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Conclusions and future work

THIS thesis research has focussed on how our own Galaxy has been enriched in elements
freshly synthesized in the interiors of massive stars and how these stars evolve and in-

teract with their environment. Specifically, two main questions have been addressed: (1)
How do the elemental abundances vary across the disk of our Galaxy?; and (2) How does
the ionization structure of H II regions interrelate to the metallicity and the spectral energy
distribution of the ionizing stars? The main conclusions are summarized here and an outline
of possible follow-up studies is given.

The Galactic Metallicity Gradient

The bulk of this thesis research is based on the 2.3–196 µm Infrared Space Observatory
(ISO) spectra of a sample of ultra-compact and compact H II regions located at different
distances from the center of our Galaxy. The primary goal was to measure the abundances
of the heavy elements relative to hydrogen in these regions and to verify if any variation
with the distance to the center of the galaxy exists. We particularly investigated the relative
abundances of neon, argon, sulphur and nitrogen with respect to hydrogen in the range from
0 to 15 kpc from the Galactic Center (Chapters 3 and 5). It is found that these abundances
decrease as we move from the center to the outer regions of the Milky Way. The gradients
we find are: ∆ log(Ne/H) = −0.051± 0.005, ∆ log(Ar/H) = −0.048± 0.004, ∆ log(S/H) =
−0.027 ± 0.009 and ∆ log(N/H) = −0.098 ± 0.005 dex kpc−1. We also investigated the
abundance of nitrogen relative to oxygen. We find that N/O decreases with the distance to
the Galactic Center as ∆ log(N/O) = −0.056 ± 0.009 dex kpc−1. A direct determination of
the elemental abundance of oxygen was not possible from our dataset. Nevertheless, from
the N/H and N/O gradients we infer that O/H must decrease with Galactocentric distance as
∆ log(O/H) = −0.042 ± 0.026 dex kpc−1.

Oxygen, neon, argon and sulphur are produced in stars which are massive enough to burn
carbon. They are primary products of the stellar synthesis of elements in the sense that they
are created for the first time during the explosion of the star. Hence, their abundances are
directly tied to the history of massive star formation as they measure the extent to which
hydrogen has been converted to heavier elements. The buildup of these primary elements



210 CHAPTER 7: Conclusions and future work

is expected to proceed in lockstep, and the ratios of Ne/O, S/O and Ar/O should have a
constant value over the observed range for O/H. The gradients we find for Ne/H and Ar/H
agree perfectly with the gradient deduced for O/H. However, we find a too shallow gradient
for S/H. We believe that this is due to some inherent uncertainties in our method to estimate
these abundances.

The origin of nitrogen, on the other hand, is not clear. It can be produced for the first time
from carbon burning in massive stars, or can be a secondary product in the interior of lower
mass stars like our Sun which contain already some carbon inherited from the interstellar
medium out of which they formed. A constant N/O would indicate that the main source of
nitrogen is primary. However, the fact that N/O is not constant but decreases from the center
to the outer parts of the Galaxy is indicative of an important secondary production of nitrogen.

The Galactic metallicity gradient beyond 15 kpc remains unknown. There exists evidence
for a gradient which flattens beyond 15 kpc. A flattened gradient is both a controversial and
interesting conjecture and is tied to the dynamics and mass distribution in the galactic disk.

Metallicity and the ionization structure of H II regions

Parallel to the decrease of the relative abundances of metals with respect to hydrogen with
distance, we find that the degree of ionization of the H II regions increases. The degree of
ionization is traced by the ratio of lines corresponding to two successive stages of ionization
of an element. In the infrared regime, four different ratios sensitive to the ionization structure
of the nebula are available: [N III]/[N II] 57/122 µm, [Ar III]/[Ar II] 9.0/7.0 µm, [S IV]/[S III]
10.5/18.7 µm and [Ne III]/[Ne II] 15.5/12.8 µm. These four line ratios, which span a range
of ionization potential up to 41 eV, are found to correlate well with each other.

