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ABSTRACT

We present a study of the optical spectra of a sample of eighf@arming nuclear rings
and the nuclei of their host galaxies. The spectra were édaivith the ISIS spectrograph on
the William Herschel Telescope and cover a wide range in lgagth, enabling the measure-
ment of several stellar absorption features and gas emiisis.

We compared the strength of the absorption lines to a vadgkpopulation synthesis
models for the star-formation history in the nuclear ririgsjuding also the contribution of
the older bulge and disc stellar components. In agreemehtour previous investigation of
the nuclear ring of NGC 4321, which was based on a more resfritumber of line-strength
indices, we find that the stars in our sample of nuclear riray® most likely formed over a
prolonged period of time characterised by episodic burstsas-formation activity. Constant
star formation is firmly ruled out by the present data, wher@ane-off formation event is
an unlikely explanation for a common galactic componenhsagnuclear rings. The nuclear
rings of NGC 4314 and NGC 7217 have distinct line-strengtipprties that set them apart
from the rest of our sample, which are due to a larger conthwif bulge star in the observed
spectra and, in the case of NGC 4314 to a younger stellar ptypulin the ring.

We have used emission-line measurements to constrain ffgcphconditions of the
ionised gas within the rings, using the ratio of thell]3A6716,6731 lines to estimate the
density of the gas, and photoionisation model grids witluaciic diagnostic diagrams to
derive metallicity. We find that emission in all nuclear smgriginates from Hi regions with
electron densities typical for these kinds of objects, drad the rings are characterised by
values for the gas metallicity ranging from slightly belowvjtist above Solar. We have also
studied the spectra of the nuclei of our sample galaxiesfathich display emission lines.
Consistent with previous studies for the nuclear activity atellar populations, the majority
of our nuclei appear to be dominated by old stellar poputatend by LINER-like emission.

As 20% of nearby spiral galaxies hosts nuclear rings thatanently forming massive
stars, our finding of an episodic star formation history inlear rings implies that a significant
population remains to be identified of young nuclear ringd #re not currently in a massive
star formation phase. Nuclear rings may thus be a much monenom galactic component
than currently known.

Key words. galaxies: ISM — galaxies: star clusters — galaxies: stellmtent — ISM: Hi
regions — galaxies: nuclei — galaxies: spiral

1 INTRODUCTION lines in optical and infrared, enhanced radio continuumssian,

. . . . . and overall patchy appearance (Arsenault et al. 1988; Pbgge;

Star-fp rming nuclear rings occur in approxmqtely 29% afeﬂp Garcia—Barrl?eto e%/ a|!02991- Ben(edict et al. 1992, 1996;p€naet
galaxies (K_napen 20(.)5)' Gene_rally, they are sites of istewsive al. 1995a,b; Jogee et al. 2002; Allard Peletier, & Knapen5200

sta_r f_ormat|on, contalnlng a mixture of gas, dust and youa_g?‘s Mazzuca et al. 2006, 2007). Additionally, red nuclear disgs
This is deduced from their biue colours, bright hydrogenssion have been identified (e.g., Buta & Crocker 1991; Wozniak et al

1995; Vila-Vilaro et al. 1995), as well as so-called ‘fdsangs’,

+ E-mail: m.sarzi@herts.ac.uk which are dust-free and composed entirely of stars, andaliyt
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indistinguishable from the surrounding stellar populatf&rwin et
al. 2001; Erwin & Sparke 2002).

The vast majority of nuclear rings appear in barred galaxies
(Knapen 2005), where the bar has the ability to channel gas fr
the disc towards the nucleus (e.g., Huntley, Sanders & Reber
1978; Sanders & Tubbs 1980; Simkin, Su & Schwarz 1980; van
Albada & Roberts 1981; Schwarz 1984; Combes & Gerin 1985;
Shlosman, Begelman & Frank 1990; Athanassoula 1992; Knatpen
al. 1995a,b). During this process, the radial inflow of gaddagved
down near the location of the inner Lindblad resonances g)I.R
which allows for the accumulation of gas and which can, dtigly,
lead to a star-forming ring (Combes & Gerin 1985; Shlosmaal.et
1989; Wada & Habe 1992; Heller & Shlosman 1994; Knapen et al.
1995a,b; Fathi et al. 2005). In a few cases, two of which wéll b
discussed in this paper, nuclear rings occur in host gadaxigout
an obvious kpc-scale bar. The formation of such rings mayebe r
lated to the presence of a weak oval distortion (Buta et &151,90
a dissolved bar (Verdes-Montenegro et al. 1995), to thé eifiects
of a companion galaxy (Combes 1998), or to a recent minor energ
(Knapen et al. 2004; Mazzuca et al. 2006).

At least two thirds of all spirals are barred (de Vaucouleurs
1963; Sellwood & Wilkinson 1993; Knapen et al. 2000, Eskedg
et al. 2000, Gssbol et al. 2004). Jogee et al. (2004), Elmegreen,
Elmegreen & Hirst (2004) and Zheng et al. (2005) showed ti®t t
bar fraction is roughly constant out to~ 1, indicating that bars
are long-lived phenomena. Since gas is readily availatiesinlisc,
nuclear rings may continue to form stars as long as the bdineon
ues to provide an inflow of fresh material. Even with contihue
inflow at the rates thought to be supplied by a typical baryadoa
Solar mass per year), the high star formation rates witherritigs
can exhaust the gas relatively quickly (EImegreen et al8),9&-
fectively turning off the star formation. As more gas is sliggbto
the ring the density will gradually increase, until stamf@tion is
initiated again. The moderate inflow rates and observedaeddv
star formation rates thus indicate that the star-forminmcess in
nuclear rings may cycle through active and quiescent pgribde
fraction of galaxies with nuclear rings may thus be signifiba
larger than the fraction of rings seen to be forming masdimes st
present (which is around 20%; Knapen 2005).

At the current time, however, observational confirmation of
this longevity of nuclear rings is still limited. As such etleffect
nuclear rings may have on the evolution of their host gakise
unclear. The ages of individual star-forming regions, simmes re-
ferred to as hot spots, in nuclear rings have been studied) asi
variety of techniques, almost all based on the use of opticaéar-

IR recombination emission lines via imaging or spectrogqeng.,
Engelbracht et al. 1998; Ryder & Knapen 1999; Puxley & Brand
1999; Kotilainen et al. 2000; Alonso-Herrero, Ryder & Knape
2001; Ryder, Knapen & Takamiya 2001; Diaz-Santos et al7200
Mazzuca et al. 2007). These lines trace primarily very yoand
massive stars, and as a consequence the ages derived esing th
techniques are usually below 10 Myr, or otherwise very siesi

to assumptions on the star-formation history. Broad-basidurs
have also been used to estimate the age of the stellar piopuitat
circumnuclear rings (e.g., Kotilainen et al. 2000; Hartiale2001).
Such measurements, however, are affected by reddeningged-d
eracies between age and metallicities, and even in the tasan

IR data, where the impact of dust is mitigated, the integiien

of colour-colour diagrams is complicated by the fact thahya-
tions of very different ages have very similar colours (seg,, the
models of Maraston 2005). In contrast, the technique eneplday
the present paper, which is based on the strength of sevelals

Table 1. Global parameters of the observed galaxies. Tabulatedhare t
NGC number, the morphological type from NED, the nucleavigtclass
from Ho, Filippenko & Sargent (1997), and the distadig@nd the physical
scales both from Knapen et al. (2006).

