC 5953,
of some sort (we include Seyfert, LINER, and "AGN” typeaind NGC 7716). These are star-forming nuclear rings, elassi
in this category), with another 5 galaxies classed as stsirbified as such purely on the basis of our khaging. There may
using various nomenclature, including be a small number of additional rings which are, for instance
The results, then, show two interesting features which am small, or too dusty to be picked up by our imaging (the lat-
worth discussing here. The first is the significantly higmacf ter category might well include NGC 1241, for which Boker et
tion of AGN which show strong nucleardHemission. Only a al. 1999 find a small nuclear ring in Ravhich is absent from
handful of galaxies, in fact, show weak or no nuclearéiis- our Ha image). Of the 22 nuclear rings, Talble 1 shows that four
sion. Any AGN should have & emission, but the absence inoccur in galaxies classed as unbarred (NGC 5953, NGC 6503,
the few cases where we report it can be explained afferdi NGC 7217, and NGC 7742). In addition, NGC 278, although
ential extinction &ect. We use the significantly reddeband classified as SX in the RC3, does not in fact have a bar. Knapen
for the subtraction of the continuum from the relativelydru et al. (2004b) made a detailed study of this galaxy, and found
Hea line, which in a dust-extincted environment will lead to-sufrom an analysis of near-IR and optical ground-based images

5.4. Starburst and AGN activity
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Total AGN Hu/SB non-AGN non-AGN non-SB
Nuclear emission

Sample size 72 31 5 41 36
Strong 44 26 1 18 17
Weak 10 3 - 7 7
None 18 2 4 16 12
Circumnuclear emission

Sample size 73 31 5 42 37
Patchy 39 13 5 26 21
None 9 5 - 4 4
Ring 22 13 - 9 9
Diffuse 3 - - 3 3

Table 5. Nuclear and circumnuclearddemission for diferent categories of nuclear activity, basically AGN (irtthg LINER-
type activity) and starburst. Column 2: total sample. Calusn AGN, which includes all galaxies classified in NED as @ith
Seyfert or LINER. Column 4: hi/SB, all galaxies classified by NED as starburst ar {¢xcluding those whose classification
also includes a LINER or Seyfert which have been classed A@d¥lumn 5: All galaxies not classified as Seyfert or Liner.
Column 6: as col. 5, but now also excluding the galaxies af4ol

as well as oHubble Space Tel escope (HST) imaging, that there distinct counter-rotating disk population. Although tlgs

is no evidence at all for the presence of a bar. Radio 21 cm in- evidence for a past merger history, its current gravitation
terferometry, however, showed that the outskirts of thevgal effects are most probably limited. The velocity field as seen
have a severely irregular and disturbed morphology and-kine from Hi mappingis regular (Verdes-Montenegro, Bosma &
matics in Hi, indicative of at least a minor merger event in the Athanassoula 1995). Buta et al. (1995) and Combes et al.
recent history of the galaxy. Knapen et al. (2004b) postulat (2004) show that there is an oval distortion in this galaxy,
that this minor merger lies at the origin of the massive star which can explain the occurrence of its three rings (nuclear
forming in the nuclear ring, rather than a bar as is more con- inner, outer). This may well be an indicator of a historical,
ventional for nuclear ring hosts. Considering that the taed but now destroyed, bar.

formation scenario of a nuclear ring is one where the ring NGC 7742 (classed as SA): This is another well-known
forms in the vicinity of inner Lindblad resonances set up by ring galaxy, without any evidence for a bar or other
a non-axisymmetry in the gravitational potential, due tg,,e asymmetry (Rix & Zaritsky 1995; Kornreich, Haynes, &
a bar or an interaction (see, e.g., Athanassoula 1992; Knape Lovelace 1998). No Hvelocity field is available from the

et al. 1995b; Buta & Combes 1996; Heller & Shlosman 1996; literature. De Zeeuw et al. (2002) describe, on the basis of
Knapen et al. 2004b), it is instructive to scrutinise therfcases SAURON integral field spectroscopy, that the gaseous ring
identified here of nuclear rings in supposedly non-barréaga counter-rotates with respect to the central stellar compo-
ies. nent.

