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ABSTRACT
We review the results of high-dispersion spectroscopy of 17 circumnuclear star-forming regions
(CNSFRs) in 3 nearby early spiral galaxies, NGC 2903, NGC 3310 and NGC 3351. We find
that single-Gaussian fitting to the Hβ and [O III]λ5007 Å line profiles results in velocity
dispersions around 32 and 52 km s−1, respectively, while the IR Ca II triplet cross-correlation
technique provides stellar velocity dispersion values close to 50 km s−1. Even though multiple
kinematical components are present, the relation between gas velocity dispersion and Balmer
emission line luminosity (L–σ relation) reproduces the correlation for disc giant H II regions
albeit with a larger scatter. The scatter in the L–σ relation is considerably reduced when
theoretical evolutionary corrections are applied suggesting that an age range is present in
the sample of CNSFRs. To analyse the observed complex profiles, we performed multiple
Gaussian component fits to the Hβ and [O III]λ5007 Å lines obtaining optimal fits with two
Gaussians of different widths. These best fits indicate that the narrower component has average
velocity dispersion close to 23 km s−1 while the broader component shows average values
in the range 50–60 km s−1 for both lines, close to the observed stellar velocity dispersions.
The fluxes of the broad and narrow Hβ components are similar. This is not the case for
[O III]λ5007 Å for which the broad components have higher fluxes than the narrow ones,
thus producing a clear segregation in their [O III]/Hβ ratios. We suggest a possible scenario
for understanding the behaviour of CNSFRs in the L–σ and σgas–σ ∗ diagrams involving an
inner gaseous disc responsible for the narrow component of the emission lines. Our main
conclusion is that the presence of different kinematical components with similar total fluxes
in the emission line spectrum of CNSFRs raises important doubts regarding the properties of
the ionized gas derived from global line ratios obtained with low-resolution spectroscopy in
star-forming regions in the central regions of early-type galaxies. Given the ubiquity of these
star-forming systems, ionized gas analyses should be done preferably from high-dispersion
spectra with high spatial resolution.
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star clusters: general.
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1 IN T RO D U C T I O N

Star formation in a circumnuclear configuration is of common oc-
currence in early spiral galaxies with or without an active nucleus.
These structures are frequently arranged in a ring pattern with a
diameter of about 1 kpc (Morgan 1958; Sérsic & Pastoriza 1965,
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1967) and their associated star formation rate (SFR) is considerably
higher than the average observed in galactic discs. In fact, in the
ultraviolet (UV), the luminosity coming from their young massive
stars can dominate the observed circumnuclear emission even in
the presence of an active nucleus (González-Delgado et al. 1998;
Colina et al. 2002).

The properties of circumnuclear star-forming regions (CNSFRs)
are different enough from giant extragalactic H II regions that they
can be considered to constitute a distinctive mode of star forma-
tion in galaxies (Kennicutt 1998). This distinct nature was fully
revealed with the opening of the mid- and far-IR spectral ranges
(see for example Rieke & Low 1972; Harper & Low 1973; Rieke &
Lebofsky 1978; Telesco & Harper 1980). CNSFRs look more com-
pact and show higher peak surface brightness than disc H II regions
(Kennicutt, Keel & Blaha 1989) while their optical spectra show
the weak oxygen forbidden lines characteristic of a high abundance
(Dı́az et al. 2007, hereafter D07).

It has been suggested that the substructures (sizes of the order
of 10 pc or less) found in circumnuclear star-forming complexes
correspond to massive (M ∼ 105 M¯) young (age . 1 Gyr) clusters.
If this is the case, they can be modelled as single stellar population
applying population synthesis techniques, and their properties such
as age, chemical evolution and star formation histories could be
derived with only small uncertainties due to discreteness-related
scatter (see e.g. Cerviño et al. 2002). Although there have been
some recent works devoted to the study of CNSFRs, most of them
have concentrated in deriving the SFR and ages of these structures
and little has been done with respect to their structure and internal
kinematics.

In the last few years, we have obtained spectroscopic data of
CNSFRs in nearby galaxies with a resolution enough to allow the
measurement of stellar and gaseous velocity dispersions that, com-
bined with their sizes obtained from the Hubble Space Telescope
(HST) imaging, have yielded values for the dynamical masses of
these objects (Hägele et al. 2007, 2009, 2010a, hereafter H07, H09
and H10, respectively). In this paper, we present the results obtained
from the joint analysis of the data and address several aspects related
to the properties of these structures. In particular, we analyse the
relations between stellar and gaseous velocity dispersions and the
behaviour of the velocity dispersion–luminosity (σ–L) and mass–
luminosity (M–L) relations for CNSFRs. We also draw attention
to several concerns related to conclusions about gas properties of
central regions of galaxies, like average chemical abundances or
characteristics of ionizing sources, derived from data with low spa-
tial and spectral resolution.

2 SU M M A RY O F DATA A N D D E R I V E D
PA R A M E T E R S

The CNSFRs studied in this work correspond to three early-type
barred spiral galaxies, NGC 2903, NGC 3310 and NGC 3351, whose
properties are given in Table 1.

For 17 star-forming complexes, we obtained high-resolution
spectroscopy in the blue (4779 to 5199 Å) and red (8363 to 8763 Å)
with resolutions of 0.21 and 0.39 Å pixel−1, respectively, provid-
ing a comparable velocity resolution of about 13 km s−1. The blue
spectral region comprises the emission lines of Hβ λ4861 Å and
[O III] λ5007 Å and have been used to measure the gas velocity
dispersion. The red spectral region comprises the stellar absorp-
tion lines of the Ca II triplet (CaT) at λλ8494, 8542, 8662 Å, and
have been used to measure the stellar velocity dispersion. The two
spectra have been obtained simultaneously using the double-arm

Table 1. The galaxy sample.