Galaxy Type Activity D Scale
(Mpc)  (pc/arcsec)
NGC 473  SAB(r)0/a 29.8 1445
NGC 4314  SB(rs)a L2 9.7 47.0
NGC 4321 SAB(s)bc T2 16.8 81.4
NGC 5248 (R)SB(rs)bc H 22.7 110.1
NGC 5383 (R)SB(rs)b H 37.8 183.3
NGC 6951  SAB(rs)bc S2 24.1 116.8
NGC 7217  (R)SA(r)ab L2 16.0 77.6
NGC 7742  SA(rb T2/L2 22.2 107.6

absorption lines, is sensitive to a much larger range ofrimeeli-

ate ages, is unaffected by reddening and is known to breagine
metallicity degeneracy that limits broad-band estimatiorthey
1994).

Based on such an interpretation of line-strength indices, i
Allard et al. (2006, hereafter Paper 1) we presented stromg e
dence that the nuclear ring in NGC 4321 (Messier 100) is iddee
long-lived, though forming stars episodically in a rapidcession
of bursts rather than continuously. Due to the limited wemgth
range of the data we used, we could, however, not complatédy r
out the possibility that the rings are transient objectgh\wur long-
slit data (presented in this paper), we cover a much widerewav
length range and aim to confirm the nature of the nuclear ning i
NGC 4321, as well as seven other well known rings, with thd goa
of generalising the star formation activity pattern andletionary
past within nuclear rings.

In the present paper we study the star formation histories of
eight nuclear rings, by extracting information from lorig$61S
(Intermediate dispersion Spectrograph and Imaging Syssppt-
tra over a wide range in wavelength, analysing both theastatd
gaseous contributions to the spectra. For each nucleamwmbave
one to three spectrograph slit position angles (PAs) whacdth di-
sect the nucleus and the ring, yielding data on two to six té-
gions, referred to as hotspots, for each ring (see Figurstuyly-
ing the stellar absorption and gas emission lines will tHissvaus
to determine the physical parameters and complex star fmma
properties of these rings.

The paper is structured as follows. Secfidn 2 details the ob-
servations and data reduction, and Sedfibn 3 describesntig-a
sis of the data. The results of the stellar absorption liredyais
are presented in Secti@h 4, and the analysis of the emisisies |
is presented in Sectidd 5. Finally, we present our discnssimd
conclusions in Sectioris 6 ahH 7.

2 OBSERVATIONSAND DATA REDUCTION

The observed galaxies were chosen from thesdmple of Knapen

et al. (2006), and are all known to possess stronrgdrhitting
nuclear rings. Our sample consists of six galaxies with metde

to strong bars, and two galaxies that appear to be unbarted, a
least at first glance. These two unbarred galaxies, NGC 78d7 a
NGC 7742, are both known to have counter-rotating sub-syste

in their central regions (Merrifield & Kuijken 1994; Sil'chko &



Figure 1. Ha continuum-subtracted images of the nuclear rings in thepta(data from Knapen et al. 2006). The black lines show tivg@asitions of the
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spectrograph. North is up, East to the left.

Table 2. Observing run details. Given are the galaxy name, the dateeof

10[ ‘ ’ ] observations, the exposure times, and the position angléseaspectro-
. NGC 4314 Ring HR 1 graph slit, measured N over E.
8 — —
] Galaxy Date Exp. Times PA
X 6F Hy . (s) ©)
“ ] NGC 473 05/10/05 21200 0
47 W 05/10/05 %1200 65
8 NGC 4314 29/04/01 21800 11
ol 29/04/01 31800 90
NGC 4321 30/04/01 81200 127
15 ‘ 30/04/01 %1200 210
F 1 NGC 5248 29/04/01 21800 22
| NGC 4314 Nucleus ] 20/04/01 11800 136
F NGC 5383 30/04/01 81200 125
107} ] NGC 6951  29/04/01 21800 150
b F f 05/10/05 31200 19
= [ ] 05/10/05 31200 110
5 B NGC 7217 05/10/05 81200 0
[ ] NGC 7742  05/10/05 81200 22
, 05/10/05 31200 70
ok 40004 ] 05/10/05 31200 115
break ]
3500 4000 4500 5000 5500
A&

Afanasiev 2000; de Zeeuw et al. 2002), which may suggest-a his
tory of interaction. Some global parameters for the eightyga

ies are listed in TablE]1. The ISIS spectrograph on the Willia
Herschel Telescope (WHT) on La Palma was used to observe five
galaxies on 2001 April 29 and 30. An additional three galawere
observed on the 2005 October 5 using the same instrumerail®et

of the observations, including spectrograph slit PAs feahegalaxy,

Figure 2. Two examples of the blue spectra obtained, one from the aucle
ring (top) and the other from the nucleusoftom) of NGC 4314. The flux
scale is in units o017 ergscnm2 s~ A—1. Some of the emission and
absorption features used in the analysis are identified.
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are listed in Tablgl2. H images of all the nuclear rings and the slit
PAs used in each case are shown in Fi@lire 1.

The slit was always positioned so it targetted the nucleds an
at least one bright hotspot in the ring. A slit width of 1 axcses
used. We operated ISIS with a dichroic, which allows siméta
ous observations with a red and a blue arm, covering wavtieng
ranges of 3500-5708 and 5900-890@, respectively. The R158B
grating was used for the blue arm, providing L.ZGQixel and
0.2 arcsec/pixel scales with the EEV12 detector. For thelrob-
serving run the R158R grating was used with the TEK4 detextor
the red arm, which gave 2.§0pixel and 0.36 arcsec/pixel scales.
For the second observing run the TEK4 detector was no lomger i
operation, and the red MARCONI detector was used, which pro-
vides similar spatial and spectral scales to the blue EE\&t2ad
tor. The instrumental resolution was 1Bt s™! (o0 = 6.8 A) for
the blue, and 11%ms™* (o0 = 5.8,&) for the red arm. Standard
CuAr+CuNe calibration lamp exposures were taken beforeafnd
ter each science exposure, along with a number of specpiasco
standard star observations for flux calibration.

Although the spectrograph slit passed through two hotspots
NGC 5383, neither had high enough signal to noise ratio tcske u
ful. The two extracted spectra were instead combined. Aatuitly,
the two hotspots measured in NGC 7217 had sufficient signal to
noise in their stellar continuum, but not in their gas enaisdines.
The two spectra were thus averaged for the emission lineureas
ments but not for the stellar index measurements.

