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Summary

Instead of being a passive ”observer”, interstellar dust plays a vital role in the
evolution of galaxies. Due to its high opacity for the UV/optical photons, inter-
stellar dust is effective in attenuating, via absorption and scattering, the UV/optical
SED of galaxies. Besides, interstellar dust provides ∼30% of the total Galactic
luminosity via their IR emission. In this thesis we have studied the interstellar
dust of dwarf starbursting galaxies from both the perspectives of the extinction
and the self-emission.

We have chose these kind of objects because we are interested in understanding
how the dust behaves in environments that are very strongly influenced by in-
tense star formation processes and by the action of stellar winds coming from
the massive stars. Starbursting dwarf galaxies exhibiting holes and shells are
ideal objects to study this as, in general, they have an small number of star form-
ing regions dominating the emission. Therefore, a clear separation between the
emission coming from the star-forming regions and the diffuse disk can be per-
formed.

In the first part of this thesis we studied the dust extinction in the dwarf starburst-
ing galaxy NGC 4214. The UV/optical emission of NGC 4214 is dominated by
two star forming complexes located at its centre. These regions where mapped
with the HST-WFC3 covering a broad range of the spectrum, from the near ul-
traviolet to the near infrared, including three different Hydrogen recombination
lines.

We made use of the Hβ, Hα and Pβ Hydrogen recombination lines to compute
the extinction in the central star forming complexes of NGC 4214. Our aim
was to obtain a high resolution picture of the distribution of the dust extinction
associated with these complexes and to compare it to the distribution of the dust
emission. Furthermore, the extinction maps allowed us to derived extinction-
corrected maps of the ionized line emission maps. The extinction was calculated
assuming a foreground dust screen model. We tested two different extinctions
laws described by the values of RV = 3.10 and 5.45. The extinction law of
RV = 3.10, which is widely used in the literature, describes the dust properties
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found in the diffuse ISM, whereas the extinction law of RV = 5.45 is more
appropriated for dust in molecular clouds. The choice of RV = 5.45 was based
on the results found by Úbeda et al. (2007).

Three extinction maps for each value of RV were derived based on the Pβ/Hα,
Pβ/Hβ, and Hα/Hβ line ratios. If the assumed geometry (foreground screen)
and the dust properties (RV = 3.10 or RV = 5.45) are correct, then all three
line ratios should give exactly the same result. Deviations from this situation
allow us to draw conclusions about the real dust geometry and properties. In
general, the different extinction maps show very similar structures of the dust
extinction which furthermore agree qualitatively with those of the dust emission
at 8 µm which is the only dust emission map with a comparable spatial resolution.
However, the exact value of the extinction at a position is different depending on
the line-ratio considered.

In order to quantitatively compare the extinction maps obtained with different
line-ratios, we compared these maps on a pixel-to-pixel basis. Our study was
restricted to those regions where the photo-ionisation is the dominant process
in the ionisation of the gas. We found good correlations between the different
extinction maps, but this correlation was not always linear and in some cases
had a large scatter. Specifically, we found that the photo-ionised regions where
we measured the highest values of the extinction present clear deviations from
the linearity. In general, the extinction maps derived with the line-ratio Pβ/Hα
present higher values than the maps derived with Pβ/Hβ, and latter show higher
values than the map derived with Hα/Hβ. These trends are less pronounced but
still present for the extinction law of RV = 5.45.

We interpret the fact that the values of the extinction derived from different lines
agree better for RV = 5.45 as an indication that this values is more appropriate for
the dust properties in NGC 4214. We discussed different geometrical scenarios
that could explain our findings. The fact that the extinction derived from Pβ/Hβ
is lower than the extinction from Pβ/Hα for several regions can be understood if
scattering has an important effect in bringing back photons to our line of sight.
Scattering is more important for the shorter-wavelength Hβ-line than for Hα and
thus produces a lower value for Pβ/Hβ than for Pβ/Hα. Scattering is becoming
relevant if the dust is close to the emitting gas. A simple mixing of dust and gas
is not sufficient to reproduce the high values of the extinction found in the star
forming regions of NGC 4214. Finally, the fact that the extinction derived from
Hα/Hβ is lower than the extinction from Pβ/Hα is an indication for a clumpy
distribution of the dust. All these indications lead to a final picture in which
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the dust causing the extinction is mainly distributed in a dense, clumpy structure
close to the emitting region, which physically would correspond to dust within a
fragmented PDR.

In the second part of this thesis we analysed the interstellar dust of NGC 4214
and NGC 4449 from the perspective of its re-emission at infrared and submil-
limetre wavelengths. The goals were to test whether models with Galactic dust
properties could describe the dust SED of these dwarf galaxies, to test the rel-
evance of the geometrical distribution of dust and stars on the dust SED and to
carry out a detailed energy balance of the dust heating and emission in a realistic
geometry.

Due to their proximity we were able to derive the dust SED separately for the
emission from the major massive star forming regions and for the diffuse dust.
For the first time this analysis was done from the perspective of a self-consistent
radiation transfer calculation constrained by the observed SEDs of spatially sep-
arated components on resolved maps. In making predictions for the UV/optical-
FIR/submm SEDs of these components this analysis quantitatively takes into ac-
count the level and colour of UV/optical radiation fields incident on both pc-sized
dusty structures in the star forming complexes and on dust grains distributed on
kpc scales in the diffuse ISM, illuminated by a combination of UV light escaping
from the SF regions and the ambient optical radiation fields, as constrained by
UV/optical photometry of the galaxy.

The overall analysis was done using the Popescu et al. (2011) model based on
full radiative transfer calculations of the propagation of starlight in disk galax-
ies adopting a realistic geometry for the distribution of stars and dust. For the
description of the dust emission from HII region and their associated PDRs we
used the model of Groves et al. (2008). This model describes the luminosity
evolution of a star cluster of mass Mcl, and incorporates the expansion of the
HII regions and PDRs due to the mechanical energy input of stars and SNe. The
dust emission from the HII region and the surrounding PDR is calculated from
radiation transfer.

The large amount of ancillary data and results from previous studies allowed us
to constrain a major part of the input parameters of the models. We achieved
a good agreement between data and models, both for the diffuse dust emission
and the dust in HII+PDR regions for both galaxies. We achieved satisfactory
fits for the star forming regions with the exception of the IRAC 8 µm data points.
Possible reasons for this discrepancy are that the model assumptions (PAH abun-



iv

dance and destruction) are not completely adequate for the case of NGC 4214
and NGC 4449 or that these galaxies have an unusually high emission at 8 µm
for their metallicities and radiation field, which in the case of NGC 4214 is sup-
ported by other studies (Engelbracht et al. 2008).

For both galaxies, we could fit the diffuse dust SED satisfactorily, and we derived
global gas-to-dust mass ratios compatible with their expected values from their
metallicities. However, we inferred that the UV emission was severely (by a
factor of 2-4) underpredicted with respect to the observed, deattenuated diffuse
UV flux. We discussed different explanations for this discrepancy (escape of
UV emission, geometrical effects, a very extended dust disk and different dust
properties). The most plausible one is that a large fraction of the UV radiation
that escapes from HII+PDR regions leaves the galaxy unattenuated and is thus
not participating in the heating of the diffuse dust, most likely due to a porous
ISM.



Resumen

En lugar de ser un observador pasivo, el polvo interestelar juega un papel vital
en la evolución de las galaxias. Debido a su alta opacidad para los fotones ultra-
violetas y ópticos, el polvo interestelar atenúa el campo de radiación ultravioelta
y óptico de las galaxias, a través de procesos de absorción y scattering. Además,
el polvo interestelar es responsable del ∼30% de la emisión total de las galaxias
debido a su propia emisión a longitudes de onda infrarojas. En esta tesis hemos
estudiado el polvo interestelar de galaxias enanas con brotes de formación estelar
tanto desde la perspectiva de la extinción como de la emisión

Hemos elegido este tipo de objetos porque estamos interesados en entender como
se comporta el polvo en entornos fuertemente influenciados por intensos brotes
de formación estelar y por la acción de vientos estelares provenientes de las es-
trellas masivas. Las galaxias enanas con brotes de formación estelar son objetos
ideales para nuestro estudio debido a que, en general, poseen un pequeño número
de regiones de formación estelar dominando su emisión. Ası́ pues es posible sep-
arar la emisión originada en dichas regiones de formación estelar de la emisión
originada en el disco de polvo difuso.