Property NGC 2903 NGC 3310 NGC 3351

RA (2000)a 09 32 10.1 10 38 45.9 10 43 57.7
Dec. (2000)a +21 30 03 +53 30 12 +11 42 14
Morph. type SBbc SABbc SBb
Distance (Mpc) 8.6 ± 0.5b 15 ± 1a 10.05 ± 0.88c

pc/arcsec 42 ± 2 73 ± 5 49 ± 4
BT (mag)a 9.7 ± 0.1 11.2 ± 0.1 10.5 ± 0.1
E(B − V)gal(mag)a 0.031 ± 0.01 0.030 ± 0.01 0.028 ± 0.01

ade Vaucouleurs et al. (1991).
bBottinelli et al. (1984).
cGraham et al. (1997).

Intermediate-dispersion Spectrograph and Imaging System attached
to the William Herschel Telescope, and therefore we are confident
that they refer to the same regions. More details about the observa-
tions can be found in our previous works (H07; H09; H10).

The velocity dispersions of the gas, σgas, were calculated as

σgas =
q

σ 2
m − σ 2

i , (1)

where σm and σi are the measured and instrumental dispersions,
respectively, in km s−1. σi was measured directly from the sky
emission lines and is about 10.4 km s−1 at λ4861 Å. No thermal
broadening correction was applied; thus, our dispersions slightly
overestimate the gas intrinsic dispersion.

The single-component Gaussian fits performed to the Hβ line
were not totally satisfactory. In fact, in all cases, the optimal fit
was found for two different Gaussian components. In most cases,
similar components also provided optimal fits to the [O III] lines.
Fig. 1 shows fits to the Hβ lines in CNSFRs of each of the three
galaxies studied as illustrative examples.

The stellar velocity dispersions, σ ∗, were estimated from the
CaT lines by cross-correlating the spectrum corresponding to each
of the regions with stellar templates. An example of the CaT spectral
region can be seen in Fig. 2.

When observed with the HST resolution, most of the observed
CNSFRs seem to be a composite of more than one cluster with
radii between 1.5 and 6.2 pc. The virial theorem has been applied to
estimate upper limits to the dynamical masses inside the half-light
radius for each identified knot under the assumption that the clusters
are gravitationally bound, spherically symmetric and have isotropic
velocity distributions [σ 2(total) = 3σ 2

∗ ]. The general expression for
the virial mass of a cluster is

M∗ = η σ 2
∗ R/G, (2)

where R is the effective gravitational radius and η is a dimension-
less number that takes into account departures from isotropy in
the velocity distribution and the spatial mass distribution, binary
fraction, mean surface density, etc. (Boily et al. 2005; Fleck et al.
2006). Following Ho & Filippenko (1996a,b), and for consistence
with H07, H09, H10 and Hägele (2008), we obtain the dynamical
masses inside the half-light radius using η = 3 and adopting the
half-light radius as a reasonable approximation of the effective ra-
dius. Since our measured stellar velocity dispersion encompasses
each whole region to which the single clusters belong, their masses
can be overestimated to some extent. However, we think that the
mass overestimate cannot be large, because the equivalent widths
of the CaT lines point to the spectral energy distribution of each
region being dominated by the young stellar population belonging
to the clusters rather than by the galaxy bulge. The adopted mass
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Figure 1. Optimal Gaussian fits to the Hβ line for observed regions in the galaxies: NGC 2903, NGC 3351 and NGC 3310. The two different components
labelled ‘broad’ and ‘narrow’ are shown.

Figure 2. Spectrum of region R4 in NGC 2903 in the IR CaT spectral
region.

for each region has been obtained by summing up the individual
masses of the single clusters. More details about these procedures
can be found in H07.

Table 2 lists the velocity dispersions in each CNSFR together
with the derived values of the dynamical masses. Column 1 gives
the name of the region as coded in the original publication; column 2
gives the stellar velocity dispersion (σ ∗); column 3 gives the value
of the gas velocity dispersion derived using a single-Gaussian fit
(σs) to the Hβ line; columns 4 and 5 give the corresponding values
derived by the two-component optimal fit that have been labelled
narrow (σn) and broad (σb), respectively. Columns 6 to 8 provide
the same information for the [O III] emission lines. Finally, column
9 gives the derived dynamical mass, Mast.

There are three objects with two sets of values listed in the table
which correspond to different observations acquired in two different
slit position angles.

For every region we have derived the mass of the ionizing stel-
lar population, (Mion), from published values of the Hα luminosity
(Pastoriza et al. 1993; Planesas, Colina & Pérez-Olea 1997; Dı́az
et al. 2000a) corrected for reddening assuming the galactic extinc-
tion law of Miller & Mathews (1972) with Rv = 3.2 and, when
necessary, correcting for recent changes in their distances. The so-
lar metallicity [12 + log(O/H) = 8.919] single-burst models by

Garcı́a-Vargas, Bressan & Dı́az (1995) were used. These models
assume a Salpeter initial mass function (Salpeter 1955) with lower
and upper mass limits of 0.8 and 120 M¯ and provide the number
of ionizing Lyman continuum photons [Q(H0)] per unit mass of the
ionizing population, [Q(H0)/Mion]. This number decreases with the
time evolution of the population, and is related to the computed
equivalent width (EW) of the Hβ line as (e.g. Dı́az et al. 2000b)

log [Q(H0)/Mion] = 44.48 + 0.86 log [EW(Hβ)] . (3)

The total number of ionizing photons for a given region has been
derived from the Hα luminosities (Leitherer & Heckman 1995):

Q(H0) = 7.35 × 1011 L(Hα). (4)

The final expression for the derivation of Mion is then

Mion = 7.35 × 1011 L(Hα)

1044.48 + 0.86 log[EW(Hβ)]
. (5)

The EWs of the Hβ line have been taken from Pastoriza et al.
(1993) and D07. Given that the Hβ EWs are probably affected by
an underlying older stellar continuum not belonging to the ionizing
cluster itself, the listed masses for these clusters should be consid-
ered upper limits. On the other hand, no photon escape or absorption
of ionizing photons by dust has been considered, which would place
lower limits to the mass. These two effects probably cancel each
other to a certain degree.