The spectra were reduced within the IRAF package using
standard methods. The data were first bias and overscarciaaye
before trimming and flatfielding. A cosmic ray removal algfom
was applied next. The separate exposures were then chemked f
offsets in positions between adjacent exposures, shifteddes-
sary, and combined. The spatial regions along the slit aunta
the hotspots and the nucleus were extracted and medianioetnb
to produce a one-dimensional spectrum. CuNe+CuAr lamp-expo
sures were used for wavelength calibration, with typicabmer of
0.1A. The spectra were traced to align the dispersion and $patia
axes with the rows and columns of the CCD array. To remove the
background sky contribution, regions at the outer edgebeflit
were averaged to produce a one-dimensional spectrum whash w
subtracted from every row in the image. The spectra were filsx c
ibrated to an absolute scale with units of ergsérs ' A1, with
typical errors of 30%. A number of atmospheric absorptiod an
emission lines is found towards the end of the red spectrgeaa
which could not be removed sufficiently in all cases. Coneetly,
the red spectra were trimmed to give a wavelength coverage o
5800-680(5\, which includes the important emission lines ofH
[N n]and[Sn].

includes 13 template spectra for each of the three metadkci
Z = 0.004,0.02,0.05, corresponding to 10 instantaneous-burst
models with ages from 5Myr to 11 Gyr, a constant star fornmatio
model with an age of 6 Gyr, and two models with exponentially
declining star formation histories with ages of 9 and 12 Gyr.

The spectral regions affected by nebular emission are rot ex
cluded from the fitting process. Instead, the emission liaes
treated as Gaussian templates and fitted simultaneoustytigt
stellar templates to the observed spectra. This has thatdeof
maximising the spectral information available to the fitialgo-
rithm.

As the blue and red spectra have different spectral resolsiti
they could not be fitted simultaneously. The blue spectraicav
much wider wavelength range than the red, and contain a large
number of stellar absorption features that help constreanntix of
stellar templates. We therefore fit the blue spectra first,ume the
resulting optimal combination of templates to match thegpec-
tra, allowing only for a different velocity broadening. Thiis to the
blue spectra include reddening due to foreground intdastelst,
both in the Milky Way and in the sample galaxies, and due ta dus
in the emission-line regions. The latter affects only thedhiof the
emission line templates, and is constrained by the expectéab-
served decrement of the Balmer lines. Setting physicalljivaizd
limits on the intensity of the emission from high-order Balrtines
is of particular importance to ensure that the strength efcibrre-
sponding absorption features remains unbiased, and wil tiot
affect our stellar population analysis. A similar methaupl was
applied also by Shields et al. (2007). The derived weightthef
stellar spectra that define the optimal template are useectnr
struct an unconvolved optimal template, which is free friwn ef-
fects of velocity broadening. This unconvolved optimal péate is
used to measure the absorption line strengths.

Owing mostly to the varied nature of the Tremonti et al.
library, the template-fitting procedure yield excellensults in
matching the spectra extracted from both the ring and nualeer-
tures in all but two cases. The two exceptions are the bluetispef
NGC 6951 at PA=110and 150. In the following, we will ignore
the line strength measurements obtained from these sp8atice
the nebular emission is sufficiently strong to allow robistimeates
of the emission-line fluxes, even where the fit to the steltar-c
tinuum is poor, we will use the emission line results derifredn
these two spectra.

f3.1 Linestrengthsand indices

Stellar absorption lines provide information on the stetlantent
of the rings. The strength of an absorption line index is heireed

Figure[2 shows two examples of blue spectra subtending the py the difference between the absorption line and the contin

nucleus and one of the ring hotspots of NGC 4314.

3 DATA ANALYSIS

The stellar and gaseous contributions to the spectra wegre se
arated using the direct fitting method described in Sarzilet a
(2006&]. We modelled the stellar continuum with linear combina-
tions of synthetic spectral templates from Bruzual & Cafifi03),

adopting the same library used by Tremonti et al. (2004)s Thi

1 We have used a modified version of tBandalf IDL code available at
http://www.strw.leidenuniv.nl/sauron/, to include alsaidening by dust.

level. An index is typically defined by a wavelength range tioan-

tains the feature and two wavelength ranges to either satept-

vide an estimate of the red and blue continuum levels. The mid
points of the continuum passbands are fitted by a linearioalat
and the difference between this and the absorption featokedes

the index value. The latter is sensitive to the shape of timirco
uum, the spectral resolution, and the velocity dispersiche ob-

ject. All these factors must be taken into account beforesenef
measurements can be compared with another. The Lick/IDS sys
tem (Worthey 1994) is commonly used to compare measurements
from different observations. For the data used in this papar-

ever, we are mostly concerned with comparing our indice wit
model predictions, and for this we need only ensure that our i
dices are measured in the same way as they are in the models. By
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Figure 3. Hg vs. [MgFe] diagram for the ring hotspots and the nuclearoregof our sample galaxieseft H3 and [MgFe] line indices for the ring hotspots
compared with the predicted time evolution of the same exlior an single starburst stellar population (SSP) of solketallicity. Right Same as left but
showing the region in the Blvs. [MgFe] diagram occupied by our nuclear measuremergether with SSP predictions for three different metalksit as

labelled.

construction, the model predictions come from model spegith
identical resolution to our optimal templates, so it is appiate to
compare them. The line strengths were measured usingxr, a
C++ program written by N. card[@lwith the Lick/IDS wavelength
definitions (but not calibrated to the Lick/IDS system).

3.2 Uncertainties

The uncertainties in the index measurements are largedyrdeted
by the quality of the optimal template fit to the observed gala
continuum. Kuntschner et al. (2006) describe the errorscésted
with our emission and absorption line fitting method and subs
guent measurements of line strengths. From a detailedsiséhey
find a constant error budget of 0A1 from the continuum fitting
process, which we adopt for all the stellar absorption limdides
presented here. With regard to the emission-line fluxesi 8aal.
(2006) find from simulations that the uncertainties asgediavith
flux measurements scale with the level of fluctuations in éiselu-
als of the fit to the spectrum. We convert such residual-reisds
into an estimate for the emission-line flux errors, adop&isagn er-
ror for each line the flux of a Gaussian with amplitude equah&o
residual-noise level and width equal to the width of the siois-
line in question. Considering the weaker lines that willegraur
emission-line analysis, Bland [O111], these come on average with
3% and 26% uncertainties, respectively, which translatetypical
error of 0.12 on the logarithm of the [@]/H3 line ratio. Errors on

2 See http://www.ucm.es/info/Astrof/software/indexf/

line ratios based on the stronger emission lines in our redtsp
(e.g., Hy, [N 1], [S n]) will be smaller than that.

4 STELLAR ABSORPTION LINE DIAGNOSTICS: THE
STAR FORMATION HISTORY

4.1 Index-index diagrams and single starbur st models

To probe the properties of unresolved stellar populatiseseral
combinations of absorption-line strength indices areiti@thlly
used to separate age and metallicity effects, comparingnibe
sured values to predictions for stellar populations thaevbern in
an instantaneous burst of star formation and for a singlalicity.
Using such single starburst population (SSP) models fronz&al

& Charlot (2003), we plot the evolution of theMHand [MgFe]
(= +/Mgb x Fe5015; see Falcon-Barroso 2002) indices with time
for a solar metallicity (Figurgl3). The BHabsorption index is low
in very young stars, increases with age until it peaks atratdid0-
200 Myr, then decreases with age. Conversely, the [MgFedxnd
remains almost constant for a young population while ti3drdiex
increases, and increases monotonically with age afterttbegth
of HA has peaked.

