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6
Conclusions and summary

IN this Thesis we have studied the properties of the kinematics and stellar populations of a
sample of 18 spiral galaxies of Hubble type varying between Sb and Sd. The motivation

behind this work is mainly the lack of a similar analysis on that kind of objects, together
with the availability of SAURON, a unique instrument at the right time and place. In fact, as
we stressed several times in the main body of the Thesis, the literature shows a deficiency in
references on the populations and the detailed kinematics of spirals beyond types Sa to Sb.
Consolidated knowledge on these objects is mainly based on large-scale kinematics -often
consisting only in a global HI profile- and on some obvious photometrical-morphological
features such as the prominence of the spiral arms, the smallness of the central spheroid, the
abundance of star forming regions and the general fact that these systems resemble more low-
luminosity objects than giant galaxies -with exceptions, of course. In the 90’s and in the first
years of this century, a boost to the studies on late-type spiral galaxies came from a series
of imaging surveys both in the optical and in the near-infrared, that focused on the inner re-
gions revealing the complex nature of the so-called ‘bulge’, but the spectroscopic aspect still
remained largely unexplored. This Thesis represents the answer to the need of a systematic
investigation of the kinematics in the inner regions and to the absence of information on the
stellar populations: no one had yet approached the problem of the age and metallicity of the
stars in late-type spirals by analysing stellar spectra on a systematic basis: there has been
from time to time someone analysing a single galaxy.

The focus is on a sample of 18 spiral galaxies; the sample’s size was imposed by availabil-
ity of telescope time and human power. The number of galaxies is too small for a statistical
analysis of the properties of this kind of objects, but still the results are not unsignificant,
especially when one compares them with other classes of galaxies and discovers trends. The
galaxies were luminosity-selected (with BT < 12.5) and are uniformly distributed among
morphological types Sb to Sd. They all had optical and/or NIR HST imaging available at the
time the selection was done.

We observed our sample galaxies in a successful run of six nights in January 2004 using
the already mentioned integral-field spectrograph SAURON, which is a visitor instrument at
the William Herschel Telescope on La Palma. We remind the reader that the field of view of
SAURON (41′′× 33′′) covers in a single pointing the central regions of nearby galaxies and
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that the spectral coverage (4800-5400 Å) is such that it allows measurements of the stellar
kinematics and of stellar absorption features and gas emission-lines, useful, respectively, in
the study of the stellar populations and of the gas kinematics. The data were then reduced and
calibrated using dedicated softwares developed within the SAURON team. The spectra were
spatially binned to a minimum signal-to-noise ratio of 60 for resolution element, in order to
ensure a reliable measurement of the stellar kinematics. In most cases, in the innermost re-
gions the spectra remain unbinned, being the starting signal-to-noise ratio high enough. Then
we moved to the actual measurement of the kinematics. Direct fitting in pixel space was used
for the purpose: we fitted the binned spectra using a linear combination of SSP templates
convolved with a LOSVD parametrized as a Gauss-Hermite expansion. This provided the
measurement of the stellar velocity, velocity dispersion and higher moments h3 and h4. The
measurement of stellar velocity dispersion for this sample of galaxies, spanning a range in
central dispersion from ≈ 40 to ≈ 200 km s−1, with two thirds of the galaxies having central
dispersion below 100 km s−1, represents a challenge for SAURON, which has an instrumental
dispersion of ≈ 108 km s−1. Nevertheless, in the few cases where published data exist, the
comparison with the literature is encouraging (Fig. 2.4) and, according to simulations carried
out in Paper III of the SAURON series, velocity dispersions can be reliably recovered down to
≈ 50 km s−1. The kinematical maps (of both stars and gas) are presented and discussed in
Chapter 2, which is also available as a published paper (Ganda et al. 2006).