The mass of ionized gas (MH II) associated with each star-forming
region complex was derived from the Hα luminosities, using the
electron density (Ne) dependence relation given by Macchetto et al.
(1990) for an electron temperature of 104 K,

MH II = 3.32 × 10−33 L(Hα) N−1
e . (6)

The electron density for each region was taken from Pastoriza
et al. (1993) and D07. For those regions of NGC 3310 without
electron density estimates, a value of Ne equal to 100 cm−3, corre-
sponding to the average value of other CNSFRs of this galaxy, was
assumed.

The values of the Hα luminosities for each CNSFR together with
quantities derived from them are given in Table 3. Also in this table,
and following the work by Relaño & Beckman (2005), we list the
individual Gaussian component fluxes as fractional emission (EMf),
in percentage, relative to the total line flux.

These have been calculated from the emission line fluxes esti-
mated for each Hβ component from the parameters derived using
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Table 2. Velocity dispersions and dynamical masses for the observed CNSFR.

Hβ [O III]
Region σ ∗ σs σn σb σs σn σb M∗

NGC 2903
R1+R2 60±3 34±2 23±2 51±3 73 ± 8 26 ± 8 93 ± 9 1816±48
R1+R2 64±3 35±2 27±2 53±4 71 ± 9 27 ± 7 95 ± 10 2054±45
R4 44±3 32±2 20±2 47±4 76 ± 10 35 ± 9 89 ± 8 853±28
R7 37±3 32±4 29±5 34±8 59 ± 10 17 ± 5 67 ± 8 642±26

NGC 3310
R1+R2 80: 33±4 24±5 54±7 31 ± 4 22 ± 5 50 ± 4 911:
R4 36±3 34±3 28±4 55±5 32 ± 3 26 ± 3 52 ± 4 886 ±30
R4+R5 38±3 27±4 22±4 46±5 22 ± 3 18 ± 3 40 ± 2 1317 ±41
R6 35±5 30±3 23±3 54±7 28 ± 3 21 ± 3 56 ± 3 397 ±33
S6 31±4 27±3 20±3 47±4 26 ± 3 19 ± 3 47 ± 3 210 ±17
R7 44±5 21±5 18±4 41±4 17 ± 4 14 ± 3 36 ± 3 1413±60
R10 39±3 38±3 26±2 54±2 40 ± 3 26 ± 3 59 ± 4 588 ±28
J – 34±2 25±2 61±3 30 ± 2 22 ± 2 57 ± 3 –

NGC 3351
R2 50±1 26±1 17±3 45±3 72 ± 7 21 ± 4 74 ± 5 129±6
R2 51±6 29±3 16±2 43±2 69 ± 9 23 ± 5 76 ± 8 131±23
R3 55±5 35±1 25±3 59±4 67 ± 7 28 ± 4 71 ± 4 417±31
R3 59±7 39±5 24±3 59±3 70 ± 7 24 ± 6 74 ± 9 477±47
R4 66±4 37±4 29±3 65±4 76 ± 8 – – 87±12
R5 47±4 34±2 30: 76: 56 ± 7 – – 49±8
R6 39±6 29±6 16±3 46±4 46 ± 7 – – 434±39

Note: velocity dispersions in km s−1, masses in 105 M¯. The colons instead of the corre-
sponding errors indicate that those quantities have large associated errors (greater than 40 per
cent).

Table 3. Hα luminosities and derived quantities, and Hβ EWs.

Region L(Hα)t EMfn EMfb L(Hα)n L(Hα)b Mion MH II EW(Hβ)

NGC 2903
R1+R2 66.3a 49 51 32.3 34.0 18.9 0.79 12.1
R1+R2 – 57 43 38.1 28.2 – – 12.1
R4 38.9a 32 68 12.6 26.3 24.6 0.48 4.8
R7 31.3a 59 41 18.6 12.7 23.6 0.30 3.9

NGC 3310
R1+R2 102b 48 52 49.3 52.7 13.9 3.38 28.6
R4 144b 58 42 83.5 60.5 17.6 4.78 32.4
R4+R5 218b 62 38 136 82.0 21.4 7.24 41.7
R6 57.3b 53 47 30.5 26.8 12.4 1.90 16.7
S6 62.5c 54 46 34.0 28.5 17.4 2.07 12.5
R7 45.5b 72 28 32.7 12.8 8.7 1.51 19.4
R10 45.5b 39 61 18.0 27.5 15.7 1.51 9.7
J 573b 51 49 294 279 31.4 9.52 82.5

NGC 3351
R2 28.3a 40 60 11.4 16.9 9.93 0.21 9.5
R2 – 35 65 10.0 18.3 – – 9.5
R3 70.0a 49 51 34.4 35.7 15.3 0.54 16.5
R3 – 33 67 22.9 47.1 – – 16.5
R4 23.2a 48 52 11.1 12.1 6.23 0.25 13.0
R5 10.3a 80 20 8.2 2.1 6.17 0.09 5.1
R6 7.5a 46 54 3.4 4.0 8.88 0.07 2.3

Note: EMf in percentage, luminosities in 1038 erg s−1, masses in 105 M¯.
aFrom Planesas et al. (1997) corrected for the different adopted distances, and for reddening
using E(B − V) from Pérez-Olea (1996).
bFrom Dı́az et al. (2000a).
cFrom Pastoriza et al. (1993).
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the fitting from the NGAUSS task of IRAF.1 Individual component
Hα luminosities follow directly from those with the only assump-
tions that the reddening corrections are the same for both compo-
nents (although this is not necessarily true, see Hägele et al. 2012)
and that the EMf remains constant across the whole nebula. It must
be noticed that the slit is 1 arcsec wide, and the estimated diameters
of the entire star-forming complexes from which the photometric
fluxes were estimated are about 2 arcsec.