The values of the A and [MgFe] indices for the nuclear ring
hotspots in our sample galaxies are compared to the prddiote
evolution of these indices for SSP models in the left pandtigf
urel3. While some of the data points lie close to the solar lfieta
SSP line, most do not, suggesting that a star formationrgistore
complex than an SSP must be responsible for the observed val-
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Figure4. Same as Fid.]3, but now showing théAdand D(4000) indices. Notice the more pronounced discrepaetween the position of the ring hotspots

measurements and the predictions of the single starburd¢imo

ues. On the other hand, the stellar populations in the no€leur
sample galaxies (Figufé 3, right panel) are well describe@®P
models of old ages, and are consistent with previous stiili¢ke
nuclear populations of bulges (Sarzi et al. 2005; GonzAkdgado
et al. 2004). The star-forming nuclear rings are undoulgted-
served along the same line-of-sight as an older stellarlptpn in
the disk and bulge of their host galaxies. As a consequehesce-
nario most likely to match the line strengths of our hotsppatcsra
is that of a superposition of young stars in the ring, and tadssn
the underlying disc and intervening bulge. This situat®similar

confirming the need for a combination of young and old staexto
plain the spectra of the nuclear ring regions. On the othed hthe
nuclear data remain consistent with SSPs. The similabgéseen

the results inferred from the two pairs of absorption lindiges
confirm the reliability of the emission-line correction. \iete that
although SSP models with subsolar metallicities could mé#te
position of some of the hotspots data points in either of khgHe]

vs HB or D(4000) vs. HA diagrams, they could never do so in
both diagrams with the same value of the metallicity. Furtiae,

no SSP model can match the D(4000) index values below 1.5 ob-

to the one described in Paper | for NGC 4321, where we used the served in many hotspots.

same indices as shown in Figlide 3.

Using the SSP models as a baseline to interpret the index val-

The larger wavelength range of our current data set allows us ues for the hotspots (as plotted in Figurés 3[@nd 4) as a segierp
to analyse more indices than was possible in Paper I, whieh en tion of young and old stellar populations, we can distinguiso

ables us to investigate the star formation history of thégaraings

in more detail. In addition to H and [MgFe], we have measured
the HHA (Worthey & Ottaviani 1997) and D(4000) (Bruzual 1983)
indices in all the hotspot and nuclear spectra. Like othdmBa
indices, the KA index is an age-sensitive index that is particu-
larly strong in stellar populations with ages 0.1-1 Gyr. Hukwan-
tage of using higher order Balmer indices such as Hhowever, is
that they are much less affected by the presence of emisEan.
D(4000) index is derived from the ratio of two passbands lieat
on either side of the 4008 break (see Figure 2), which occurs as
a large number of stellar absorption features appear bhaswat
this break in cooler, more opaque stars. In hotter, yourtges,she
4000A break is therefore smaller than it is in cooler, older stars

Figure[4 shows how our #A and D(4000) measurements
compare with the SSP predictions. In the D(4000) v8AHlia-

separate groups of objects. The first group includes therhajo

of the hotspots, for which it would seem plausible to matatirth
position in Figurd B anfll4 by combining 30 — 50 Myr young
stars with disc and bulge stars older than1 Gyr. On the other
hand, considerably weakerfHand HA lines in the hotspots of
NGC 4314 and NGC 7217 suggest a mixture of even younger ring
stars and a disc/bulge population older than2.7 Gyr. Assum-

ing that the stellar populations within our nuclear apersuare a
good approximation for the underlying disc and bulge pojuhes
encompassed by our hotspot spectra, the nuclear data foints
NGC 4314 and NGC 7217 further suggest the presence of a much
older underlying and intervening stellar population thathie case

of our remaining sample galaxies.

In the next section, we will compare the position of the
hotspots in the previous diagrams with detailed modelaufess

gramnoneof the ring hostspot data can be fitted by the SSP model, a combination of a young ring population with an older disd an
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D(4000) "~ D(4000) "~ D(4000)

Figure 5. Composite stellar population models for the ring hotspa¢suming the superposition of an old intervening/undeglydulge/disc population and

of young ring stars, the latter having formed in a single-&iamation episode. Both old and young components are asdumform instantaneously. The
upper panels show the evolution of the [MgFe] line-strengtiex vs. that of I, whereas the lower panels show the evolution of D(4000) ¥#\.Hrom left

to right the models include progressively younger disc arideopopulations, which formed 10, 5, and 3 Gyr before thesstethe ring. In all panels the solid

black curve shows, similarly to Figurgk 3 ddd 4, the time@imh of the absorption features in the old bulge and diswfzatipn, whereas the coloured curves
show the evolution of the same features in the hotspot spatftir the onset of star formation in the ring. In each patifierently coloured lines show how

the strength of the ring starburst is varied, adding from#®0td 10% of the mass in the older bulge and disc populatiomdentified in the top panels. The
position of the hotspots data points are shown by the catbsyenbols, as in Figurés 3 apt 4.

bulge stellar population. For simplicity, we will describige disc is varied, adding from 0.1% to 10% of the mass in the olderéulg
and bulge stellar components with a single SSP model. WeaWwill and disc population.

low for more complex star formation histories in the nucleags
of our sample galaxies than simple instantenous burstsjidem
ing also a continous star formation history and multipletsiest
episodes.

Starting from the first group of objects, the [MgFe] vs3H
diagrams of Figurgl5 indicate a rather coherent picture evkies
majority of the hotspots data points appear to trace thautweol of
an SSP~ 30 — 100 Myr after its formation. The figure shows that
the bursts contribute: 2%, 2-3%, or 3-5% of the mass of the bulge
and disc population, respectively, and indicate slighttjeo ages
for the higher mass fractions. The measurements for NGC 4821
4.2.1 Instantaneous star formation in the ring not suggest such a clean evolution, however, although titégate

. . . a relatively more massive ring starburst. Excluding thigoh the
The simplest composite population model for the stellanmp D(4000) vs. WA diagrams yield a rather similar picture for this

tions at the hotspot locations assumes that both the yonggdp- . . S
P yongeap group of hotspot spectra, in particular when considerirgrtiod-

ulation and the older disc and bulge populations can be itestr . - . :
. els with a 3 Gyr old disc and bulge population. In this respeet
by means of SSP models. Figite 5 shows several of such Ste”arnote that the template fitting for the hotspot spectra of NG214

gi(zg:?[t:\;) nFrZ]o \(/iselslﬁ{j)llozvrlngézlesel\:l)?lltgg)or; SLENTIECVZ%;T;) was quite poor compared to the rest of the sample, so thainghe |
g : PRer p ' P strength indices may be somewhat less reliable for thisxgala

after the onset of a single instantenous star formatiorodpig the
ring. From left to right the models include progressivelyugger For the hotspots in NGC 4314 and NGC 7217, a bulge and
disc and bulge populations, which formed 10, 5, and 3Gyrrieefo  disc population younger than 5 Gyr is ruled out by the [MgFe] v

the stars in the ring. In each panel, the strength of the tizugpsrst Hp3 diagrams of FigurEl5. For a 10 Gyr old disc and bulge compo-

4.2 Composite stellar population modelling
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Figure 6. As Figurd, but now assuming that the ring stars formed operiad of constant star formation. The strength of thisvitgtis quantified by stellar
mass that is built in the ring after 100 Myr, relative to thégauand disc mass.