En la primera parte de esta tesis estudiamos la extinctión del polvo en la galaxia
enana NGC 4214. La emisión ultravioleta y óptica de NGC 4214 está dominada
por dos complejos de formación estelar localizados en su centro. stas regiones
fueron observadas con el HST-WFC3 cubriendo un ancho rango espectral, desde
el ultravioleta cercano hasta el infrarojo cercano, incluyendo tres lı́neas de re-
combinación del Hidrógeno.

En concreto, para calcular la extinción en dichas regiones hemos usado las lı́neas
de recombinación Hβ, Hα y Pβ. Nuestro objetivo es obtener un mapa de alta res-
olución de la distribución de la extinción debida al polvo asociado con estos
complejos, asi como comparar dicha extinción con la emisión debida al polvo.
Además, los mapas de extinción nos permiten obtener mapas corregidos de las
lı́neas de emisión. La extinción fue calculada asumiendo que el polvo se dis-
tribuye en una pantalla uniforme situada entre el gas y nosotros. Hemos probado
dos leyes de extinción diferentes caracterizadas por valores RV = 3.10 and 5.45.
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El primer valor, ampliamente utilizado en la literatura, describe bien las propiedades
del polvo que se encuentra en la componente difusa del medio interestelar; mien-
tras que el segundo valor es más apropiado para el polvo asociado con nubes
moleculares. La elección de RV = 5.45 está basada en los resultados de Úbeda
et al. (2007).

Tres mapas de extinción para cada valor de RV fueron calculados en base a los
cocientes Pβ/Hα, Pβ/Hβ y Hα/Hβ. Si la geometrı́a y las propiedades que hemos
asumido para el polvo son correctas, entonces de los tres mapas se deberı́an
obtener los mismos valores para la extinción. Desviaciones de este compor-
tamiento nos permiten obtener conclusiones sobre la geometrı́a y las propiedades
reales del polvo en NGC 4214.En general, los tres mapas de extinción muestran
estructuras similares de la extinción y además, dichas estructuras, coinciden con
la estructura que muestra el mapa de emisión a 8 µm, el cual es el único mapa de
emisión del polvo que tiene una resolución comparable. Sin embargo, el valor
exacto de la extinción en cada punto es diferente dependiendo del cociente uti-
lizado.

A fin de realizar una comparación cuantitativa de los diferentes mapas obtenidos
con diferentes cocientes, hemos comparado dichos mapas en una base pı́xel a
pı́xel. Nuestro estudio se restringe a aquellas regiones donde la fotoionización
es el proceso dominante en la ionización del gas. Hemos encontrado una buena
correlación entre los diferentes mapas, pero esta correlación no es siempre lineal
y en algunos casos muestra mucha dispersión. En concreto, hemos hallado que
las regiones fotoionizadas que presentan altos valores de la extinción, son las
que muestran claras desviaciones de la linealidad. En general, los mapas de
extinción derivados con el cociente Pβ/Hα presentan valores más altos que los
mapas derivados Pβ/Hβ, y éste último presenta valores mayores que el mapa
derivado con Hα/Hβ. Estas tendencias son menos pronunciadas, aunque todavı́a
existen, para el caso de la ley de extinción de RV = 5.45.

Interpretamos el hecho de que los valores de la extinción derivados con diferentes
lineas presentan un mejor acuerdo para RV = 5.45 como una indicación de que
este valor es más apropiado para las propiedas del polvo de NGC 4214. Discu-
timos diferentes escenarios geométricos que pueden explicar nuestros hallazgos.
El hecho de que en algunas de las regiones la extinción derivada con Pβ/Hβ es
más baja que la derivada con Pβ/Hα puede ser debido a que el scattering tiene un
efecto importante en desviar fotones hacia nuestra linea de visión. El scattering
es más importante para longitudes de onda cortas, como Hβ, que para fotones de
longitudes de onda más largas como Hα, y por ello produce un valor más bajo
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para Pβ/Hβ que para Pβ/Hα. El scattering se vuelve importante si el polvo está
cerca del gas ionizado. Un modelo simple de gas y polvo mezclados no es ca-
paz de explicar las altas extinciones medidas en NGC 4214. El hecho de que la
extinción derivada de Hα/Hβ sea menor que la derivada de Pβ/Hα indica que la
distribución de polvo ha de ser grumosa. Todas estas indicaciones nos llevan a la
conclusión de que el polvo que causa la extinción está distribuido en una densa y
grumosa estructura cercana al gas ionizado, lo cual fisicamente se corresponderı́a
con polvo presente en una región de fotodisociación fragmentada.

En la segunda parte de esta tesis hemos analizado el polvo interestelar de NGC 4214
y NGC 4449 desde la perspectiva de su re-emisión a longitudes de onda infraro-
jas y sub-milimétricas. Nuestros objetivos son comprobar si los modelos de
polvo con propiedades Galácticas pueden describir la emisión del polvo en galax-
ias enanas; comprobar la importancia de la distribución geométrica del polvo y
las estrellas en dichas galaxias; y por último, llevar a cabo un estudio detallado
del balance energético del calentamiento y la emisión del polvo en una geometrı́a
realista.

Debido a su proximidad hemos podido estudiar por separado la emisión prove-
niente de las principales regiones de formación estelar y la emisión del polvo
difuso. Por primera vez para galaxias enanas este análisis se ha llevado a cabo
teniendo en cuenta la ecuación de transporte radiativo. Nuestro análisis tiene en
cuenta la intensidad y el color de la radiación ultravioleta y óptica que incide
tanto sobre los complejos de formación estelar como sobre el polvo distribuido
en el medio interestelar difuso, el cual es una combinación de luz ultravioleta que
escapa de las regiones de formación estelar y del campo de radiación difuso que
determinamos a través de fotometrı́a ultravioleta y óptica en nuestras galaxias.

El análisis ha sido realizado utilizando el modelo de Popescu et al. (2011), el
cual aplica la ecuación de transporte radiativo a la luz que se propaga a través
del disco galáctico a una distribución geométrica realista de estrellas y polvo.
Para el estudio de la regiones HII y sus PDRs hemos usado el modelo de Groves
et al. (2008). Este modelo describe la evolución de la luminosidad de un cúmulo
estelar de masa Mcl, e incorpora la expansión de la región HII y de la región
de fotodisociación debido a la energı́a mecánica inyectada por las estrellas y las
explosiones de supernovas. La emisión del polvo de la región HII y de la región
de fotodisociación es calculada en base a la ecuación de transporte radiativo.

La gran cantidad de observaciones disponibles ası́ como los resultados obtenidos
en estudios anteriores nos permiten restringir gran parte de los parámetros de
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entrada de los modelos. En las dos galaxias encontramos un buen acuerdo
entre observaciones y modelos, tanto para el polvo difuso como para las re-
giones de formación estelar, con la unica excepción de las observaciones con
IRAC 8 µm. Posibles razones de esta discrepancia pueden ser que o bien las
propiedades de los hidrocarburos policı́clicos aromáticos (responsables de la
emisión a 8 µm) asumidas por los modelos no son apropiadas para el caso de
NGC 4214 y NGC 4449, o bien que estas galaxias poseen una emisión inusual a
8 µm, lo cual en el caso de NGC 4214 estarı́a apoyado por otros estudios (Engel-
bracht et al. 2008).

Para ambas galaxias hemos podido ajustar la emisión del polvo disfuso satis-
factoriamente y hemos derivado una relación entre la masa del gas y la masa
del polvo compatible con lo que esperarı́amos en función de sus metalicidades.
Sin embargo, inferimos que la emisión ultravioleta y óptica de las estrellas está
severamente subestimada con respecto a las observaciones. Hemos discutido
diferentes explicaciones para esta discrepancia (escape de radiación ultravioleta,
efectos geométricos, un disco de polvo muy extendido y diferentes propiedades
de polvo). La más probable es que una gran fracción de la radiación ultravioleta
abandona la galaxia sin participar en el calentamiento del polvo, probablemente
debido a la porosidad del medio interestelar
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CHAPTER 1
The Interstellar Medium

”Surely, there is a hole in the heavens!”

– Sir William Herschel (1785)

Looking at the sky in a dark night, the Milky Way shows dark lanes (see Figure 1.1). In some
parts, these lanes are so deeply obscured that no star is visible. The absence of stars in these
regions was first pointed out in the year 1785 by Sir William Herschel, who considered them
as ”holes in the heavens”, produced by gravitational fragmentation of our galaxy.

We know now that Herschel was wrong, the absence of stars is only apparent. Stars are
there, but they are hidden behind interstellar dust, which has the property to extinct the stellar
light. In the Milky Way, and in any galaxy, the space between stars is not empty. Besides the
electromagnetic radiation and the cosmic rays emitted by the stars, the interstellar space is
filled with matter in both gaseous (interstellar gas) and solid (interstellar dust) states.