— NGC 5953 (classed as SA but interacting): this galaxy . _
forms part of a small interacting group of galaxies with We thus summarise that of the four nuclear ring host galax-
NGC 5954 (visible in Fig. 1) and UGC 9902. Hernandezes classified as SA in the RC3, one is interacting, and one is

Toledo et al.(2003) report the presence of a smabQ pc) too inclined to allow us to see any bar it may have. The remain-
“bar-like central structure”. As in the case of NGC 278, iing two galaxies (NGC 7217 and NGC 7742) do not have a bar.

is plausible that this interaction has led to the formatioNGC 7217 has an oval distortion, which is able to maintain the
of the nuclear ring, and the disturbed and complexntdr- - nuclear ring, as shown by simulations (Combes et al. 2004). |
phology and kinematics observed by Chengalur et al.(199&possible that the nuclear ring was formed during a recant b
lends support to this suggestion. episode, of which the oval distortion is the remnant. This sc

— NGC 6503 (classed as SA but inclined): this galaxy ®ario is supported by the presence of three rings in thisxgala
rather inclined i = 70°) and it is thus very unlikely that at the right resonant locations. NGC 7742 has not been studie
any bar can be detected from optical or near-IR imagirignearly as much detail, has no evidence for an oval, but does
— we postulate from statistical grounds only that this ringave counter-rotating gas and stars in the nuclear region.
galaxy is most likely to be in fact barred. Ther Meloc- NGC 278, although classified as SX in the RC3, does not
ity field is regular (Shostak, Willis, & Crane 1981; varhave a bar, but does show clear evidence for a recent minor
Moorsel & Wells 1985), but Bottema & Gerritsen (1997)nerger (Knapen et al. 2004b). We can thus conclude that none
find evidence for a separate kinematically distinct nucleaf the galaxies reported here challenges the standardrizena
component. We find no close companion. of nuclear ring formation to a significant degree. In this-sce

— NGC 7217 (classed as SA): this is a well-studied galaxario, gas and ensuing massive SF accumulate near one or
which in fact has three rings (e.g., Combes et al. 200@dore inner Lindblad resonances, induced by an asymmetry in
and references therein). There is no evidence for a bar, bu¢ gravitational potential of the host galaxy, in turn doeat
Merrifield & Kuijken (1994) reported the presence of théar or an interaction. Galaxies like NGC 278, NGC 7217, and
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NGC 7742 which appear at first sight bar-less and isolated, Btock, D. L., Puerari, I., Knapen, J. H., et al. 2001, A&A, 3751

main excellent test cases which warrant detailed studies.  Block, D. L., Buta, R., Knapen, J. H., EImegreen, D. M., Elmesg,
In Paper Il, we will present a detailed discussion of the B.G., & Puerari, 1. 2004, AJ, 128, 183

properties of the 22 nuclear rings, and of how these prtg-jker T, Calzetti D., Sparks W., etal., 1999, ApJS, 124, 95

: . : : ottema, R., & Gerritsen, J. P. E. 1997, MNRAS, 290, 585
erties relate to those of their host galaxies and of theit h ita, R., & Block, D. L. 2001, ApJ, 550, 243

bars, where tho;e e.X|st. We WI|| e}lgo dlscuss_, the identifinat Buta, R., & Combes, F. 1996, Fundamentals of Cosmic Physits,
and age determination of the individualiHegion complexes 95

or stellar clumps within the rings. We will also compare thguta, R., & Crocker, D. A. 1993, AJ, 105, 1344

observed azimuthal age gradients, or lack thereof, arduad Buta, R., van Driel, W., Braine, J., Combes, F., WakamatsuSkfue,

rings to dynamical models of ring formation. Y., & Tomita, A. 1995, ApJ, 450, 593
Buta, R., Vasylyev, S., Salo, H., & Laurikainen, E. 2005, A30, 506

) Chengalur, J. N., Salpeter, E. E., & Terzian, Y. 1994, AJ,, 19B4
6. Conclusions Combes, F. 2001, in: Advanced Lectures on the Starburst-A€NN.
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) . . . C.H., &de Jong, R. S. 1995a, ApJ, 443, L73

led t_o an over-abundance of galaxies with close massive CQfapen, J. H., Beckman, J. E., Heller, C. H., Shlosman, .e@ahg,

panions, the presence or absence of a close companiondoes nqr s 1995p. ApJ, 454, 623

haveany significant influence on the relative strength of the ninapen, J. H., de Jong, R. S., Stedman, S., & Bramich, D. M3200
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Fig. 1. ***Figure consists of eight panels of thumbnail images, éopublished electronically only*** Grey-scale represeitta

of the I-band and continuum-subtracted kinages of all sample galaxies, with the former shown on tftérieeach pair. The
orientation is North up and East to the left, except for thuesses where East and North are indicated in the upper righécof
thel-band image, and where the arrow points North. The scalalisated for each galaxy by the length of the black line in the
top left corner of thé-band image, which corresponds to 2 kpc.
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