Most of our galaxies turn out to be kinematically cold: as mentioned, the velocity dis-
persion takes on low values. One of the most interesting features observed in the computed
stellar kinematics is the quite frequent central decline in σ, as can be seen both in the two-
dimensional maps and in the profiles extracted averaging the stellar velocity dispersion on el-
liptical annuli (Fig. 2.6). We have also shown (Fig. 2.7) that there is a weak type-dependence
of this phenomenon: the slope of the profiles tends to increase (going from a declining σ pro-
file to a rising one) going to later types. In any case, central dips in the dispersion maps are
observed also in Sa galaxies (Paper VII). This could be interpreted in terms of small bulge-
to-disc luminosity ratios and the possible presence of inner stellar discs.

The galaxies in our sample present conspicuous gas emission. We measured the flux and
kinematics of both the Hβ line and the [OIII] doublet, on a much finer spatial grid than the
one used for the stellar kinematics, binning the spectra to a minimum signal-to-noise ratio
(S/N)gas equal to 5. The flux and kinematics were obtained by fitting to the spectra a linear
combination of SSP templates and Gaussian templates reproducing the emission-lines. The
data reveals that in our galaxies the gas usually rotates faster than the stars and presents a
much more complicated appearance in the maps. Generally, we did not detect major differ-
ences in the behaviour of Hβ and [OIII].

Once the amplitude of the emission-lines had been measured, the following step in the
project was to remove the emission from the observed spectra, obtaining pure stellar absorp-
tion spectra, on which it was then possible to measure the strength of the absorption features
available in the spectral window provided by SAURON: Hβ, Fe5015 and Mgb. The meth-
ods and results are presented in Chapter 3 (also published as Ganda et al. 2007). As we
stressed several times, this is the first systematic investigation of the stellar populations in
late-type spiral galaxies. A quick-look at the maps taught us that late-type spirals tend to
have high Hβ values and low metal indices, and that the former generally increase moving
outwards, while the latter peak in the centre. Considering the indices calculated on a cen-
tral aperture and positioning the galaxies in the (σ, Mgb′) plane, we saw that (all of) our



197

galaxies lie below the Mg − σ relation known for early-type galaxies (Fig. 3.10). Since that
relation is thought to hold for old populations, deviations indicate the presence of young(er)
stars. Comparing the observed indices with population models, we gained estimates of SSP-
equivalent ages, metallicities and abundance ratios. Despite the fact that a SSP-description is
an over-simplification of the populations in this kind of objects, we can state that our results
confirm that late-type galaxies are generally younger and more metal poor than ellipticals
and Sa’s, and have abundance ratios closer to solar (Figs. 3.7 and 3.11). We also investigated
the possibility of recovering the star formation history. We calculated the spectral evolution
of SSP models for various initial metallicities and Chabrier IMF, using tools provided on-
line by Bruzual & Charlot (2003) and assuming an exponentially declining star formation
rate: ψ(t) = 1M� τ

−1 exp(−t/τ), where ψ(t) and τ are, respectively, the star formation
rate (SFR) and the e-folding time-scale. τ parametrizes a smooth transition from SSP-like to
constant SFR (small τ ≈ SSP, large τ ≈ constant SFR). Interpreting the indices variations as
variations in the SFR time-scale, we obtained an estimate of τ by comparing our observed
line-strength indices with those from the evolved models. We found that the time-scale τ
(weakly) correlates with central stellar velocity dispersion, in the sense that more massive
galaxies tend to have shorter τ , being better approximable with an instantaneous burst or
SSP, while smaller galaxies are more and more compatible with a star formation constant
over time (Fig. 3.19). The main limitation on our results is given by the degeneracies in the
parameter space, which in turns depend on the fact that, being able to measure three indices
only, we cannot put strong constraints on the population parameters.