As in the case of Table 2 there are several objects with two
sets of values listed in Table 3 which correspond to two different
observations as explained above.

3 D ISCUSSION

3.1 Star and gas kinematics

Given the emission line profile differences between permitted and
forbidden lines already reported by us in previous works (H07;
H09; H10), it is important to study the relationship between the
velocity dispersion of the stars and the ionized gas for all the CNS-
FRs that have been observed at high dispersion and with similar
instrumentation.

A quick inspection of Table 2 shows that while the stellar velocity
dispersion in the CNSFRs ranges between ∼30 and ∼75 km s−1

with an average value of 49 km s−1, the ionized gas velocity
dispersion, as obtained from the Hβ emission line using a single-
Gaussian fit, shows a range between ∼20 and ∼40 km s−1 with an
average value of 32 km s−1. On the other hand, the [O III] velocity
dispersion, also measured from a single-Gaussian fit, that ranges
between ∼17 and ∼75 km s−1 with an average value of 52 km s−1

has values closer to the stellar velocity dispersion perhaps indicating
some extra source of broadening with respect to Hβ (see a detailed
discussion in H09).

The systematic shift between the ionized gas and stellar velocity
dispersion is clearly seen in Fig. 3 that shows the gas velocity
dispersion measured by fitting a single Gaussian to the Hβ and
[O III] lines versus the stellar velocity dispersion for all the regions.
Even though the scatter is large, it is possible to see that while most
of the CNSFRs with stellar velocity dispersion below ∼40 km s−1

(all but two belonging to NGC 3310) show similar stellar, Hβ

and [O III] velocity dispersions, the CNSFRs with stellar velocity
dispersion above ∼40 km s−1 show a clear dichotomy with the
[O III] profiles being systematically broader than those of Hβ. The
Balmer emission lines are affected by the absorption produced by
the underlying stellar population that depresses the lines (see a
detailed discussion about this effect in H07, H09 and H10). To
minimize the errors introduced by the underlying population, we
defined a pseudo-continuum at the base of the line to fit the emission
lines (for details, see Hägele et al. 2006). Nevertheless, the presence
of a conspicuous underlying population could still be affecting the
σ gas derived from the Hβ emission lines. On the other hand, the fact
that the regions with higher values of σ ∗ have systematically larger
disagreement with the σ gas = σ ∗ line could be related to that they
are expected to be the most massive ones having the larger amount
of stars and the most conspicuous underlying stellar populations.

As mentioned above, most of the observed CNSFR emission line
profiles show wings detectable in both the Hβ hydrogen recombina-
tion line and the [O III] forbidden line. These wings can be attributed

1 Image Reduction and Analysis Facility, distributed by NOAO, operated by
AURA, Inc., under agreement with NSF.

to the presence of a component broader than the core of the line. To
investigate the origin of this broad component, we have assumed
that it can be represented by a Gaussian profile. It should be kept in
mind, however, that given that we do not have an a priori scenario for
the origin of the broad component, there is no justification to assume
a Gaussian profile either, apart from the fact that this assumption
simplifies the analysis. If we assume that the wings are due to stellar
winds, the broad component profile should be that of an expanding
shell, i.e. a very flat top profile in which case the fluxes of the broad
component obtained with a broad Gaussian will be overestimated
and the dispersion of the narrow component will be underestimated.
Yet, the best Gaussian fits involved two different components for
the gas: a narrow component with velocity dispersions lower than
the stellar one and a broad component with a velocity dispersion
similar to or slightly larger than that measured for the stars. The
resulting values of the multiple Gaussian fit to the observed profiles
for both Hβ and [O III] narrow and broad components are listed in
Tables 2 and 3.

In Figs 4 and 5, we show the velocity dispersion of the narrow
and broad Gaussian components of Hβ and [O III], respectively,
versus the stellar velocity dispersion. The narrow components of
both Hβ and [O III] span a similar range in velocity dispersion with
an average value of ∼23 km s−1. On the other hand, the values of
the velocity dispersion of the broad component of Hβ are similar to
those of the stellar velocity dispersion, while the broad component
of the [O III] line shows, in most cases, values of σ in excess of
the stellar one. The correlation coefficient of the broad component
of both Hβ and [O III] with the stellar velocity dispersion is much
smaller than 0.5 indicating basically no correlation.

Bearing in mind that we may overinterpret the results of what is
in reality a small sample, the fact that the narrow component of the
gas in the CNSFRs in three different galaxies is, inside the error
bars, roughly constant suggests that it may be originated in an inner

Figure 3. Gaseous versus stellar velocity dispersions from single-Gaussian
fits. Pluses correspond to Hβ while open diamonds correspond to [O III].
The continuous line represents σ gas = σstars.
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Figure 4. Gaseous (Hβ) versus stellar velocity dispersions for all the ob-
served circumnuclear regions. The continuous line represents σ gas = σstars.

Figure 5. Gaseous (O[III]) versus stellar velocity dispersions for all the
observed circumnuclear regions. The continuous line represents σ gas =
σstars.

disc that would be mainly supported by rotation. On the other hand,
the stars and the gas responsible for the broad component could be
related to the star-forming regions themselves and therefore would
be mostly supported by dynamical pressure (see Pizzella et al. 2004,
and references therein). This could, in principle, correspond to the
gas response to the gravitational potential of the stellar cluster, thus

explaining the coincidence with the stellar velocity dispersion in
most cases for the broad component of the Hβ line. To disentangle
the origin of the two different kinematical components, it will be
necessary to map these regions with higher spectral and spatial
resolution and much better signal-to-noise (S/N) ratio in particular
for the [O III] lines.