In galaxies similar to ours, the interstellar matter, generally known as Interstellar Medium
(ISM), only represents the 15% of the total mass of visible matter. From this 15%, the 99%
of the ISM is formed by interstellar gas, leaving only the remaining 1% as solid matter.

In the present work we try to understand how the 1% of the 15% of the mass of visible matter
of galaxies behaves. Despite the small fraction of the mass that it represents, as we will see
throughout this work, interstellar dust is essential to understand the global emission from
galaxies.

1



2 The Interstellar Medium

Figure 1.1: Long exposure photograph of the Milky Way (Castle Valley, Utah)

1.1 Components of the ISM

The ISM of all galaxies is full of electromagnetic radiation, known as interstellar radiation
field (ISFR), which includes the photons emitted by the stars and the photons produced by
secondary processes in the ISM itself 1. The physical properties of the ISM are in part deter-
mined by this ISRF.

In a typical gas cloud with the same chemical composition as the Sun, 70% of its mass is in
form of hydrogen, the 28% is in form of Helium, and the remaining 2% is in form of heavier
elements or ”metals”. Depending mainly on the intensity and the spectrum of the ISFR, the
interstellar gas can exist in ionized, neutral or molecular state. Due to the fact that hydrogen

1Strictly speaking, the ISFR also includes an extragalactic component consisting of radiation com-
ing from other galaxies and of the cosmic background blackbody radiation at 2.7 K (Lequeux 2005).
However, at the wavelength of the the cosmic background photons (∼0.3-300 mm) the ISM is very trans-
parent, and therefore, the impact of these photons on the ISM is very limited. Regarding to the radiation
field coming from other galaxies, since this is frequently much fainter than the galactic radiation field,
it can be neglected in most of the extent of the galaxy. The only exceptions are the more external parts
of the galaxy, as the halo or the border of the disk, where the galactic and the extragalactic radiation
field begin to merge. In the present work, we will refer to the ISFR as the radiation field emitted within
the galaxies and we will neglect the extragalactic radiation field, which is out of the scope of our study.
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is the most abundant element, the division between ionised, neutral and molecular phases of
the ISM is based on the predominant state of this particular element 1.

The ISM is made up of a number of components, which can be described by their hydrogen
gas densities, their temperatures, and their state of ionisation (Hollenbach and Tielens 1999).

In the regions where the hydrogen has been photoionised by ultraviolet (UV) photons from
hot stars, frequently referred to as HII regions, the gas is heated by photoelectrons up to
temperatures of about 10 000 K. These regions have sizes of a few pc and their lifetimes are
essentially those of the ionizing stars (3-10 Myr). Besides the constant input of energy from
the photons, stars are also a source of mechanical energy through particles ejected in stellar
winds and, occasionally, in supernova (SN) explosions. This injection of mechanical energy
into the surrounding gas produces the expansion of the HII region. These regions present a
wide variety of densities, with values that range from 0.3 to 104 cm−3.

The part of the ISM where the neutral hydrogen (HI) is the dominant species shows a wide
range of temperatures and densities, from T ≈ 5 000 K and n ≈ 0.6 cm−3 typical of the warm
neutral medium, to T ≈ 100 K and n ≈ 30 cm−3 found in the cold neutral medium.

When the density of a gas cloud is large enough to effectively shield its interior parts of
the ISFR, hydrogen atoms are able to form molecules. These molecular clouds, with den-
sities ranging from 103 to 106 cm−3 and temperatures lower than 50 K, are frequently self-
gravitating. It is in this phase of the ISM where the star forming processes take place.

We should note that the boundaries between the different components of the ISM are not
well defined. A good example of this fact are the star forming regions. In these regions,
once the new stars are born, the surrounding gas is rapidly ionised in the vicinity of the stars.
On the other hand, the interior of the densest parts of the parental molecular cloud remain
shielded from the energetic photons emitted by the young stars, and therefore, the hydrogen
remains in molecular state. By contrast, the most external parts of the molecular clouds are
effectively penetrated by the non ionising UV radiation from the stars, leading to the photo-
dissociation of the H2, and thereby creating a interphase of HI between the HII and the H2.
These interphases, where the heating is dominated by non ionising UV photons, are known
as photo-dissociation regions (PDRs).

1It is important to note that different elements have different ionization potentials and therefore, in
the same ISFR, it is possible to find these elements in different states than the hydrogen. For example,
the ionization potential of Helium is EHeI

0 = 24.59 eV, almost twice than that of the hydrogen (EHI
0 =

13.6 eV). For this reason, it is possible to find neutral Helium in regions where the hydrogen is ionized
but the opposite it is not true.
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Figure 1.2: Image of the spiral galaxy NGC 2403 from a composition of space and ground-
based image data from the Hubble Legacy Archive and the 8.2 m Subaru Telescope at the
summit of Mauna Kea (Hawaii). In the composition, the HII regions are marked by the
reddish glow of atomic hydrogen gas. Credits: Robert Gendler.

1.2 Photo-ionisation of HII regions

The presence of ionized gas clouds in the Milky Way was first recognized through photo-
graphic surveys in regions near hot stars. Only the B and O stars 1, produce photons with
wavelengths ≤ 912 Å capable to ionize the hydrogen. For these reason, although the hydro-
gen also can be ionized through other processes such collisions with cosmic rays and shocks,
the ionized gas in galaxies is predominantly associated with regions of formation of new
stars. The gas clouds ionized by O and B stars are known as HII regions (see Fig. 1.2).

The HII regions are characterized by high temperatures (T ∼ 104 K) and relatively low densi-
ties (N ∼ 100 cm−3). Since the hydrogen is in an ionized state, HII regions are strong emitters
of electromagnetic radiation due to the continuous interaction between charged particles.

Absorption of photons, recombination between ions and free electrons, and collision with

1B and O type stars are extremely luminous and they live only about 10 Myr on the Main Sequence.
B type stars have from 2 to 16 times the mass of the Sun and surface temperatures between 104 and
3 × 104 K. O type stars have between 15 and 90 times the mass of the Sun and surface temperatures
between 3 × 104 and 5 × 104 K.
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other particles are the different processes that can excite an atom and afterwards lead to a
radiative cascade of emission-line photons. In this Section, we give a simplified description
of these processes that are responsible for the line-emission spectrum of HII regions.

An HII region can be approximated as an ionized sphere surrounding a hot star or a cluster of
hot stars. The recombination between free electrons and ionized atoms, and the subsequent
electron cascades from the various excited states is one of the main mechanism of emission
in the HII regions. The ionization equilibrium at each point in the nebula is determined by the
balance between the number of photo-ionizations and recombinations of free electrons with
the ions.

We outline in the following the calculation of hydrogen emission lines in HII region based on
the detailed description in ”Astrophysics of Gaseous Nebulae and Active Galactic Nuclei”

(Osterbrock 1989). In the simplified case of an HII region formed only by hydrogen, the
ionisation equilibrium equation can be written as:

NHI ×

∫ ∞

ν0

4 π Jν
h ν

aHI(ν) dν = Ne × Np × αHI(T ) (1.1)

At the left side of the equation, the number of ionisations is fixed by the the number of
atoms in neutral state that can be ionised, NHI, the intensity of the radiation field, Jν, and the
ionisation cross section of the HI, aHI(ν). Note that the integral is only defined for frequencies
above the ionisation threshold ν0 = E0/h. At the right side, the number of recombinations is
determined by the number of free electrons and hydrogen ions, Ne and Np, respectively, and
by the recombination coefficient, αHI(T). This equation can be written in terms of the total
(neutral plus ionized) number of hydrogen atoms, NH, and the fraction of ionization, ξ, as:

∫ ∞

ν0

4 π Jν
h ν

aHI(ν) dν =
(1 − ξ)2

ξ
× NH × αHI(T ) (1.2)

where we made use of the definitions NHI ≡ ξ×NH, Np ≡ (1− ξ)×NH and Ne ≡ (1− ξ)×NH.
Due to the low density of the HII regions, after the photo-ionization the electron can travel
freely during a long time (of the order of 105 yr) without being recombined with an ion.
When the electron is finally captured, the newly formed atom can be in an excited level of
energy and therefore, the electron will cascade into lower levels of energy until the ground
level is reached. In each transition during the cascade, the atom will emit a photon with an
energy equal to the energy gap between the two levels (see Fig. 1.3). The mean lifetime of
the excited levels are of the order to 10−4 to 10−8 s, and thus, after recombination, the excited
atom will return quickly to the ground state, where it will stay without being photo-ionized
during a period of the order from hours to months. Therefore, at the end of the cycle, the
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electron spends most of the time travelling freely.