In the following Chapter 4 we performed a photometric bulge-disc decomposition of our
galaxies, which is, together with the kinematics, an essential ingredient of any modeling
approach devoted to understanding the dynamical structure of a stellar system. Our photo-
metric analysis is done using archive H− band images; working in the NIR makes the effect
of dust much less severe and allows us to trace the bulk of the stellar mass better than opti-
cal light. We used photometric profiles that we extracted from different images on different
radial ranges (HST, 2MASS and DSS) and then combined, in order to benefit from both high
spatial resolution in the centre and large radial coverage. We modeled the profiles as the
superposition of an exponential disc and a Sérsic bulge, finding values for the shape param-
eter n ranging between 0.7 and 3, with a mean value of 1.65 and standard deviation of 0.7,
clearly below the n = 4 characterising the de Vaucouleurs law. The effective radii are gen-
erally small (below 15′′). The parameters were obtained by fitting an exponential to the disc
(excluding the central region), building a disc model and subtracting it from the original im-
ages; from the residual images we then extracted photometric profiles representing the bulge
brightness and fitted to them a Sérsic law. This scheme allowed us to use different elliptici-
ties for bulge and disc. After retrieving the structural parameters, we studied their relations to
other galaxy properties. This lead us to conclude that the structure of galaxy bulges is related
to the central velocity dispersion and to the bulge mass: more massive bulges, with a higher
velocity dispersion, are better described by Sérsic profiles with higher n. For n close to one,
the properties (characteristic surface brightness and lengths) of bulges and discs appear to be
correlated (Fig. 4.14), while for higher n they become more independent. Our data and the
fitted relations support a scenario where young bulges, formed from disc material via secular
evolution processes, have exponential profiles and, as they evolve, n increases. Another inter-
esting feature emerging from our bulge-disc decomposition is that in most cases (16 galaxies
out of 18) in the innermost region the galaxy’s light exceeds the total exponential + Sérsic
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model profile, suggesting the presence of a central component, in many cases a nuclear star
cluster.

Is it possible to discover the signature of a two-component structure, evident in the pho-
tometry, also in the kinematics? Can we reproduce the observed kinematics of our galaxies
assuming that there are a bulge and a disc both contributing to the rotation and to the velocity
dispersion, in proportions governed by the bulge-to-disc luminosity ratio? If yes, do these
bulges differ from their discs in terms of their dynamical status and mass-to-light ratios? Is
dark matter important in the radial ranged probed by our data? These are the main questions
that brought us into Chapter 5. There we faced the problem of the mass modeling of both
bulge and disc, based on the kinematics and the photometric bulge-disc decomposition of
Chapter 4: briefly, we assumed simple functional forms for the radial profiles of rotational
velocity and radial dispersion of the two components, combined them using a luminosity-
weighting and fitted the resulting profiles to the observed ones -as extracted from the SAURON
maps (Section 5.6). Then, we used the fitted profiles to calculate the circular velocity of the
two components, following a method outlined by Glenn van de Ven and relying on the veloc-
ity moments of the Collisionless Boltzmann Equation (CBE), embracing a thin-disc scenario
for both bulge and disc -meaning in practice that the integration along the line-of-sight is
never taken into consideration. A second estimate for the circular velocities comes from the
mass model, obtained performing a Multi Gaussian Expansion (MGE) of the model photo-
metric profiles of bulge and disc, converted to mass profiles leaving the mass-to-light ratio
as unknown. For each component, the scaling factor necessary to bring into agreement the
two profiles of circular velocity (from the kinematics and from the mass model) represents
its mass-to-light ratio. The measured mass-to-light ratios do not appear to correlate strongly
with other properties characterising the photometry or the stellar populations. We obtained
also estimates of the stellar mass-to-light ratio, by comparison of our observed line-strength
indices with (different) stellar population models, and found that the dynamical mass-to-light
ratios we measure are typically larger than the stellar ones: dark matter plays an important
dynamical role also within the SAURON range. This is the most important result in the whole
Thesis.

To conclude, we closed Chapter 5 by measuring the V/σ ratio of bulges and discs, both
as a radial-dependent quantity and as a single representative number (maximum rotational
velocity divided by a mean dispersion, see Chapter 5 for a more precise definition). Accord-
ing to our results, our bulges have large V/σ ratios, yet another indication that they are not
simply pressure-supported hot spheroids. The V/σ ratios of both bulges and discs, and the
values relative to the global galaxy as well, appear to correlate negatively with the morpho-
logical type, within the range of types under investigation: later-type galaxies have smaller
V/σ ratios. The weakest point of the work presented in Chapter 5 is our inability to put
strong constraint on some of the parameters, in the fitting of the observed kinematics, due to
the fact that most often the parameter space is degenerate. This is unfortunately something
we cannot overcome, representing an intrinsic limitation of the data, that do not extend to
large galactocentric distances and in some cases even of the intrinsic physics of the problem,
given the smallness of some bulges.
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6.1 PERSPECTIVES

This Thesis is finished (well, almost...), the greater part of the work is done; but like in any
project one undertakes, in science and outside science, any answer generates a new question
and any interesting result leaves room for new research and new investigation: ‘the important
thing is not to stop questioning’ (Albert Einstein).