The development of the integral field unit (IFU) instruments to
perform 3D spectroscopy during the last few years has provided the
spatial coverage required to study extended galactic or extragalactic
star-forming regions (see e.g. Garcı́a-Benito et al. 2010; Monreal-
Ibero et al. 2010, 2011; Rosales-Ortega et al. 2010, 2011; López-
Sánchez et al. 2011; Pérez-Montero et al. 2011; Sánchez et al.
2011, 2012b; Kehrig et al. 2012; Firpo et al. 2013; James et al.
2013b; López-Hernández et al. 2013). Recently, the first results
of very powerful surveys of galaxies using IFU instruments have
been released. The Calar Alto Legacy Integral Field Area survey is
obtaining spatially resolved spectroscopic information of a selected
sample of ∼600 galaxies in the Local Universe (Sánchez et al.
2012a). This survey has an effective spatial resolution of about
2 arcsec per fibre, and the final spectral resolution in full width at
half-maximum is ∼6.5 Å (i.e. σ ∼ 150 km s−1) for the V500 grating
and ∼2.7 Å (i.e. σ ∼ 85 km s−1) for the V1200. These instrumental
configurations are not enough to disentangle the origin of the two
different kinematical components with the required accuracy. The
possibility of a future survey performed using the Sydney-AAO
Multi-object Integral field spectrograph would be better for our
purposes since its higher spectral resolution is R = λ/1λ ∼ 13 000
(i.e. σ ∼ 23 km s−1 at 4861 Å), and each fibre subtends 1.6 arcsec on
the sky (Croom et al. 2012). However, medium- or high-dispersion
slit spectroscopy is a better option for spectrophotometry, or when
the object is very compact, or even extended but with a few star-
forming knots. This is also the case when good spatial and spectral
resolution and simultaneous wide spectral coverage are required
(see e.g. Hägele et al. 2006, 2008, 2011, 2012; H07; H09; H10;
Cumming et al. 2008; Hägele 2008; Firpo et al. 2010, 2011; López-
Sánchez & Esteban 2009, 2010a,b; López-Sánchez 2010; Amorı́n
et al. 2012).

3.2 Effects on abundance estimates

The presence of two kinematically segregated gaseous components
could have an effect on the classification of the activity in the central
regions of galaxies through diagnostic diagrams and also on abun-
dance determinations if they are made from low-dispersion spectra
by biasing the line ratios involved (see e.g. Esteban & Vilchez 1992;
López-Sánchez et al. 2007; Hägele et al. 2012; James et al. 2013a,b).
The only line ratio available from our data for the two kinemati-
cally separated components is [O III]/Hβ, whose logarithmic ratios
are listed in Table 4. We find that in all the CNSFRs of NGC 2903
and NGC 3351 ([O III]/Hβ)narrow < ([O III]/Hβ)broad, which indicates
a higher excitation for the broad component gas. In the case of NGC
3351, the mean value of log ([O III]/Hβ)narrow is −1.57 as compared
to −0.93 for the same line ratio of the broad components, while a
value of −1.04 is obtained from a single-Gaussian fit (see fig. 12
in H07). In these cases, the broad component contributes more than
80 per cent to the [O III] total flux while this contribution is smaller
than 40 per cent for the Hβ line. This is not the case for the CNSFRs
of NGC 3310 for which the contribution by the broad component
to both the [O III] and Hβ emission line fluxes is similar and about
50 per cent which maintains the [O III]/Hβ ratio almost constant.

Fig. 6 shows a histogram of the logarithmic [O III]/Hβ ratio for the
different components of the gas, broad and narrow, and also for the
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Table 4. Logarithm of the [O III]5007/Hβ line ratio.

Region log([O III]5007/Hβ)
One component Narrow Broad

NGC 2903
R1+R2 −1.03 ± 0.05 −1.64 ± 0.09 −0.76 ± 0.10
R1+R2 −0.92 ± 0.07 −1.51 ± 0.11 −0.57 ± 0.14
R4 −0.78 ± 0.11 −1.01 ± 0.10 −0.71 ± 0.15
R7 −0.78 ± 0.10 −1.79 ± 0.12 −0.40 ± 0.18

NGC 3310
R1+R2 0.42 ± 0.01 0.39 ± 0.01 0.45 ± 0.03
R4 0.28 ± 0.01 0.28 ± 0.01 0.28 ± 0.04
R4+R5 0.42 ± 0.01 0.39 ± 0.01 0.44 ± 0.03
R6 0.28 ± 0.01 0.30 ± 0.01 0.28 ± 0.06
S6 0.21 ± 0.01 0.21 ± 0.01 0.22 ± 0.08
R7 0.23 ± 0.01 0.21 ± 0.01 0.32 ± 0.09
R10 0.19 ± 0.01 0.20 ± 0.04 0.20 ± 0.08

NGC 3351
R2 −1.07 ± 0.06 −1.66 ± 0.08 −0.93 ± 0.12
R2 −1.01 ± 0.06 −1.55 ± 0.08 −0.96 ± 0.13
R3 −1.10 ± 0.06 −1.57 ± 0.07 −0.93 ± 0.10
R3 −1.00 ± 0.06 −1.52 ± 0.09 −0.89 ± 0.10

Figure 6. Histogram of the logarithmic [O III]/Hβ ratio for the different
gaseous kinematic components compared to values derived from single-
Gaussian fits.

case of a single-Gaussian fit (one component). It can be seen that for
the CNSFRs of NGC 2903 and NGC 3351, the gas showing different
velocity dispersions also shows different ionization properties with
the broad component one showing a higher degree of excitation (see
also Table 4). The data with the highest [O III]/Hβ ratio correspond

to the regions in NGC 3310 for which no differences are found
among the different cases.