nent, the ring starburst in these galaxies appears to haered and D(4000) vs. A diagrams (lower panels) with the predicted
less than 50 Myr ago and to have contributed less than 1% of the evolution of these indices since the onset of a period of teons
mass. The case for a significantly younger ring populatiquais star formation activity in the ring. As above, this phasédiek the
ticularly strong in the case of NGC 4314, since the positibthe main formation episode for the bulge and disc stars by 10n&, a

NGC 7217 datapoints in the [MgFe] vsAliagram cannot deliver 3 Gyr (left, middle and right panels, respectively). As ing&ie[5,

a robust age estimate. Considering that NGC 4314 and NGC 7217the strength of the star formation activity in the ring is aguaeter

are the galaxies with the earlier Hubble type among our sanitpl that can be varied: we show models which have added from 0.1%

is possible that the position of their hotspots in Fidure @idsated to 10% of the bulge and disc mass after 100 Myr.

by a larger intervening bulge population than in the otheriear There are several inconsistencies between the data and the

rings in our sample, rather than by weaker star formatiowiact models in Figur€l6. A continous star formation scenario ynde
Although the properties of an SSP superimposed on an older dicts the strength of the Habsorption features in many of the ring

bulge and disc population can match well the hotspot line in- hotspot spectra, and cannot account for the values of fhénH

dices and provide estimates for the age and mass fractiomeof t dex observed in NGC 7217. Furthermore, the position of aifie

ring populations, in practice such a scenario is quite inmitze. hotspots within the same galaxies, like NGC 7742, NGC 524B an

The young age of stars in the rings inferred from such models NGC 4314, suggests that the different regions in the ringsabe

(< 30 — 100 Myr), combined with the relatively high fraction of  ject to different levels of constant star formation acyititat have

spiral galaxies with nuclear rings<(20%, Knapen 2005), would begun at different epochs, several hundred Myrs in the pag.is,

imply that we live in a special time in the history of spirallaea however, a most unlikely situation, given that stars anctgaslate

ies. Instead, it is more likely that star formation in nucleags has along nuclear rings typically in a few tens of Myr.

been either continous in the last few hundred Myr, or cherazd

by multiple starbursting episodes.
4.2.3 Multiple-burst star formation in the ring

Discarding a history of constant star formation in the ringsnow
consider the possibility of multiple starbursting episadm Fig-
To test the first of these classes of models, we compare[(JFig. 6 ureld we show the evolution of the line indices for modelstidaig
the position of the hotspots in the [MgFe] vsgHupper panels) from 1 to 5 instantaneous bursts, each adding 1% of the buige a

4.2.2 Continuous star formation in the ring
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Figure 7. Composite stellar population models for the ring hotspotsHe superposition of a 3-Gyr-old bulge/disc populatiod af young ring stars, which
formed during a varying number of instantaneous star-ftionapisodes (from 1 to 5 burstigft), during a single bursténtre), or over a period of constant
star formation iight). As in Figuredb anfil6, the top panels show the evolution aff®] vs. H3, whereas the lower panels show D(4000) v6AHThe
central and right panels are similar to the right panels gtifés 5 and 6, respectively. The multi-burst modefk shows the time evolution of the indices in

the hotspot spectra since the onset of the last starbuct,afavhich is set to contribute 1% of the bulge and disc mass.

disc mass and occurring every 100 Myr. Because of this piertgd
the model evolution is shown only for the 100 Myrs followirget
last star formation episode. Each of the models includes@atid
bulge population that is 3 Gyr old at the onset of the latestthso
that the age of the old stellar component is the same for allatso
whereas the recent episodic star formation activity saeterlier
in models with more such episodes (e.g., star formationerritig
began 400 Myr ago, and 2.6 Gyr after the bulge/disk formatioa
5-burst model). Figuilg 7 also shows, for comparison, thepomite
population models for an instantenous and continous Stanefton
scenario in the ring and a 3-Gyr-old disc and bulge poputatio

Except for NGC 4321 and for the rings requiring very small

4.2.4 Summary of star formation history modelling

Despite the success of the last class of models, the staafianm
history of nuclear rings is almost certainly more compkchthan a
simple superposition of instantaneous bursts evenly spiadéne.
Some combination of the two latter scenarios is likely, inickh
star formation events occur episodically, but may vary ingté and
relative strength. At present, it is impossible to repradtheexact
sequence of star formation in the rings from these indicdsatié
apparent is that the models that most closely match the détésp
must have a small, but significant, intermediate age populahat
is the result of an extended period of recent star formafibey are
not the result of either continuous star formation, or of ongl&n

fractions of young stars (NGC 4314 and NGC 7217), the hotspot burst of star formation (the current one).

data points on both the [MgFe] vs,3Hupper panels) and D(4000)
vs. HYA diagrams (lower panels) agree remarkably well with these
models for multiple starbursting episodes, suggestingah&east

4 or 3 bursts have occurred in the past, as judged from the §J\gF
and D(4000) diagrams, respectively. Similarly to the casthe
instantaneous models, we note that the position of the btstsp In nuclear rings, photoionisation by hot OB stars is the rliksty
NGC 4314 and NGC 7217 in these diagrams can also be matchedsource of nebular emission, although shocks may play atiadiali
by models featuring periodic star-formation episodesyipied that role. A number of factors determine the appearance of thestoni
each burst contributes to mass fractions smaller than 1%teatd line spectrum: the metallicity of the gas, the shape of tinésing
an older bulge and disc population is included. radiation spectrum, and the geometric distribution of the gnd

5 EMISSION LINE DIAGNOSTICS: PHYSICAL
CONDITIONSOF THE GAS
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Figure 8. The [SH]A6716/[S1]A\6731 ratio in the nuclear rings of our
sample galaxies. Assuming a temperature dfKpthe dashed lines give
estimates of the electron density. For NGC 7217, the twoplabtspectra
were combined to achieve a minimum signal to noise ratio odr3tlie
[S1IA6716/[S11]A6731 ratio. The error bar shown at the bottom right of
the plot is the average uncertainty measured within our &amp

ionising sources (Dopita et al. 2000). The geometry can lpe-co
bined into one single factor, the mean ionisation paramg(eith
dimensions cm's'). This is the ratio of the flux of ionising photons
through a unit area, to the local number density of hydrogems
at the edge of the ionised cloud. In this section, we insfecenis-
sion line spectra of our nuclear rings and nuclei, to deteentihe
gas density, the starburst metallicity, and the ionisatiarameter.
To do this, we will measure the flux ratios of a number of erissi
lines and compare the observed values to photoionisatiatelso

5.1 GasDensity

The two lines in the [SI]AAN6716, 6731A doublet have similar
excitation levels, but different collisional de-excitatirates. This
results in the relative populations of the two levels beinostly
dependent on the gas electron density (Seaton 1954), whith c
therefore be estimated from the intensity ratio of theseslirFig-
ure[8 shows the [B]\6716/[S 11126731 ratio for the nuclear rings
in our sample. The electron densities, indicated by theathbhes,
are for a typical temperature @f = 10" K (Osterbrock 1989). The
nuclear rings show a wide range in electron density, bothiwit
each ring, and across the sample. Most of the rings fall withé
rangeNe =10-350 cnm?, with NGC 6951 and NGC 7217 having
higher densities, of up to 800 cm. This is consistent with previ-
ous studies: Kennicutt, Keel & Blaha (1989) found a wide maf)
electron densities, frofVe =10-1000 cnv?, for a number of H
regions, which included both disc and circumnuclear tdgions.
Similar results were found by Ho, Filippenko & Sargent (1997