Open questions that arose from the work presented in this Thesis relate mainly to the in-
terpretation of the observed kinematics and to the stellar populations.

On the stellar populations side, an analysis of long-slit spectra covering a larger spectral
range and including more features than the SAURON spectra would be desirable in order to
break the degeneracies encountered in Chapter 3 and to better constrain the properties of the
stellar populations, in all the different scenarios there investigated: one-SSP, two-SSP and in
the continuous star formation approach. Long-slit spectra would also extend radially farther
away from the centre, allowing to investigate radial gradients on a larger scale than SAURON
spectra do. The slit could be placed along a direction selected on the basis of the appearance
of the maps of the kinematics and/or of the line-strength indices measured with SAURON. For
six galaxies out of the sample (NGC 628, 772, 2964, 3423, 4030 and 4487) such data actually
already exist: long-slit spectra covering the spectral range ≈ 3500 − 5000 Å that were ac-
quired with the long-slit spectrograph ISIS at the WHT, but their analysis is not completed
yet.

On the kinematical side, we suffer as well from degeneracies between the parameters.
Also in this case a larger radial coverage would help putting stronger constraints on the fitted
parameters and would make our results more robust. In the fits to the velocity (Chapter 5),
for example, the asymptotic velocities and core radii could be better determined. A larger
radial coverage would also allow a comparison with gas kinematics, when available -from HI
observations, for example. At a more detail-level, as suggested in the concluding section of
that chapter itself, interesting follow-ups of the kinematical modeling performed in Chapter
5 would be some tests of the dependence of the results on some of the assumptions, such as
the thin-disc approximation, the roundness of the potential, the constancy with radius of the
mass-to-light ratio, and the necessity of the second component to fit the data.

A subject that in the Thesis has not been pursued as it would have deserved is the gaseous
kinematics: in Chapter 2 we presented the maps of velocity and velocity dispersion of the
Hβ line and the [OIII] doublet, measured on our SAURON spectra, but we never engaged in a
detailed analysis of the ionized gas. An interesting topic in this respect would be the relation
between stellar and gaseous kinematics, that in Chapter 2 was only qualitatively addressed:
does the gas follow the stars? Are the kinematical angles of the stars and the gas similar,
or can we measure a misalignment? Does this in any way relate to the presence of bars?
Another possibility would be to perform harmonic expansions of the kinematical maps of the
gas, trying to understand the non-circular motions and link features detected in the parameters
coming from this harmonic expansion to features in the galaxy, such as bars. Bars. Another
big absent from this Thesis. Half of the galaxies in our sample are barred, according to the
RC3 classification (see Table 2.1). It would be interesting to look in detail at differences be-
tween barred and unbarred galaxies, in relation to the properties studied in the Thesis. Going
back to the gas, it might also be worth to look with special attention at particular objects such
as NGC 2964 and 4102, that host an active nucleus, as we saw both in the appearance of the
spectra and in the gas kinematics (Chapter 2).
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Follow-up observations with an instrument like the integral-field spectrograph OASIS,
yielding a smaller field of view and a higher spatial resolution than SAURON and therefore
a better understanding of the central regions, represent one more appealing direction of in-
vestigation. This could be particularly intriguing for the study of the inner components that
we found to be extremely common in our sample: with a sufficient spatial resolution one
could measure their mass, kinematics and study their stellar populations, complementing
similar ongoing projects relying on space-based photometric and long-slit spectroscopic data
(Walcher et al. 2005, 2006).

Concluding shortly: the Thesis is finished but certainly still a lot has to be written!