3.3 σ–L and M–L relations

Fig. 7 shows the distribution of the CNSFRs in the L(Hα) versus
σ plane. In the left column (upper panel), we plot the logarithm of
the total Hα luminosity (values taken from the literature corrected
for extinction) versus the gas velocity dispersion derived using a
single-Gaussian fit. In the middle and lower panels, we show the
same relation but for the Hα luminosity of the narrow [Ln(Hα)]
and broad [Lb(Hα)] components of the two-Gaussian fits derived
using the EMf estimated from the fit to the Hβ emission line, versus
the corresponding velocity dispersion given by the multi-Gaussian
fit (σn and σb, respectively). The linear fits from Bosch, Terlevich
& Terlevich (2002, hereafter B02) (dashed line) and Chávez et al.
(2012, hereafter Ch12) (solid line) are also shown. These data corre-
spond to ‘young’ single clusters in well-studied giant extragalactic
H II regions. They comprise the structureless entities in the regions
free of bubbles and shells which are supposed to appear at more
evolved phases of evolution. These lines may be taken as the locus
of virialized structures sampled by these compact emission knots.

Contrary to what is found for the compact emission line knots in
nearby spirals by B02 and Ch12, no correlation is found between
L(Hα) and σ either for single-Gaussian fits or for individual kine-
matical components; only three of our CNSFRs lie on top of the
locus of virialized objects for the single-Gaussian fit case. A weak
correlation seems to emerge for the narrow kinematical component
of hydrogen that is maintained for the broad component although
shifted to higher velocity dispersions. At any rate, the large disper-
sion of the data seems to be a common feature.

A certain degree of scatter in the diagram is expected related
to the age evolution of the ionizing regions which would lower
their Hα luminosity while keeping their velocity dispersion almost
constant. The presence of this effect is reinforced by the fact that
the three regions on top of the B02 and Ch12 lines are those with
the largest EWs of Hβ (lower age) and therefore should be expected
to be the less evolved ones.

A correction for this effect can be made by using the same ex-
pression employed for the estimation of the mass of the ionizing
clusters, using a reference value for the EW of Hβ for an age lower
than 3 Myr, i.e. EW(Hβ)0 = 150 Å,

L(Hα)Corrected = L(Hα)Observed10[44.48 + 0.86 log[EW(Hβ)0]. (7)

The panels on the right column of Fig. 7 show the correlations
just discussed once these evolutionary corrections have been ap-
plied. The net result is a considerable reduction of the scatter thus
suggesting that the EW of Hβ (i.e. age) is the second parameter
underlying the L(Hα) versus σ relation.

The stellar velocity dispersion behaves similarly to the broad
component of the emission lines, albeit with larger dispersion.

It is of major interest to find out how widespread is the presence
of two distinct components in the emission lines of these ionized
regions. First, a change in position in the diagnostic diagrams would
certainly affect the classification of the activity in the central regions
of the concerned galaxies. Secondly, it will affect the inferences
about the nature of the source of ionization in the two components.
Thirdly, it could have an influence on the gas abundance determi-
nations given that the ratio of the narrow to the broad components
of Hβ is, in most cases, about 1/2.
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Figure 7. log(σ )− log(L) relations for the observed CNSFRs. Panels show the relations derived for the velocity dispersions of the gas using a single-Gaussian
fit (top), narrow components (centre) and broad components (bottom), respectively. The panels on the right show the result after correcting the luminosity for
evolution (see the text). The lines correspond to a linear fit to ‘young’ giant H II regions, plotted as a reference value; B02 (dashed line) and Chávez et al. 2012
(solid line).

Clearly, it is not possible to use global line ratios to estimate
gaseous abundances if the permitted and forbidden line fluxes are
originated in different kinematic systems.

We analyse the relation between the Hα luminosities of the broad
component and the derived masses for the CNSFRs. Fig. 8 shows
the relation between the logarithm of the upper limit to the dynam-
ical masses and log(L(Hα)b), together with the dynamical (Mdyn)
and Keplerian (MKep) masses of Wolf–Rayet (WR) galaxies derived
by López-Sánchez (2010, hereafter LS10). Values of Mdyn were
estimated from H I radio observations considering the inclination-
corrected maximum rotation velocity, which is obtained at the max-
imum radius observed in their deep optical images, and assuming
virial equilibrium. As was pointed out by LS10, since the exten-
sion of the neutral gas is usually larger than the extension of the
stellar component, their values of Mdyn may be underestimated, al-
though they can be used as a rough estimation of the total mass of

the galaxies. The MKep were estimated from the kinematics of the
ionized gas. The Keplerian masses are lower than the dynamical
ones, as expected, in almost all cases (see fig. 11 of LS10), with
the more massive galaxies showing higher MKep/Mdyn ratios. This
fact indicates that the kinematics derived from the ionized gas is
not completely appropriate for deriving the total dynamical mass in
this kind of objects (LS10).

The upper limits to the dynamical masses of the CNSF complexes
seem to follow a sequence when we compare them with those
masses derived for the WR galaxies (see Fig. 8). Our objects are
located in the lower part of the sequence, showing lower masses
and lower Hα luminosities. A fitting to the logarithmic dynamical
mass–luminosity (M–L) relation shown by the CNSFRs (solid line
in the figure) gives the following expression:

log(L(Hα)b) = (0.8 ± 0.1) log (M∗) + (33 ± 1). (8)
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Figure 8. Hα luminosity versus cluster dynamical mass for the observed
CNSFRs (squares). Similar data on WR galaxies from the sample of LS10 are
shown for comparison. In the latter case, both dynamical (inverted triangles)
and Keplerian (circles) masses are plotted.

Figure 9. Hα luminosity versus ionizing star cluster mass for the observed
CNSFRs (triangles and squares). Similar data on WR galaxies (solid circles)
and H II galaxies (diamonds) are also shown.