Figure 1.3: Electron transitions and their resulting wavelengths for the hydrogen atom. The
probabilities of the transitions are listed in Table 1.1.

The recombination line-spectrum of the hydrogen can be calculated. In the lower density
limit, the total number of atoms in a certain level nL will be determined by the number of
electrons that are directly recombined to the level nL, the number of electrons that drop in the
level nL from higher levels n′′L′′, and the number of electrons that fall from nL into lower
levels n′L′. Thus, the equation of statistical equilibrium for any level nL can be written as:

Np Ne αnL(T ) +

∞∑
n′>n

∑
L′

Nn′L′ × AnL
n′L′ = NnL ×

n−1∑
n′′=1

∑
L′′

An′′L′′
nL (1.3)

The probability of the transition from the level nL to a lower level n′L′, AnL
n′L′ , as well as

the probability of the transitions between n′′L′′ to the level nL, An′′L′′
nL , can be calculated by

solving the Schrodinger equation. Besides, in conditions of thermodynamic equilibrium the
population, the population of the level of quantum numbers nL, NnL, can be calculated as:

NnL = (2L + 1)
(

2 πm k T
h2

)3/2

e h ν0/n2 k T Np Ne (1.4)

From Equations 1.3 and 1.4 it is possible to calculate the emission coefficient, jnn′ , as:
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jnn′ =
h (ν − ν′)

4 π

n−1∑
L=0

∑
L′=L±1

NnL × AnL
n′L′ (1.5)

To reduce the complexity of the problem, the recombination-line theory frequently makes use
of one of these two approximations:

Case A: In this case it is assumed that the gas is optically thin and therefore, that all the
photons emitted by excited atoms can escape from the HII regions without further interactions
with other atoms.

Case B: In this case it is assumed that the gas is optically thick for the Lyman-line photons
and therefore, that Lyman-line photons are not able to escape from the nebula but they are
immediately absorbed nearby in the nebula. In this case, where we can omit all the transitions
to the ground level, and thus the sum in Equation 1.3 ends in n′′ = 2.

Case A is only a good approximation for HII regions of such low density that make them too
faint and difficult to observe, and therefore, for most observable nebulae, Case B is more ac-
curate than Case A. In Tab. 1.1 the values of the emission coefficients under Case B conditions
for the main recombination lines are shown.

Transition n→ n′ λ (nm) jnn′

Hδ 6→ 2 410.18 0.259
Hγ 5→ 2 434.05 0.468
Hβ 4→ 2 486.14 1.000
Hα 3→ 2 656.28 2.859
Pβ 2→ 3 1281.8 0.163
Pα 1→ 3 1875.1 0.338

Table 1.1: Transition probabilities of the main recombination lines of the hydrogen atom. The
values, which are normalized to the probability of the Hβ transition, correspond to Case B
conditions and to the typical values of photo-ionised regions T = 104 K and Ne = 100 cm−3.

1.3 Interstellar dust

As in the Milky Way, in most galaxies clear patterns of dust extinction are observed in their
stellar images directly by visual inspection. Knowing the optical properties of the dust and its
spatial distribution with respect to the other components of the ISM and the stars is essential to
understand the dust extinction and its re-emission at infrared and submillimetre wavelengths,
and therefore, to understand the energetic balance of galaxies, the evolution of the ISM and
the star forming process.
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However, many aspects of the nature of interstellar dust remain unclear. Dust grains are con-
densed in the cool atmospheres of evolved stars and they present a wide variety of complex
molecules of different shapes and compositions with sizes ranging from nanometres to mi-
crometres. Our knowledge of the composition of interstellar grains is based mainly on their
spectroscopic absorption/emission features and observed elemental depletions. The most
generally accepted view is that interstellar grains consist of amorphous silicates and some
form of carbonaceous materials (Li and Draine 2001).

In the following Sections 1.3.1 and 1.3.2 a brief description of the dust extinction and emis-
sion is given.

1.3.1 Dust extinction

In discussing the effects of dust in galaxies, it is important to distinguish between the atten-

uation curve of the galaxy and the extinction curve of the dust in that galaxy. The extinction
curve of the dust is uniquely related to the physical properties of the dust, whereas the attenu-
ation is the decrease in the luminosity of the stellar light when seen through a dust cloud and
it depends in both the spatial distribution of the dust within the galaxy and on the extinction
curve of the dust.

The extinction curve of the dust grains depends on how they scatter and absorb the photons.
The extinction efficiency of a dust grain, Qe, is the sum of its absorption efficiency, Qa, and
its scattering efficiency, Qs. The albedo of a dust grain is defined as the ratio Qs/Qe. Apart
from the albedo, the dust extinction also depends on the phase function, which correspond to
the average cosine of the angle of scattering. Both the albedo, ωλ, and the phase function, gλ,
are wavelength dependent.

Lillie and Witt (1976) used the observations of the diffuse Galactic light with the Orbiting
Astronomical Observatory (OAO-2) to determine ωλ and gλ of the dust grains in the spectral
range from 150 nm to 420 nm. Morgan et al. (1976) derived ωλ at 235 nm and 274 nm by fit-
ting a theoretical model to the observations of the diffuse Galactic background light obtained
by the TD-I satellite. Mathis (1983) quotes the values of ωλ and gλ in a wide spectral range
from 300 nm to 1800 nm from a theoretical model of uncoated graphite and silicate particles.
Chlewicki and Mayo Greenberg (1984) derive values of ωλ and gλ for interstellar grains in
the UV based on observations of the extinction.

The results found by these authors show that the albedo has a minimum ∼ 220 nm, which
indicates that at this wavelength absorption is the main cause of extinction. From this mini-
mum the albedo increases until it reaches in the vicinity of the B-band and then, it decreases
towards longer wavelengths. The phase function, gλ has its maximum at ∼ 200 nm. The
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value at the maximum is close to unity, which indicates that scattering at these wavelengths
is mainly forward-directed, and it decreases towards longer wavelengths until reach values
close to 0, which would correspond to isotropic scattering (see Figure 1.4).

The wavelength dependence of the albedo produces that the photons with wavelengths in the
vicinity of the B band are more effectively scattered than photons of larger wavelengths.

Figure 1.4: Albedo (green-filled circles) and phase function (orange-filled circles) of the dust
grains as a function of wavelength. The values plotted correspond to the work of Bruzual
A. et al. (1988), who fitted smooth curves to the values derived by Lillie and Witt (1976),
Morgan et al. (1976), Mathis (1983), and Chlewicki and Mayo Greenberg (1984). The grey
areas corresponds to the B, R and J broad bands.

The albedo and the scattering phase function depends on several parameters as the compo-
sition, the shape and the size of the dust grains. Besides, due to the wavelength dependence
of the phase function, the emerging flux from a certain region depends on the geometrical
distribution of the dust and the source of radiation. For example, if the dust is located behind
and/or besides the source of radiation with respect to us, the probability for a blue photon to
be scattered into our line of sight is greater than for a red photon. This effect is clearly seen
in reflection nebulae, as Figure 1.5 shows.

The extinction over the electromagnetic spectrum along a certain line of sight, frequently
referred as the extinction curve or extinction law, can be obtained by comparing the observed
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Figure 1.5: Image of the reflection nebula NGC 6726 by Marco Lorenzi. The characteristic
blue colour is produced by selective scattering of blue photons by dust grains.

spectrum of a star in that line of sight with the intrinsic spectrum of such star, which can be
approximated by the spectrum of another star of the same spectral type and luminosity class
but unaffected by dust extinction.

The difference in extinguished magnitudes between the V broad band and any other wave-
length, λ, is known as the colour excess:

Eλ−V = Aλ − AV (1.6)

Cardelli et al. (1989) derived an average empirical extinction curve for the different phases
of the ISM by unifying the results of previous studies. Their extinction curve is parametrised
only in terms of RV = AV/EB−V, where EB−V is the colour excess of the B broad band. The
extinction curve (see Figure 1.6) shows two aspects that appear to be common to all lines of
sight. The first aspect is that the extinction increases approximately linearly with decreasing
wavelength, which indicates that dust grains must have sizes comparable to the UV/optical
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wavelengths. The second aspect is the bump located at λ ∼ 220 nm, which as we seen in
Figure 1.4, is mainly due to absorption.