5.2 Metallicity and lonisation Parameter

Veilleux & Osterbrock (1987; hereafter V087) devised a sifésa-
tion system based on the ratios of forbidden to hydrogersline

order to separate gas emission originating infdgions from neb-
ular activity powered by other sources of ionisation suchaie
galactic nuclei. Their ratios involve lines which are cldsgether
in wavelength, minimising errors in calibration and reddgrcor-
rection, such as the [@]A5007/H3 ratio in blue spectra, and the
[N 11]A6583/Hx, [SI1]AN6716,6731/K and [Q]\6300/Hx in red
spectra. When the [@]/H} ratio is plotted against any of the red
lines ratios, different types of emission-line galaxiesiugay differ-
ent regions of the diagrams.iHegions and H nuclei in partic-
ular tend to be located in narrow, well-defined zones (Keveey
al. 2001) in such diagnostic diagrams, which can be undmidiy
means of sophisticated photoionisation models.

In this respect, Dopita et al. (2000) and Kewley et al. (2001)
present valuable models foriHregions obtained with the pho-
toionisation code MAPPINGS Il (Sutherland & Dopita (1993)
while using the PEGASE (Fioc & Rocca-Volmerange 1997) and
STARBURST99 (Leitherer et al. 1999) codes to generate #ie st
lar ionising-radiation fields that depend on the metalfiaf the
starburst. Figur€]9 shows an example of a photoionisatidah gr
calculated in the case of the [@]/HS vs. [N11]/Ha diagnostic
diagram for metallicities 0.05, 0.2, 0.4, 1, and 2 times Salal-
ues of the ionisation parametgr= 3 x 10%, 1.5x10%, 8x107,
4x107, 2x107, 1x107, and 5¢<10°cms™ !, and for densities of
Ne =10cm™ and 350 crm®. The narrow zone occupied byiH
regions and H-nuclei in this plot coincides with the folding of the
ionisation parameter/metallicity surfaceti Hegions characterised
by a large range in metallicity or ionisation parameter aogguted
into a narrow band on the figure. Theses starburst modelghkét t
upper limits for the values of these line ratios, so that siaisline
regions that lie above and to the right of the model grids rhase
other source of ionisation beside, or in addition to, O sfidesviey
et al. 2001).

Although star-forming regions are readily identified in VIO8
diagrams such as the one juxtaposing![{ZHS with [N 11]/Ha,
the folded nature of the models makes it difficult to deteenin
unambiguously the metallicity and the ionisation paramete
star-forming regions, except for very low metallicitiesofidta et
al. (2000) and Kewley et al. (2001) found that the best com-
bination of line ratios for separating metallicity and isaiion
parameter effects are [INAA6548,6583/[Q1]\\3727,3729 vs.
[O m]A5007/[011]AN3727,3729, or [Ni1}/[O 1] vs. [O1I]/H}S.
Although all these lines fall within the wavelength rangeoofr
spectra, we cannot measure thel{MO 11] ratio with confidence,
since we do not dispose of an accurate relative flux calidomabf
our red and blue spectra, where thel[Nand [O11] lines are found,
respectively. Additionally, the [@] lines are not always observed.
To estimate the metallicity and ionising parameter of théssion-
line regions observed by our spectra we can instead use dlge di
nostic diagram based on the [NA6583/[SII] and [O111]/H} ra-
tios. Rubin, Ford & Whitmore (1984) were the first to suggést t
[N n)/[S 1] ratio as a metallicity indicator, and Kewley & Dopita
(2002) recently confirmed the usefulness of this ratio ftinesing
metallicities from slightly sub-solar to super-solar \@dumaking
the [N1)/[S 1] quite complementary to [N]J/Ha in this respect.
This is illustrated by the MAPPINGS Ill models plotted in thght
panel of Figure 9, where the model grid in the jM[S 11] diagram
folds only at very low metallicity.

Figure 9 shows the [@1]/HS, [N 1]/Ha and [Nu)/[S 11] line
ratios measured in the ring hotspots. The location of thgedata in
the [N11]/Ha diagram is consistent with nebular emission powered
only by O stars, although no conclusion on the metallicitythef
starburst can be drawn from this VO87 diagram. On the othed ha
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Figure 9. Diagnostic diagrams of log([@1]/H3) vs. log([[N 11}/Hc) (left) and log([O11]/HB) vs. log([N1J/[S 11]) (right), featuring the MAPPINGS Il
model prediction for the nebular emission arising in stamfiag regions. The models are based on STARBURST99 specteajy distributions for continuous
star formation over a period of 8 Myr. The theoretical gridsuame different values for the ionisation parameter anthfostarburst metallicity, and are shown
with black lines for a density of 10 cr? and dashed lines for a density of 350t The data points measured from the nuclear ring hotspotshanen as
coloured symbols. Uncertainties in the ratios are at mo¥,3tanslating into errorbars of 0.1 or less along both thesaf these logarithmic plots.

the position of the data points in the [N/[S 1] vs. [O111]/H3 grid star-forming galaxies from SeyferttHcomposite objects. These
indicates that the ring hotspots are populated hy tégions with classification lines can be seen in the top panel of [Ei§. 18-co
metallicities ranging from slightly below to just above 8olwith pared to the ratios derived for the nuclear regions of thexges

values for the ionisation parameter between 1 ard® cms*. in the current sample. NGC 5383 is closest to possessingedypur

Two aspects of this emission-line analysis are also retevan star-forming nucleus, NGC 473 and NGC 5248 are classified as
to the our stellar population results. First, Fighte 9 firmdjects composite, and the rest fall in the LINER and AGN category.

starbursts of exceedingly low metallicity, thus furtheclexling the Kewley et al. (2006) have extended the scheme even fur-
possibility discussed i§[4.1 that the position of some of the line-  ther, using the [@11]/HS vs. [SII]/Ha plot to separate AGN from
strength measurements in the ring hotspots could be censigith LINER activity. This can be seen for our data in the lower parfie

SSP models with subsolar metallicity. Second, the modétsafr Figure[10. In this diagram, NGC 6951 is the only Seyfert nusle
Figure[9 use a spectral energy distribution that was olddfirmen NGC 7217 and NGC 7742 are well within the region occupied by
STARBURST99 and assuming continuous star formation over a LINERs, NGC5383 and NGC5248 remain close to the-kegion
short period of 8 Myr. Models based on a truly instantanedais s  model grids, and each of the remaining nuclei lie on the liee b

formation event were found to be grossly inconsistent vithdata, tween LINER and star-forming activity, suggesting a coniieasa-
producing exceedingly high [@ ]/H 5 ratio compared to the values  ture. These results are in remarkable agreement with therRal
measured in the ring hotspots. This further supports thersent classification for these nuclei (Table 1), with the posséxeeption
made in§ [4.2, that the star-formation history of nuclear rings is of NGC4314, for which our data suggest a composite clastiita
likely to be a combination of continous and episodic bursts. rather than a strict LINER activity. NGC 473 was not obserlgd