The relation between the masses of the ionizing clusters of the
CNSFRs and their Hα luminosities is shown in Fig. 9. In spite of
depending on a theoretical relationship which is only function of the
Hα luminosity and the EW of the Hβ emission line, the CNSFRs
(including the objects studied by D07) seem to define a different
sequence from the one followed by the H II galaxies studied in
Hägele et al. (2006, 2008, 2011, hereafter H06, H08 and H11), and
the WR galaxies analysed by LS10 (see López-Sánchez & Esteban

Figure 10. Hα luminosity versus ionized hydrogen mass for the observed
CNSFRs (squares and triangles). Similar data on H II galaxies (diamonds)
are also shown.

2008 for a detailed description of the optical data). This could be due
to underestimating the EW(Hβ) hence overestimating the masses
of the ionizing star clusters. The dilution of the EW(Hβ) can be
caused by the presence of an old underlying stellar population with
wider Hβ absorption that rises the continuum and depresses the
emission line (see a detailed discussion about this effect in D07).
In addition, the low EW(Hβ) values for CNSFRs might come from
the contribution to the observed continuum by the galactic bulge
population. Dors et al. (2008) suggest that the combination of an
underlying older population from the region itself and stars from the
bulge could account for the observed effect. The strong influence
that the measured EW has on the derived mass of the ionizing cluster
indicates that the trend observed in Figs 8–10 can be attributed to the
fact that the contamination by the bulge will be relatively stronger
as the intrinsic luminosity of the starburst diminishes.

This effect is more evident for the less massive objects. The most
massive CNSFRs tend to be located around the position occupied
by the H II and WR galaxies of similar cluster ionizing masses. The
effect of the presence of an underlying old stellar population over
the EW of Hβ in this kind of emission line galaxies with recent
episodes of star formations is relatively small since the continuum
of the bright young stellar population dominates the light in this
spectral range [see a detailed discussion about the contributions of
the different stellar populations to the EW(Hβ) in Pérez-Montero
et al. (2010) and H11].

The solid line in Fig. 9 represents the fit to the logarithmic relation
between Mion and total Hα luminosities for the CNSFRs, and is
given by

log(L(Hα)t) = (1.5 ± 0.4) log(Mion) + (30 ± 2). (9)

Finally, in Fig. 10 we have plotted the relation between the masses
of the ionized gas and the total Hα luminosities, together with the
CNSFRs presented in D07 and the H II galaxies studied in H06, H08
and H11. The fitting to this relation for the CNSFRs gives

log(L(Hα)t) = (0.67 ± 0.07) log(MH II) + (36.4 ± 0.3). (10)
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4 SU M M A RY A N D C O N C L U S I O N S

We have analysed the results derived by H07, H09 and H10 using
high-spectral-resolution data of 17 CNSFRs belonging to 3 barred
spiral galaxies: NGC 2903, NGC 3310 and NGC 3351. The stellar
velocity dispersions were measured from the CaT lines at λλ8494,
8542, 8662 Å. The gas velocity dispersions have been measured by
Gaussian fits to the Hβ λ4861 Å and the [O III] λ5007Å emission
lines.

Stellar velocity dispersions range between 31 and 80 km s−1. In
the case of NGC 2903 and NGC 3351 (σ ∗ between 37 and 64, and
between 39 and 66 km s−1, respectively), these values are about
25 km s−1 larger than those measured for the gas from the Hβ

emission line using a single-Gaussian fit. For NGC 3310, the stellar
(between 31 and 80 km s−1) and gas (Hβ) velocity dispersions are in
relatively good agreement, the stellar ones being marginally larger.

Single-Gaussian fitting to the [O III] 5007 Å line provides gas
velocity dispersions for NGC 2903 and NGC 3351 that are very
similar to – or marginally larger than – the stellar ones. The gas
velocity dispersion derived from a single-Gaussian fit for the [O III]
line in NGC 3310 is also comparable to the stellar velocity disper-
sion but, contrary to what was found in the other two galaxies, its
value is also very similar to that derived using Hβ.

The best Gaussian fits for Hβ, however, involved two different
components for the gas: a ‘broad component’ with a velocity dis-
persion similar to that measured for the stars for NGC 2903 and
NGC 3351, and about 20 km s−1 larger than the stellar one for
NGC 3310, and a ‘narrow component’ with a velocity dispersion
lower than the stellar one by about 30 km s−1. This narrow com-
ponent shows a relatively constant value for the two emission lines
(Hβ and [O III]), close to 23 km s−1 (with scatter errors of 1.1 and
1.4 km s−1, respectively) for all the studied CNSFRs.

The [O III]/Hβ ratio distribution shows that the two systems are
clearly segregated for the high-metallicity regions of NGC 2903 and
NGC 3351, with the narrow component having the lowest excitation.
In the regions of the low-metallicity galaxy, NGC 3310, these two
components and those values derived using the single-Gaussian fit
are very similar.

Values for the upper limits to the dynamical masses estimated
from the stellar velocity dispersion using the virial theorem for
the studied CNSF complexes are in the range between 4.9 × 106

and 1.9 × 108 M¯. Masses of the ionizing stellar clusters of the
CNSFRs have been derived from their Hα luminosities and the EW
of the Hβ emission line under the assumption that the regions are
ionization bound and have a single stellar population, and without
taking into account any photon absorption by dust. These masses of
the regions studied in the three galaxies vary between 8.0 × 105 and
4.9 × 106 M¯. Therefore, the ratio of the ionizing stellar population
to the total dynamical mass, under these hypotheses, is between 0.01
and 0.16. The derived masses for the ionized gas, also from their
Hα luminosities, vary between 7.0 × 103 and 7.2 × 105 M¯.