In their paper, Cardelli et al. (1989) give the analytical expression of the extinction law in the
range from 0.125 to 3.5 µm. To obtain an expression, the authors derived for all the optical
wavelengths (λi) the least-square coefficients ai and bi from a linear fit to Aλi/AV versus R−1

V .
Then, they performed a polynomial fit 1 in terms of x ≡ 1/λ to obtain the correspondent
functions a(x) and b(x). Their extinction law is finally expressed as:

〈
Aλ

AV

〉
= a(x) +

b(x)
RV

(1.7)

We want to stress that the extinction law of Cardelli et al. (1989) only depends on RV. The
coefficients a(x) and b(x) are the same at all of the lines of sight. On the other hand, the value
of RV shows important variations in different lines of sight and those variations produce
different extinction laws in different lines of sight due to the different composition and size
of the dust grains that we find in the different phases of the ISM.

In order to measure the attenuation in a simple case, it is assumed that the dust is distributed
in a foreground screen far from the source of radiation. Under these conditions, scattering of
photons into our line of sight may be neglected as an approximation and the incident flux on
the dust screen, I0(λ), the emergent flux, I(λ), and the extinction, Aλ, at a certain wavelength
λ, are related by the equation:

I(λ) = I0(λ) 10−Aλ/2.5 (1.8)

where Aλ is expressed in magnitudes2.

1.3.2 Dust emission

Besides the decrease in the luminosity of the stellar light, dust absorption of photons leads to
the heating of the grains. The temperature of the grains is determined by the balance between
the energy absorbed from the stellar photons and the energy emitted by the grain. Since
most dust grains are macroscopic particles, their emission spectra are determined by their
temperature.

1The extinction law is frequently represented versus 1/λ instead of λ to highlight its optical/UV
part. For this reason, the polynomial fit is performed in terms of the inverse of the wavelength.

2Frequently, the dust extinction is expressed in terms of the optical depth τ instead of in terms of
magnitudes. In that case, Equation 1.8 is written as I(λ) = I0(λ) e−τλ . From these two equations, we
obtain the relation τλ = 1.086 Aλ.
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Figure 1.6: Original figures presented by Cardelli et al. (1989) showing the extinction curve
in three different lines of sight. The left panel shows the curve from UV to IR wavelengths,
and the right panel is a zoom-in from the optical to the IR.

Just to leave a little space between figures

Figure 1.7: HST image of the young star Herschel 36 at the centre of the Lagoon Nebula
(M8). For this star, still embedded in the parental cloud, Cardelli et al. (1989) reported an
extinction law with RV = 5.30 (see Figure 1.6).
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If we approximate the dust grains by spherical particles of radius a and an absorption effi-
ciency Qa, the total absorbed energy by the grain, Eabs, is expressed as:

Eabs = 4πa2 ×

∫ ∞

0
Qa(ν)π

cuν
4π

dν (1.9)

where uν is the density of the radiation field at the frequency ν. The same grain at a tempera-
ture T emits a total energy Eem:

Eem = 4πa2 ×

∫ ∞

0
Qa(ν)πBν(T )dν (1.10)

where Bν(T) is the Planck function.

If the grain is in thermal equilibrium with the stellar radiation field, the energy absorbed is
equal to the energy emitted, which leads to the equality:

∫ ∞

0
Qa(ν)

cuν
4π

dν =

∫ ∞

0
Qa(ν)Bν(T )dν (1.11)

These equations can be used to calculate the grain temperature distribution when the stellar
radiation field is known.

Big grains, with their large heating capacities, are well described by thermal equilibrium as
described above. Big grains are capable of absorbing UV/optical photons without appreciable
variation of their temperature (see the two top panels in Figure 1.8). These grains dominate
the dust emission at wavelengths longer than 60 µm.

However, the thermal equilibrium is not a valid approximation for all the grain species in the
ISM. For very small grains (VSGs) and for polycyclic aromatic hydrocarbons (PAHs), which
have smaller heating capacities due to their smaller sizes, the absorption of an UV photon
leads to strong increase of their temperature followed by a rapid cooling. Then, these grains
spend some time at low temperatures until another photon is absorbed (see the two bottom
panels in Figure 1.8). This situation, with strong temperature variations, is clearly far from
the situation of thermal equilibrium.

1.4 Dust in dwarf starbursting galaxies

Dwarf galaxies are the most numerous population of galaxies in the Universe (Grebel, 2001).
With masses in the range of 108 to 109 M�, these galaxies are placed at the lower end of
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Figure 1.8: Original figure from Draine (2004) showing ”a day in the life of 4 carbonaceous
grains”, exposed to the average starlight background. τabs is the mean time between photon
absorptions and a is the radius of the grain.

the galaxy mass distribution. Dwarf galaxies characteristically have low metallicities and
consequently low dust abundances.

Starbursts are mostly found in dwarf irregular galaxies, and contribute ∼ 25% of the whole
massive SF of the local universe (Heckman 1998). The dust re-emission at infrared wave-
lengths of the light emitted by the young stars is a key observation for understanding the
process of star formation. Dwarf galaxies are relatively simple systems which makes them
excellent targets to study the role of the dust in the SF process.

The dust spectral energy distribution (SED) of dwarf galaxies frequently shows differences
to those of spiral galaxies. The main differences are:

• The SED of dwarf galaxies shows a relatively low emission at 8 µm, most likely due to
a relatively lower content of polycyclic aromatic hydrocarbons (PAHs) at low metal-
licities (e.g. Draine et al. 2007, Galliano et al. 2008, Engelbracht et al. 2008). PAH
are easily destructed in UV radiation fields. The intense ISRF in dwarf galaxies pro-
duced by a high SF and a lack of dust shielding could therefore be responsible for a
destruction of PAHs.
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• A submm ”excess” has been found in the SED of many, mostly actively star-forming,
low-metallicity galaxies (Lisenfeld et al. 2002, Galliano et al. 2003, 2005, Bendo et al.
2006, Galametz et al. 2009, 2011, Israel et al. 2010, Bot et al. 2010, Dale et al. 2012,
Planck Collaboration et al. 2011a). Different reasons have been suggested to explain
this excess: (1) A large amount of cold (< 10 K) dust (Galliano et al. 2003, 2005,
Galametz et al. 2009, 2011). However, extraordinarily large dust masses are needed
for this explanation and it is unclear how these large amounts of cold dust can be
shielded efficiently from the interstellar radiation field (ISRF). (2) A low value of the
dust emissivity spectral index of β = 1 in the submm. Different dust grains have been
suggested that could be responsible for this, from very small grains (Lisenfeld et al.
2002), fractal grains (Reach et al. 1995) to amorphous grains (Meny et al. 2007). (3)
Spinning grains (Ferrara and Dettmar 1994; Draine and Lazarian 1998). Bot et al.
(2010) showed that this grain type could explain the submm and mm excess in the
Large and Small Magellanic Cloud. (4) Emission from dust in the outer regions of
the galactic disks or the surrounding intergalactic medium (Popescu et al. 2002). (5)
Magnetic nanograins, which can produce magnetic dipole radiation at microwave and
submillimeter wavelengths (Draine and Hensley 2012).

It is also noteworthy that one sees a variety of FIR colours for gas rich dwarf galaxies, with
examples of warm FIR SEDs (as found from IRAS colours - e.g. Melisse and Israel 1994), or
of cold FIR SEDs (as revealed by ISO and Herschel measurements extending longwards of
100µm - e.g. Popescu et al. 2002, Grossi et al. 2010). Such variety may not be too surprising
given that the star formation in dwarf galaxies is likely fundamentally bursty in nature. If we
interpret the FIR SED in terms of the combination of cooler distributed cirrus dust emission
and warm dust emission from grains in SF regions, the latter opaque structures should be
most prominent in the early stages of the evolution of a starburst leading to a warm FIR SED.
Over time the starburst fades, leaving the cirrus component and a cooler FIR SED. Other
factors potentially contributing to the observed variety in FIR colours are differences in the
contribution of very small grains (e.g. Galliano et al. 2003, 2005) and the possible presence
of extended cold dust outside the main star forming disk of the galaxy (Popescu et al. 2002).

1.5 The dwarf galaxies NGC 4214 and NGC 4449

For our study of the SED of dwarf galaxies we chose the two nearby starbursting dwarf
galaxies NGC 4214 and NGC 4449. Both are nearby galaxies, which allow us to separate
the dust emission from the SF regions and from the diffuse dust, and both are located well
above the Galactic disk, in the constellation of Canes Venatici, which makes the contribution
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from the dust in the Milky Way negligible. In Table 1.2 relevant information about these two
galaxies is given.