The degree of ionization depends directly on the shape of the stellar energy distribution
and the nebular geometry. The increase of degree of ionization with the distance to the Galac-
tic Center may thus be related to a variation of the properties of the ionizing stars somehow
connected to the metallicity gradient. The precise mechanism coupling the stellar charac-
teristics to the elemental abundances is, however, unclear. First, elemental abundances may
couple directly to the stellar atmosphere opacity which controls the flux and its dependence
on the frequency. Second, the opacity by trace ions also controls the stellar wind, which
in their turn have a major influence on the emerging stellar flux. Third, the connection be-
tween elemental abundances and stellar flux may be indirect. For example, the elemental
abundance may control the dust opacity and thereby the mass of the star formed because of
radiation pressure effects during the collapse phase.

This relation between metallicity and degree of ionization for the Galactic H II regions
is studied from an observational point of view with the inclusion of Magellanic Cloud H II

regions (Chapter 4), which are characterized by a very low metal content, and a H II region
sample in M33 (Chapter 5), for which no selection effect in terms of distance exists. When
fitting the anti-correlation between [Ne III]/[Ne II] 15.5/12.8 µm and Ne/H, we find a signif-
icant slope of −1.5 ± 0.2, albeit with a large scatter (Chapter 5). We interpret this relation
as being a consequence of the hardening of the stellar radiation field due to the decrease of
metallicity. The scatter in degree of ionization at a given metallicity might be indicative of
true variations in the nebular geometry and/or the effective temperature of the ionizing stars.

In Chapter 6, we investigate the effect of metallicity on the stellar spectrum of main-
sequence (dwarf) stars using a state-of-the-art stellar atmosphere model. Such a stellar model
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solves the equations of statistical equilibrium, radiative transfer and radiative equilibrium for
an atmosphere with an outflowing stellar wind, important for massive stars. The treatment of
line blanketing effects – i.e. the redistribution of flux due to line opacity and the feedback
of this opacity on the temperature structure – is self-consistently accounted for. We find that
the energy distribution above 27.5 eV is highly dependent on metallicity. This is reflected
by the behaviour of the nebular fine-structure lines such as [Ar III]/[Ar II] 9.0/7.0 µm and
[Ne III]/[Ne II] 15.5/12.8 µm. For a given nebular geometry and stellar temperature, these
line ratios increase as the metallicity decreases.

The high dependence of these line ratios on metallicity complicates their use as diagnos-
tic tools for the effective temperature of the ionizing stars in H II regions which cannot be
observed directly. Moreover, these line ratios are often used to infer the age of starburst re-
gions in external galaxies: because the hardness of the stellar extreme UV radiation is a good
measure of the spectral type of the ionizing star and because later spectral types live longer,
the observed ionization structure can be (in principle) interpreted in terms of the age of the
starburst. However, the determination of starburst ages in starburst galaxies based on these
nebular line ratios is likely incorrect if metallicity is not taken into account in the description
of the stellar evolution and atmosphere used in the modeling.

In this respect, the adequate treatment of the effect of stellar wind and line blanketing
on the ionizing spectral of O stars, and the availability of grids of stellar models at different
metallicities would be essential for future studies of H II regions and starburst regions.

The compact H II region G29.96–0.02

The study of the properties of the individual H II regions is interesting by itself. It provides
information on the interaction of massive stars with their surroundings, the molecular clouds
from where they were formed. We dedicate Chapter 7 to the study of the compact H II region
G29.96−0.02 using high-resolution observations. G29.96−0.02 is a well studied, cometary-
shaped and compact H II region.

G29.96−0.02 was observed with the Infrared Spectrometer And Array Camera (ISAAC)
mounted on the Very Large Telescope (VLT). A long slit spectrum in the K band (2.07–
2.19 µm) with a resolution of ∼ 33 km s−1 was obtained along the symmetry axis of the
object. Beside the nebular spectrum - which contains recombination lines of hydrogen and
helium originated in the nebular gas and a molecular hydrogen line originated in the ambient
molecular cloud –, the observations revealed the spectrum of the ionizing star. A detailed
analysis of the variation in strength, of the nebular emission lines is presented. This analysis
allowed us to obtain, for the first time, spatial information of the He ionization structure and
to constrain the spectral type of the embedded ionizing star using both the He ionization
structure and the stellar K-band spectrum.