Ho et al., and our data suggest a H2/T2 nuclear classification

5.3 Lineratiosfor thenuclei

All the observed nuclei in the sample have measurable emnissi 6 DISCUSSION
lines. Some of the galaxies are classified as AGN in the titeza

others as Hi-nuclei or Low-lonisation Nuclear Emission Regions
(LINERSs, Heckman 1980). Baldwin, Phillips & Terlevich (198 In Paper | we have investigated the star-formation histarshe
and, later, VO87 reported that the [O/HS vs. [N 11]/Ha diagram nuclear ring of NGC 4321 using the three line-strength ieslithat

6.1 Thestar-formation history of nuclear rings

allows one to distinguish between the different types ofgiuthis can be probed by thBAURON integral-field spectrograph, namely
work has been extended by Kewley et al. (2001), who detemnine Hg, Fe5015 and Mgb. For NGC 4321 we concluded that star forma-
a theoretical ‘maximum starburst line’: galaxies abovs tine are tion in the ring was likely long-lived and episodic, thusairgy that

likely to be dominated by an AGN. Kauffman et al. (2003) modi- the nuclear ring is a stable configuration that is intimalielyed to
fied this scheme to include an empirically derived line divigpure the large bar in this galaxy (Knapen et al. 1995b).
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Figure 10. Diagnostic diagrams of log([@Q1]/H3) vs. log([N11]/Ha) (up)
and vs. log([S1]/Ha) (dowr), compared with theoretical model grids as in
Fig.[8. The data points measured from the nucleus of eackygate plotted

as coloured symboldJp: the dot-dashed line is the “maximum starburst
line” of Kewley et al. (2001). The dashed line is the empihcalerived
starburst line from Kauffmann et al. (2003)own the dotted line is the
“maximum starburst line” of Kewley et al. (2001), the dashieé from
Kewley et al. (2006), to separate Seyferts and LINERs.

The success of this family of models, together with the demis
of its alternatives, confirm the general understanding dfiar the
initial formation of the bulge and disc component, gaseoatenal
is transported toward the center over a prolonged perioéhdd, t
where it accumulates near the location of the ILR and whege th
density threshold for the ignition of star formation is rafesly
crossed. The inflow of gaseous material can be driven by & pr
ence of large scale bars, but this is not the only mechaniatctn
fuel the circumnuclear region (see, e.g., Knapen et al. 2004
case study of ring formation induced by a minor merger). bt,fa
two of our sample galaxies are classified as unbarred andatitiey
be further discussed below. Another object that will desdnr-
ther attention is NGC 4314, for which our modelling suggést t
the ring stars have formed very recently, only a few Myr age- B
low, we will discuss the possibility that for NGC 4314 we abble
witnessing the initial phases of ring formation.

Our results on the star-formation history of nuclear ringgeh
several important consequences. As previously stateteanurings
are common in spiral galaxies, and are characterised bystagh
formation rates. If nuclear rings form stars over a long sozde,
this will lead to the the accumulation of considerable atathasses
in the central regions of their host galaxies. Kormendy & Kentt
(2004) estimated that for the typical mass of molecular gasstar
formation rate of nuclear rings, stellar masses of 110’ Mg
will be formed. In Paper I, the nuclear ring in NGC 4321 was
observed to be thicker when viewed in stellar indices thaerwh
viewed in H3 emission, indicating that the new stars are diffusing
out of the ring. It is possible that these stars will diffusettier in
the galactic disc, contributing to the formation of a morégbtiike
structure due to vertical instabilities triggered by thegemce of
a bar. First characterised as pseudo-bulges by Kormen®3);19
such structures half-way between bulges and discs may be-an i
tegral component of most spiral galaxies, in particulatiose of
later Hubble types. Kormendy & Kennicutt (2004) furtheratiss
how pseudo-bulges are a consequence of slow secular pescess
pointing out how secular evolution becomes more importaaht
galaxy mergers or interactions in re-shaping the struaifigalax-
ies as the Universe expands.

If nuclear rings are stable configurations in disk galaxies t
add considerable stellar mass to the centers of their hestgpoo-
longed periods of star formation, nuclear rings should ganded
as a key component in the secular evolution of galaxies hErit

In the current paper we have measured the strength of two More, nuclear rings may be even more frequent than preyiousl

additional stellar features, the 400@reak and the B absorption
line, in the nuclear rings of eight nearby galaxies. By corimga
the observed values for all five indices to the predictionsapfula-
tion synthesis models for the star-formation history in tting we

have reached a similar conclusion to Paper | - that star fooman

nuclear rings is a prolonged and episodic phenomenon.

Models assuming that nuclear rings form single instantaseo
burst of star formation yield predictions that are not inpatible
with the data, but such a scenario is generally ruled outusec#
implies formation epochs for the rings that are too shot aoemt
to be consistent with the relatively high frequency of ocence of
nuclear rings in nearby galaxie$[.2.1). Furthermore, the inclu-
sion of the D(4000) and #A indices in our analysis allowed us to
firmly rule out the possibility of a history of continuous starma-
tion for our nuclear rings§4.2.2). On the other hand, the strength
of the absorption lines in the ring hotspot spectra are watcimed
by models allowing for the formation of the ring stars overuan
ber of instantaneous star-formation episodes, superieagpos an
underlying or intervening old disc and bulge populati§@2.3).

thought. Most nuclear rings, and all those used by Knape@5R0
to derive the fraction of nuclear ring in local spirals, wédenti-
fied using Hv imaging that traces massive star formation. Yet, our
stellar population modelling suggest that over most ofrthis-
time nuclear rings are not actively forming massive statsiciv
implies that a significant but so far unknown fraction of gala
ies could host a young nuclear ring that is presently not iiagm
massive stars. The confirmation of nuclear rings as an éstebll
feature of a galaxy also reinforces the view that nucleagsriare
linked to the large-scale bar, and the connection betweeteau
rings and ILR(s).

6.2 NGC 4314

Our stellar absorption-line measurements show how NGC 4314
stands apart from the majority of the rings in our samplehwisig-
nificantly older underlying or intervening disc and bulggplation
and much younger ring stars. This conclusion is consistéhttie
findings of Benedict et al. (2002), who analysed high-spegiolu-
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tion optical colour maps obtained with the Hubble Spacestelpe without invoking a minor merger explanation, and the déoeaf a
(HST) to study the ages of the single star clusters in the ringyThe counter-rotating stellar system could be attributed targeldoulge

found colours consistent with instantaneous star formadiud lit- velocity dispersion. They also highlight that a number oflear

tle evidence for any cluster older than 40 Myr in the ring hasligh rings is present in NGC 7217, all found at different radiieBmall-
the analysis of Benedict et al. did not cover the intra-éustellar estis a red dust ring, followed radially outwards by am fhg, in
population, which also contribute to our hotspot specta, ab- turn followed by a broad red ring. Like NGC 4314, NGC 7217 is
sence of clusters older than 40 Myr suggests that no starafiion also deficient in H gas (Buta et al. 1995), and both have much
episode occured in the ring of NGC 4314 previous to the ctirren older underlying stellar populations (Fig. 3) than the otjalaxies
one. in our sample.