Galaxy NGC 4214 NGC 4449

RA (J2000) 12h15m39.2s 12h28m11.1s
DEC (J2000) 36◦19′37.′′0 44◦05′37.′′0

Distance (Mpc) 2.94 ± 0.18 [1] 3.82 ± 0.27 [2]

d25 6.8′ [3] 4.7′ [3]

Inclination 44◦ [4] 60◦ [4]

MHI (M�) 0.4 × 109 [4] 1.1 × 109 [4]

Metallicity (Z�) 0.36 ± 0.05 [5] 0.45 ± 0.07 [6]

Table 1.2: General properties of the dwarf galaxies NGC 4214 and NGC 4449. References:
[1] Maı́z-Apellániz et al. (2002). [2] Annibali et al. (2008). [3] Taken from the HyperLeda
database. [4] Walter et al. (2008). [5] Kobulnicky and Skillman (1996) [6] Average value
from Lequeux et al. (1979), Talent (1980), and Martin (1997).

1.5.1 NGC 4214

Located at a distance of D=2.94 Mpc (Maı́z-Apellániz et al. 2002), NGC 4214 is a Magellanic
starbursting dwarf irregular galaxy (de Vaucouleurs et al. 1991a) which shows a large degree
of structure, from HI holes and shells (McIntyre 1998) typical of dwarf galaxies (Walter and
Brinks 1999) to clear indications of a spiral pattern and a central bar. The molecular gas
traced by the CO(1-0) line shows three well differentiated CO emitting complexes (Walter
et al. 2001) related to the main SF complexes. NGC 4214 is a gas rich galaxy: the total mass
of atomic gas is MHI = 4.1 × 108 M� (Walter et al. 2008), and the molecular gas mass is
MH2

= 1.5 × 107 M� (Schruba et al. 2012, obtained with a Galactic conversion factor).

Karachentsev et al. (2004) reported for NGC 4214 a stellar mass of ∼ 1.5 × 109M�, similar
to the mass found in the Large Magellanic Cloud (LMC). Ultraviolet (UV), optical and near-
infrared (NIR) images of NGC 4214 show that the young stellar population is embedded in
a smooth disk of old stars (see the large field of Fig.1.9), which can account for a significant
fraction (∼ 75%) of the total stellar mass (Williams et al., 2011). Despite this high fraction
of old stars, NGC 4214 is a galaxy with an intense recent star formation activity, as shown by
the two star forming complexes located in its centre and frequently referred in the literature
as NGC 4214-NW and NGC 4214-SE. When resolved, the two complexes show individual
smaller knots of star formation (see the small field of Fig.1.9). One of the most striking
features in these complexes is the large shell structure in the NW region, where most of
the gas in front of the central star cluster seems to have been removed by the action of stellar
winds and supernovae (SNe) (Maı́z-Apellániz et al. 1998; MacKenty et al. 2000). NGC 4214-
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Figure 1.9: Combined SLOAN and HST image of NGC 4214. Large field: Image of
NGC 4214 from a RGB combination of SLOAN r, g and u bands. Zoom-in: Image of the cen-
tre of NGC 4214 from a RGB combination of HST-WFC3 filters F657N (Hα + cont), F502N
([OIII] + cont) and F336W (cont).

SE is more compact and shows no clear evidence of a decoupling between the star clusters
and the gas. The morphological differences for the two complexes were interpreted as an
evolutionary trend by MacKenty et al. (2000). Using stellar synthesis models, Úbeda et al.
(2007) determined the age, the mass, the radius and the extinction of the star clusters within
the NW and SE complexes. They found an age of 5 Myr for the star clusters in the NW
region, whereas the age of the star clusters of the SE region ranges from 1.7 to 4.0 Myr.

The metallicities of both SF regions have been measured by Kobulnicky and Skillman (1996),
who found values of 12+log(O/H) = 8.17± 0.02 for the NW and 8.27± 0.02 for the SE region.
With the Solar abundance 12 + log(O/H) = 8.66 (Asplund et al. 2005), as used in Groves
et al. (2008), this gives Z = 0.32 Z� for NW and Z = 0.41 Z� for SE.

1.5.2 NGC 4449

Located at a distance of D = 3.82 ± 0.27 Mpc (Annibali et al. 2008), NGC 4449 is one of the
most luminous an active nearby Magellanic star bursting dwarf galaxies (see Fig. 1.10).
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Figure 1.10: Combined SLOAN and HST image of NGC 4449. Large field: Image of
NGC 4449 from a RGB combination of SLOAN r, g and u bands. Zoom-in: Image of the
centre of NGC 4449 from a RGB combination of HST-ACS filters F658N (Hα+cont), F502N
([OIII] + cont) and F550M (cont).

NGC 4449 has almost certainly undergone an external perturbation, as is evident from HI
studies revealing extended streamers wrapping around the galaxy and counter-rotating (inner
and outer) gas systems (Hunter et al. 1998, Theis and Kohle 2001, and references therein).
In contrast to NGC 4214, the current SF in NGC 4449 is not constrained to the centre but it
is occurring throughout the galaxy (Hunter 1997). Thronson et al. (1987) estimated a current
SFR = 1.5 M� yr−1.

Reines et al. (2008) identified 13 thermal radio sources and derived their physical properties
using both nebular emission from the HII regions and the stellar continuum. These radio-
detected clusters have ages .5 Myr and stellar masses of the order of 104 M�.

For NGC 4449, abundance estimates were derived in the HII regions by Lequeux et al. (1979)
(12 + log(O/H) = 8.38), Talent (1980) (12 + log(O/H) = 8.23), and Martin (1997) (12 +

log(O/H) = 8.31). The average value provide Z = 0.45 ± 0.07 Z�.
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1.6 Goals of this thesis

The goal of our study is to understand the properties and the spatial distribution of the inter-
stellar dust in dwarf galaxies from both the perspective of the attenuation of the radiation and
the re-emission. High resolution data from SPITZER, HERSCHEL and PLANCK allow us to
probe the entire spectral energy distribution (SED) of morphologically separated components
of the dust emission from nearby galaxies and allow a more detailed comparison between
data and theory.

In the first part of this thesis we carry out the study of the dust in the SF regions of the dwarf
starbursting galaxy NGC 4214. Our aim is to check different extinction laws and geometrical
scenarios.

In the second part we carry out the study of the dust emission of NGC 4214 and NGC 4449
in order to check whether the SED of these objects can be reproduced with radiation transfer
models based on Galactic dust properties. One of the key points of our study is that for
the first time, the SED was studied separately for the dust within the HII regions and their
associated PDRs and for the diffuse dust.





CHAPTER 2
Dust extinction in NGC 4214

”I say there is no darkness but ignorance.”

– William Shakespeare (Twelfth Night, 1602)

In Section 1.3.1 we presented the selective extinction produced by the dust absorption and
scattering of the stellar photons. In this section, we make use of this selective extinction to
calculate extinction maps of the photo-ionised regions of NGC 4214. The study of the extinc-
tion allows us to obtain a complementary view of the dust properties and of its geometrical
distribution to that obtained from its emission (see Section 4). Another important motiva-
tion to calculate maps of the extinction produced by the dust present in NGC 4214 is that the
resolution achieved with the HST is about one order of magnitude better than the best dust
emission map (which is obtained in the PAHs regime with the photometer IRAC onboard
the Spitzer space telescope). This improvement in angular resolution allows us to obtain a
small-scale picture of the dust distribution.

As we already mentioned in the previous section, NGC 4214 is a nearby Magellanic star
bursting dwarf irregular galaxy (de Vaucouleurs et al. 1991a). Due to its proximity and the
low foreground extinction in its line of sight, NGC 4214 is an excellent target to test the
dust distribution in massive star forming regions. The star formation activity in NGC 4214
is mainly concentrated in two star forming complexes located at its centre and frequently
referred in the literature as NGC 4214-NW and NGC 4214-SE.