Finally, the variations in peak velocity and width of the nebular emission lines allowed us
to study the kinematical structure of the ionized and molecular gas at higher spatial resolution
than in previous studies. We test the different models aimed at explaining the dynamics of this
object – the wind bow shock model and the champagne flow model – and find that neither
of them are supported by the observations. A revision of the current understanding of the
formation and evolution of compact H II such as G29.96−0.02 is needed.

An important constraint of such dynamical models is the velocity of the star. Such con-
straint will require observations of the stellar atmosphere at higher spectral resolutions. More-
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over, a complete mapping of the dynamics of both the ionized (from hydrogen recombination
and fine-structure lines) and molecular (from molecular hydrogen lines) will be essential.

Future work
The results presented in this thesis have opened a number of research lines that should be
explored in the future. For instance, the Galactic metallicity gradient beyond 15 kpc remains
unknown. With respect to H II regions, the interrelationship of metallicity, spectral energy
distribution and ionization structure requires further attention. In this respect, realistic models
of O stars at different metallicities will be essential.

In the coming years, infrared astronomy will undergo an authentic revolution. Space
based missions such as the Hershel Space Observatory, the Next Generation Space Tele-
scope (NGST) and the Space Infrared Telescope Facility (SIRTF), airborne observatories as
the Stratospheric Observatory For Infrared Astronomy (SOFIA), ground based facilities as
the Atacama Large Millimeter Array (ALMA), new facilities as the VLT Imager and Spec-
trometer for mid InfraRed (VISIR) and the MID-infrared Interferometric instrument (MIDI),
planned to be mounted on the VLT in Chile, will be the cornerstone of the future investi-
gation of massive star formation. Particularly, SIRTF will cover the wavelength range from
3 to 180 µm and will have a moderate resolution, long slit spectrometer working in the
5–40 µm range. SOFIA will cover the whole range from 1 to 655 µm and will include a
high-resolution spectrometer in the wavelength range 5–28 µm. NGST will be equipped with
a 6 meters class telescope and will have near- (0.6–5 µm) and mid-infrared (5–28 µm) im-
agers and spectrometers. The Herschel Observatory will open the window to high-resolution
observations in the far-infrared and millimeter (60–600 µm). ALMA will bring to millimeter
and submillimeter astronomy (from 350 µm to 1 mm) the aperture synthesis techniques of
radio astronomy which enable precision imaging to be done on sub-arcsecond angular scales
routinely.

These instruments provide enough sensitivity for observations of H II regions at Galacto-
centric distances larger than 15 kpc. Such observations can be used to verify the existence of
a flattening of the metallicity gradient at these large Galactocentric radii. Moreover, they will
allow detailed infrared studies of gradients of elemental abundances in external galaxies and
of metal enrichments at different redshifts.

Insights on the ionization structure of H II regions and starburst galaxies will be possible
thanks to long slit designs that allow both spectral and one-dimensional spatial information
to be acquired simultaneously at a resolution of a few arcseconds. These observations will
provide information on the spatial variation of the forbidden lines located in the infrared range
from 5 to 40 µm.

One of the most fundamental goals in the field of star formation is the measurement of
the motions associated with gravitational infall leading to star formation. Infall velocities and
spatial structure are key to our understanding of how stars form. ALMA will greatly improve
our knowledge of this fundamental process. In particular, ALMA will be able to probe the
earliest stages of massive star formation and the interrelationship of hyper-compact, ultra-
compact and compact H II regions through detailed imaging and kinematic studies.

Studies of mass loss from hot stars, and its influence on their spectral energy distribution,
will also benefit from ALMA. Millimeter wavelengths provide a powerful tool for the study
of the same region of the wind where UV lines originate.