The distribution of the CNSFRs in the log(σ )− log(L) plane
presents a correlation between their luminosities and velocity dis-
persions, albeit with large dispersion. The single-Gaussian fit for
our CNSFRs is slightly shifted to lower luminosities and/or higher
values of the gas velocity dispersion with respect to the regres-
sion found for virialized systems, although the general behaviour
is similar to what was found by Firpo et al. (2010, 2011) for gi-
ant extragalactic H II regions of NGC 6070 and NGC 7479, and
star-forming regions belonging to the Haro 15 galaxy, respectively.
The narrow components of the multi-Gaussian fits to the emission
lines of the CNSFRs lie very close to this linear regression, with

the brightest objects around the regression, while the broad com-
ponents are located in a parallel sequence shifted towards lower
luminosities and/or higher velocity dispersions. We have been able
to considerably reduce the observed scatter in the L–σ relation ap-
plying an evolutionary correction that depends on the age of the
regions through their EWs of Hβ. The EW(Hβ) seems to be a
second-order parameter underlying this relation. Although the stel-
lar velocity dispersions have a large scatter, they present a similar
behaviour to the broad component ones.

We have also analysed the relations between the total Hα lumi-
nosities and the derived masses for the studied CNSFRs. The upper
limits to the dynamical masses of the CNSF complexes seem to be
located in the lower part of a sequence showing lower masses and
lower Hα luminosities than those masses derived for WR galaxies
by LS10. The distribution of the masses of the ionizing clusters of
the CNSFRs, including the regions presented by D07, falls outside
a sequence defined by the H II and WR galaxies analysed by H06,
H08 and H11, and by LS10, respectively. The CNSFRs are also ar-
ranged in a steeper slope sequence which is located towards lower
values of the Hα luminosities or higher masses, except for the most
massive regions. This occurs although the ionizing stellar masses
depend on a theoretical relationship which is a function only of the
Hα luminosity and the EW of the Hβ emission line. Underestimat-
ing EW(Hβ) would produce an overestimation of these masses. We
have to remark that, according to our findings, the super star clusters
in CNSFRs seem to contain composite stellar populations (see e.g.
H07 and D07). The contribution of stars from the bulge projected
along the line of sight (Dors et al. 2008) has also to be consid-
ered. Although the youngest population of star-forming complexes
dominates the UV light and is responsible for the gas ionization,
it represents only about 10 per cent of the total mass belonging
to the region. This can explain the low EWs of the emission lines
generally measured in these regions. This may well apply to the
case of other super star clusters, and therefore conclusions drawn
from fits of single stellar population models should be taken with
caution (e.g. McCrady, Gilbert & Graham 2003; Larsen, Brodie &
Hunter 2004). On the other hand, the relation between the derived
masses of the ionized gas of the CNSFRs and the Hα luminosities
follows the same sequence defined by the H II galaxies presented by
H06, H08 and H11.

A possible scenario for understanding the behaviour of CNSFRs
in the L–σ and σ gas–σ ∗ diagrams is to assume that the narrow com-
ponent of hydrogen belongs to an inner rotating disc; therefore, its
velocity dispersion is approximately constant for all the CNSFRs.
On the other hand, the broad component of hydrogen would be re-
lated to the CNSF complexes themselves, and therefore its velocity
dispersion would be expected to be similar to the stellar one. [The
velocity dispersion of collisionally excited [O III] is in some cases
larger than this, a behaviour also seen in Seyfert 2 galaxies, but not
in Seyfert 1 (see Jiménez-Benito et al. 2000).] In that case, all the
Hα derived quantities for the CNSFRs should use the luminosity
of the broad component which is about one half of the total. The
fact that there is a distinctive behaviour in the L(Hα) versus Mion

in disc H II regions and CNSFRs in the sense of showing a larger
mass for a given Hα luminosity could be related to the H II regions
being matter bounded, that is photons are escaping the region. In-
cidentally (or not so) these photons would ionize the hydrogen in
the inner disc and therefore would in part be responsible for the
narrow component of hydrogen. All this would be consistent with
the picture of some CNSFRs undergoing ‘residual’ star formation
that involves about 10 per cent of the total dynamical mass. This
behaviour would be related to the evolution of the region with the
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ones showing the larger EW(Hβ), that is the younger ones, having
more hydrogen available and thus being less prone to photon es-
cape. The SFRs for the CNSFRs should also be derived from the
luminosity of the broad component of Hα and would be about half
the ones derived from the total Hα fluxes. This would explain the
lack of detection at radio wavelengths (Hägele et al. 2010b).

The existence of more than one velocity component in the ionized
gas corresponding to kinematically distinct systems deserves further
study. Several results derived from the observations of the different
emission lines could be affected, among others: the classification
of the activity in the central regions of galaxies, the inferences
about the nature of the source of ionization, the gas abundance
determinations, the number of ionizing photons from a given region
and any quantity derived from them, as well as the σ–L and M–L
relations. To disentangle the origin of these two components and
to discriminate among the different stellar population contributions
to the continuum of the regions, it will be necessary to map these
regions with high spectral and spatial resolution and much better
S/N ratio. High-resolution 2D spectroscopy with IFUs would be the
ideal tool to approach this issue.
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Fleck J.-J., Boily C. M., Lançon A., Deiters S., 2006, MNRAS, 369,

1392
Garcı́a-Benito R. et al., 2010, MNRAS, 408, 2234
Garcı́a-Vargas M. L., Bressan A., Dı́az A. I., 1995, A&AS, 112, 35
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Hägele G. F., Dı́az A. I., Cardaci M. V., Terlevich E., Terlevich R., 2007,

MNRAS, 378, 163 (H07)
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Hägele G. F., Dı́az A. I., Cardaci M. V., Terlevich E., Terlevich R., 2010a,

MNRAS, 402, 1005 (H10)
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Pérez-Montero E., Garcı́a-Benito R., Hägele G. F., Dı́az Á. I., 2010,
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Sérsic J. L., Pastoriza M., 1967, PASP, 79, 152
Telesco C. M., Harper D. A., 1980, ApJ, 235, 392

This paper has been typeset from a TEX/LATEX file prepared by the author.

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/432/1/810/1133039 by guest on 27 August 2019