Bounding the selective extinction and the photo-ionisation equilibrium, it is possible to obtain
a measure of the dust extinction in ionized regions by comparing the observed fluxes of two
emission lines of different wavelength. Let us consider two different recombination lines,
located at wavelengths λ1 and λ2. The relation between their observed and intrinsic fluxes

21
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and the extinction can be expressed using Equation 1.8 as:

Iλ1 = I0
λ1
× 10−Aλ1 /2.5 (2.1)

Iλ2 = I0
λ2
× 10−Aλ2 /2.5 (2.2)

From the ratio of these two equations it is possible to obtain the following expression:

Aλ1 − Aλ2 = −2.5 log

 Iλ1/Iλ2

I0
λ1
/I0
λ2

 (2.3)

In order to convert Equation 2.3 to express the extinction in magnitudes in the V-band, it is
possible to use the Cardelli et al. (1989) extinction law to write the difference Aλ1 − Aλ2 in
terms of AV as:

Aλ1 − Aλ2 =
AV

C(RV , λ1, λ2)
(2.4)

where the factor of conversion C(RV, λ1, λ2) depends on the value of RV in the line of sight
and on the wavelengths of the two lines considered. From Equations 2.3 and 2.4, we obtain
the following expression:

Aλ1/λ2
V = −2.5 ×C(RV , λ1, λ2) × log

 Iλ1/Iλ2

I0
λ1
/I0
λ2

 (2.5)

where we made use of the superscript λ1/λ2 to distinguish between different maps obtained
with different lines. The corresponding error map, ∆Aλ1/λ2

V , can be calculated using the stan-
dard error handling formulation:

∆Aλ1/λ2
V = 2.5 ×C(RV , λ1, λ2) × log e ×

√(
∆Iλ1

Iλ1

)2

+

(
∆Iλ2

Iλ2

)2

(2.6)

The last equation can be expressed in terms of the relative errors as:

∆Aλ1/λ2
V = 2.5 ×C(RV , λ1, λ2) × log e ×

√(
δIλ1

)2
+

(
δIλ2

)2 (2.7)

As we mentioned in Section 1.2, the recombination line spectrum is emitted by atoms that
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have captured of electrons into excited levels which are now cascading via radiative transi-
tions to the ground level. The number of transitions between two levels will be determined
by the probability of such transition occur. Therefore, although we do not know the intrinsic
fluxes I0

λ1
and I0

λ2
, their ratio only depend on the different probabilities of the corresponding

transitions. In Table 1.1 are listed the transition probabilities of the Hydrogen atom for Case
B and the typical values of photo-ionised regions T = 104 K and Ne = 100 cm−3. In this chap-
ter we make use of the Equation 2.5, the values of Table 1.1 and the Cardelli et al. (1989)
extinction law to obtain extinction maps of the dust extinction calculated by comparing three
different Hydrogen recombination lines.

2.1 Data reduction

Wide Field Camera 3 (WFC3) data were obtained for NGC 4214 as part of the WFC Science
Oversight Committee (SOC) Early Release Science (ERS) program (program ID11360, P.I.
Robert O’Connell). A total of 7 stellar and 7 nebular images were taken using UVIS and
IR cameras. Both cameras onboard the HST have a field of view of ∼2′ and they cover
the central star forming complexes NW and SE, allowing us to separate them into several
smaller star forming regions. We obtained calibrated maps in the UV filters F225W, F336W,
F373N, F438W, F487N, F502N, F547M, F657N, F673N and F814W and in the IR filters
F128N, F110W, F160W and F164N from the HST Data Archive (see the WFC3 website1).
In Table 2.1 the specifications of these filters are given.

FILTER Description Date Exposure (s)

UVIS-F225W UV wide 2009-12-23 1665.0
UVIS-F336W U, Strmgren u 2009-12-23 1683.0
UVIS-F373N [OII] 3726/3728 2009-12-25 1260.0
UVIS-F438W WFPC2 B 2009-12-22 1530.0
UVIS-F487N Hβ 2009-12-23 1760.0
UVIS-F502N [OIII] 5007 2009-12-24 1470.0
UVIS-F547M Strmgren y 2009-12-23 1050.0
UVIS-F657N Hα+[NII] 2009-12-23 1592.0
UVIS-F673N [SII] 6717/6731 2009-12-25 2940.0
UVIS-F814W WFPC2 Wide I 2009-12-23 1339.0

IR-F110W Wide YJ 2009-12-22 1197.7
IR-F128N Pβ 2009-12-23 1197.7
IR-F160W WFC3 H 2009-12-22 2397.7
IR-F164N [Fe II] 2009-12-23 2397.7

Table 2.1: Summary of HST-WFC3 observation of NGC 4214.

1http://www.stsci.edu/hst/wfc3/

http://www.stsci.edu/hst/wfc3/
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Figure 2.1: Comparison of the UVIS F814W (left) and IR F110W (right) filters. After the
reduction performed, both filters are at the same resolution and pixels size and therefore, they
can be compared in a pixel-by-pixel basis.

We use the output of the HST data archive pipeline calwf3, which applies the standard cal-
ibrations to the raw images (flat-fielding, dark subtraction, etc.) as input of the Multidrizzle

software (Fruchter and Hook 2002) to correct for geometric distortion and to produce the
final maps. The output of the Multidrizzle is the final geometric distortion corrected and
cosmic-ray rejected mosaicked image for each filter.

The field of view (FoV) of the WFC3 only covers an area of ∼2′×2′ at the centre of the galaxy.
From the stellar luminosity profile shown in the top panel of Figure 4.11, we estimated that
the flux density coming from the stellar disk in the outer part of the FoV (R∼1′) is more than
one order of magnitude larger than the sky value (R∼5′). For this reason, we did not perform
any sky subtraction with the Multidrizzle software.

FILTER λ0 Bandwidth PHOTFLAM
Å Å ergs cm−2 Å−1/e−

F438W 4325 618 6.8193979 × 1019

F487N 4871 60 5.9564300 × 1018

F547M 5447 650 4.7446573 × 1019

F657N 6567 121 2.1244385 × 1018

F110W 11534 4430 1.5232943 × 1020

F128N 12832 159 4.1030084 × 1019

F160W 15369 2683 1.9106045 × 1020

Table 2.2: Specifications of the filters used to study the extinction in the SF regions NW and
SE. The calibration factor shown in the fourth column, PHOTFLAM, was used to convert e−

into flux density.
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In order to be able to compare the data from UVIS and IR cameras in a pixel-by-pixel basis,
we followed the next steps:

i) We used the IRAF task imexam to measure the FWHM on the output from the Multidrizzle

software. Then, all the images were smoothed using the IRAF task to a common FWHM of
0.3′′, which is slightly larger than the poorer resolution found in the data set.

ii) We used the IRAF task wregister to convert the images from UVIS to the pixel size of IR
(0.128′′).

iii) We used the IRAF task imalign to align all of our filters based on a sample of 50 stars
visible in all the filters. For all the filters, the error in the alignment was less than 0.06′′, i.e.,
about half of the IR camera pixel size. After the alignment, the images were trimmed to the
same FoV.

The observed flux densities include the extinction produced by the dust present in the Milky
Way, which we want to exclude from our study. To correct for this, we made use of the values
of the foreground galactic extinction in the line of sight of NGC 4214 reported by Schlafly
and Finkbeiner (2011) (see Table 2.3). For all of our filters, we applied:

Fλ = F′λ × 10−Aλ/2.5 (2.8)

where Aλ is the foreground Galactic extinction at the wavelength of the filter, and F′λ and Fλ
are the observed and the foreground corrected flux densities, respectively.

λ (nm) 350 470 540 640 750 890 1250 1660
Aλ (mag) 0.095 0.079 0.060 0.047 0.037 0.028 0.016 0.010

Table 2.3: Galactic extinction in the line of sight of NGC 4214 from the Schlafly and
Finkbeiner (2011) recalibration of the Schlegel et al. (1998) infrared-based dust map.

2.2 Continuum subtraction

Besides the emission from the ionised gas, the narrow filters also contain the underlying
emission from the stellar continuum. In order to isolate the gaseous component, we devel-
oped the IDL routine LINEextractor, which allows the user to perform a standard continuum
subtraction based on the comparison of the flux densities measured for a sample of stars in
both filters. The main advantage of this routine is the possibility of interactively select the
stars used to perform the continuum stellar subtraction.
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The input files necessary to run LINEextractor are the nebular image, from which we want
to remove the continuum, and a pure stellar image. In a first step, LINEextractor superposes
both images in a pop-up window and allow the user to select with the mousse the stars suitable
to be considered to calculate the scale factor necessary to subtract the continuum. When the
user clicks on a star, LINEextractor shows both 2D and 3D profiles in the surroundings of
the star in order to allow the user to check if the star is well isolated (to avoid contamination
from the gas emission) and if it presents a gaussian profile (a non-gaussian profile might be an
indicator of a non-stellar nature). If the object does not fulfil the requirements, then the user
can neglect it and select another star. On the other hand, when the requirements are fulfilled,
the routine perform aperture photometry in a circular aperture over the two filters in a radius
which is twice the FWHM of the images and stores the measured fluxes.