It would thus appear that in the case of NGC 4314 we are wit-
nessing the initial massive star formation event, which majl

coincide with the formation of the nuclear ring. The obsédristue 6.4 Absenceof Wolf-Rayet features

stellar arms just outside the nuclear ring (Benedict etG02 are )
evidence for star formation activity in the recent pastyteen 100- ~ Wolf-Rayet stars (WR) are the remnants of the most massare st
200 Myr ago) but whether this occurred within the presenfigon in galaxies. Their numbers therefore peak shortly after jpnstar-

ration of the ring, or within a larger past version of it (aggested ~ formation episode, typically when the starburst is only a-falyr-
by Combes et al. 1992), is not presently clear. What is etigen old. The number and .t)./pe of WR starg is also a strong function
that NGC 4314 is peculiar among our sample galaxies alsaiseca of the starburst metallicity, a fact that stimulated thedgtof WR

the massive star formation in the entire galaxy is pradgicasn- stars as a means to trace the nature of massive star forniation
fined to the nuclear ring (known since Burbidge & Burbidge2)ge ~ €xternal galaxies (e.g., Vacca & Conti 1992; Shaerer & VAQgS;

and because the galaxy is particularly deficient of atomiréen Shaerer, Contini & Kunth 1999; Guseva, Izotov & Thuan 2000).
gas, H (Garcia-Barreto et al. 1991; Combes et al. 1992). These !N Optical spectra, the most noticeable WR feature is theasied
peculariaties make the conclusion that we are indeed veitngs ~ 4650% “bump”, which is due to a superposition of broad stellar
the very first phase of massive star formation in the nuclemy r ~ €mission lines.

less unattractive than it might seem at first glance when eoeth In noneof our ring hotspot spectra is such a feature observed.
to the results for the other rings in our sample. The absence of WR features suggests thatbtlik of the young

stars in the ring regions subtended by our spectra have tbover
a longer period of time than just a few Myrs, consistent witin o
6.3 Unbarred galaxies: NGC 7217 and NGC 7742 absorption-line analysis. The only exception to this stetet is

NGC 7217 and NGC 7742 are both classified as unbarred galax-NGC 4314. For this galaxy we have evidence that the hotspat sp

ies and indeed appear very symmetric in near-IR 2MASS images trg are a superpqsmon of an old bulge and disc stellar magi
Using ground-based adST near-IR imaging, Laine et al. (2002) with very young ring stars, less than 25-Myr-old. A 486®ump
confirm that no bars can be found in NGC 7217, but find two small could therefore be expected in this case, an.d that th|§ @a&u
bars in NGC 7742 (with deprojected bar radii of 1.2 and 6.8ecc not observed COU.Id be du_e to astrong contammg_non_ of .'em."@
corresponding to 130 and 730 parsec). The lack of a largenbar i bulge stars, consistent with the early-type classificatiathis disc
both cases may initially seem problematic, as the genecalingi galaxy (see alsH.2.7)

of nuclear ring formation is often described as requiringaa to
drive gas towards the centre. There are other ways of acdigievi
non-axisymmetric potential which can stimulate inflow, lever,
such as the presence of an oval distortion, or the influenegtef-
nal forces. Both NGC 7217 and NGC 7742 have counter-rotating We present a study of the optical spectra of a sample of eight s

7 CONCLUSIONS

sub-systems (Merrifield & Kuijken 1994; Sil’chenko & Afaries forming nuclear rings and the nuclei of their host galaxigsese
2000; de Zeeuw et al. 2002), which hints at a turbulent, merge spectra cover a wide range in wavelength, and allow us touneas
history. a number of gaseous and stellar features. The stellar alusoip-

NGC 7742 has a counter-rotating gas system, and NGC 7217 dices show that along the line of sight to the nuclear ring e c
has a counter-rotating stellar system. Sil’chenko & Mois@906) detect the older underlying and intervening disc and budgevell
suggest that the two galaxies have undergone a similar past i as the young stars being formed in the ring. We use two abisorpt
teraction. They propose that NGC 7742 has only recentlyestar  line index diagrams, H vs. MgFe and HA vs. D(4000), to test
accreting gas, while NGC 7217 is at a later stage of evolution models for the star formation history of the rings. The stawgous
and has already converted its counter-rotating gas inte.dtaz- use of these indices allows us to rule out a constant stareftion
zuca et al. (2006) find that the metallicity of the gas in thegri history, whereas the possibility that these rings one-gghés in a
of NGC 7742 is close to Solar, in agreement with our results. galaxy’s history is discarded on the basis that it would biéely

As there are no suitable large metal-rich companion gadawi¢h to observe all these rings as they have just formed. Our racdel-
which NGC 7742 can have interacted, Mazzuca et al. prop@de th gestinstead that nuclear rings are in fact more long-livedtires
a smaller, metal-poor dwarf galaxy has been cannibalisad.d? with extended, although episodic, periods of star fornmatibhe
its gas was then concentrated in the ring, where star foomatio- absence of Wolf-Rayet features in our spectra further sttbas
ceeded long enough for the metallicity to reach a solar valbey nuclear rings are not made exclusively of stars that formag o
estimate that this process takes a few tens of Myrs, whichesgr ~ very recently. These results confirm not only the intimateay-
with our stellar population modelling for this galaxy. ical connection between nuclear rings and their host gadaxiut

Buta et al. (1995) and Combes et al. (2004) suggest that the also the important role that the rings can play in transfagrisk
oval distortion present in NGC 7217 would be sufficient to-cre gas to (pseudo-)bulge stars, thus stimulating seculaugeal
ate the resonances which shape the three rings which itgsesse The gas emission lines of the nuclear rings reveal that thysri
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possess a range of electron densities, most within a rande-of
350 cm 3. Diagnostic diagrams show that all rings are populated
by H 11-regions with similar ionisation parameters and with a $mal
spread in metallicity around the Solar value.

The nuclear rings of NGC 4314 and NGC 7217 stand apart
from the other nuclear rings in the sample, as they appeaave h
much older and prominent underlying populations. They hbge
much lower values of the Fland HA indices, which in the case
of NGC 4314 implies much younger ages for the ring stars. ik th
galaxy, which stands out from the rest of the sample for itk la
of star formation in the disk and its deficiency of neutral,gas
may be witnessing the initial phases of the ring formatidme Vast
majority of the nuclear rings in the sample can thus be desdri
by a scenario where the nuclear ring is a stable structuneoist
cases induced by the bar, and confirming that all these riags h
formed by dynamical means near the ILR(s). This is also toue f
the two galaxies in our sample which lack a prominent large ba

but for which a past minor merger event may well have caused a

similar non-axisymmetry in the galaxy’s gravitational @atial.

Our study of the spectra of the nuclei of our sample galax-
ies shows that all display emission lines. Consistent wigvipus
studies for the nuclear activity and stellar populatiohe,nhajority
of our nuclei appear to be dominated by old stellar poputatiand
by LINER-like emission.
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