Once the number of selected stars is satisfactory, LINEextractor calculates the scale factor by
means of a linear fit of the stored values. The flux density of the line, Fline, is then calculated
as:

Fline = Fnarrow − a × Fstellar (2.9)

where Fnarrow is the flux density of the narrow filter (line+stellar), Fstellar is the flux density
of the stellar filter, and a is the scale factor obtained from the linear fit. At this stage, the
routine multiplies Fline (ergs cm−2 s−1 Å−1) by the corresponding bandwidth of the filter (in Å,
see Table 2.1) to obtain the intensity of the line, Iline (ergs cm−2 s−1).

Finally, the routine shows the line emission image in a window in order to allow the user
to select with the mousse some background apertures which are used to compute the noise
(σ) of the resulting image. At the end of the process, the output created by LINEextractor

consists in both the pure nebular image and the correspondent relative error map, which is
calculated in a pixel-by-pixel basis as:

δIS N
line(i, j) =

σ

Iline(i, j)
(2.10)

It is important to note here that continuum subtraction is not a perfect process. Frequently,
the line emission image shows stars that were under/over-subtracted. This effect is specially
important in those regions where two populations of stars of different ages lie together, as it is
the case of the SF regions of NGC 4214. In order to take into account the possible existence
of two different underlying star populations, LINEextractor allows the user to use a second
stellar filter located at the opposite side of the spectrum of the narrow filter. In this case, the
subtraction process is identical as described above, with the exception that it runs in parallel
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for both stellar filters, i.e., LINEextractor scales and subtracts the second stellar filter and
therefore, it calculates a secondary pure line emission image. This second image is then used
to produce a second relative error map based on the differences found between the first, Iline,
and the second, I′line, emission images as it follows:

δIcont
line (i, j) =

∣∣∣Iline(i, j) − I′line(i, j)
∣∣∣

Iline(i, j)
(2.11)

The final error map of Iline is calculated as the quadratic sum of the error maps corresponding
to the noise and to the continuum subtraction as:

δIline(i, j) =

√
δIcont

line (i, j)2 + δIS N
line(i, j)2 (2.12)

In Figure 2.2 the operation scheme of LINEextractor is shown. The pure emission line maps
generated by the routine are shown in Figure 2.3.

The F657N filter contains, besides the Hα emission, the emission from the forbidden lines
[NII] λ 6548 and [NII] λ 6583. In order to subtract the contribution of these two lines, we used
the intrinsic ratios of Hα and the Nitrogen lines found in the Orion nebula (Irwin 1968), which
are 0.16 and 0.05 for Hα/[NII] λ 6548 and Hα/[NII] λ 6583, respectively. At the wavelengths
of [NII] λ 6548 and [NII] λ 6583, the transmission of the F657N is 0.8 and 0.7, respectively.
Therefore, we estimated that the total contribution of these two lines is 17% of the total
intensity measured in the filter.

2.3 Results

We analysed the dust extinction distribution of the SF regions of NGC 4214 using the line
emission maps of Hβ, Hα and Pβ calculated with LINEextractor (see Figure 2.3).

2.3.1 Extinction maps

From the values of the probabilities of these transitions presented in Table 1.1, it is possible
to know the ratio of the intrinsic emission that we would expect if no dust was present:

I0
Hα/I

0
Hβ = 2.859 (2.13)

I0
Pβ/I

0
Hα = 0.057 (2.14)
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Figure 2.2: Operation scheme of the IDL routine LINEextractor used to subtract the under-
lying stellar continuum from the narrow band filters. a) In this example, the stellar filter
F547M (in blue) is used as the first continuum of the narrow filter F657N (in green), whereas
the stellar filter F110W (in red) is used as the second continuum. b) When clicking on a star,
LINEextractor shows the stellar profiles (3D up and 2D down) of the three filters. In the 3D
profiles, the units of the x and y axis are pixels, and for the z axis are 10−18 ergs cm−2 s−1 Å−1.
For the 2D profiles, the units of the x and y axis are pixels, and the contours corresponds to
0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 and 0.9 times the flux at the peak. When a star fulfils the
requirements, the fluxes in the three bands are stored. c) Linear fit used to calculate the scale
factor based on the measured fluxes. The units of the axis are 10−18 ergs cm−2 s−1 Å−1.
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Figure 2.3: Continuum-subtracted (left) and relative error (right) maps of Hα (top), Hβ (mid-
dle) and Pβ (bottom) generated using LINEextractor. The units of the intensity maps are
10−18 ergs cm−2 s−1. The area mapped is ∼2′×2′, which at the distance of NGC 4214, corre-
sponds to ∼1.7×1.7 kpc.
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I0
Pβ/I

0
Hβ = 0.165 (2.15)

Regarding the conversion factor C(RV, λ1, λ2), we need to assume a certain value with RV.
It is a frequent practice to choose the standard curve of RV = 3.1, the value which is appro-
priate for the dust in the diffuse interstellar medium. However, since this work is focused on
the SF regions of NGC 4214, the standard curve might be not accurate if dust in molecular
clouds is present in the line of sight. Úbeda et al. (2007) used the IDL package CHORI-

ZOS (see Maı́z-Apellániz 2004) to fit stellar SEDs models to multicolour photometric data
obtained with the WFPC2 onboard the HST. The input parameters of CHORIZOS are the
age, the metallicity, the color excess EB−V and RV. With exception of the metallicity, which
was fixed to Z=0.4 Z�, Úbeda et al. (2007) determined simultaneously the parameters using a
likelihood-maximization technique. Their modelling yielded high values of RV (5.0 and 5.9
for the NW and SE regions, respectively), which indicates the presence of molecular clouds
in the line of sight. We adopted a Cardelli et al. (1989) extinction law of RV = 5.45 (av-
erage value of Úbeda et al. 2007) and we also tested the results obtained for the standard
law with RV = 3.1. In Table 2.4 the different values of the conversion factor C(RV, λ1, λ2)
corresponding to RV = 5.45 and 3.10 are shown.

Cv(RV, λ1, λ2) RV = 5.45 RV = 3.1

Cv(RV,Hα,Hβ) -4.114 -2.886
Cv(RV,Pβ,Hα) -1.865 -1.831
Cv(RV,Pβ,Hβ) -1.283 -1.120

Table 2.4: Conversion factors obtained for the two values of RV considered in this work. Note
that the largest difference between the two extinction laws corresponds to Cv(RV,Hα,Hβ),
whereas the smallest difference correspond to Cv(RV,Pβ,Hα). This makes the extinction
map calculated with the Pβ and Hα lines the most robust against changes in the value of RV.

From Equations 2.5 and 2.7, the intrinsic ratios presented in Equations 2.13 and the conver-
sion factors shown in Table 2.4, it is possible to obtain, for RV = 5.45, the following set of
equations:

AHα/Hβ
V,5.45 = 10.3 × log

(
IHα/IHβ

2.859

)
(2.16)

∆AHα/Hβ
V,5.45 = 4.47 ×

√
(δIHα)2 +

(
δIHβ

)2
(2.17)

APβ/Hα
V,5.45 = 4.66 × log

(
IPβ/IHα

0.057

)
(2.18)
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∆APβ/Hα
V,5.45 = 2.02 ×

√(
δIPβ

)2
+ (δIHα)2 (2.19)

APβ/Hβ
V,5.45 = 3.21 × log

(
IPβ/IHβ

0.165

)
(2.20)

∆APβ/Hβ
V,5.45 = 1.39 ×

√(
δIPβ

)2
+

(
δIHβ

)2
(2.21)

Note the use of the subscript 5.45 to distinguish between this set of equations and the set
corresponding to RV = 3.1, which adopts the form:

AHα/Hβ
V,3.1 = 7.21 × log

(
IHα/IHβ

2.859

)
(2.22)

∆AHα/Hβ
V,3.1 = 3.13 ×

√
(δIHα)2 +

(
δIHβ

)2
(2.23)

APβ/Hα
V,3.1 = 4.58 × log

(
IPβ/IHα

0.057

)
(2.24)

∆APβ/Hα
V,3.1 = 1.99 ×

√(
δIPβ

)2
+ (δIHα)2 (2.25)

APβ/Hβ
V,3.1 = 2.80 × log

(
IPβ/IHβ

0.165

)
(2.26)

∆APβ/Hβ
V,3.1 = 1.22 ×

√(
δIPβ

)2
+

(
δIHβ

)2
(2.27)

The extinction maps calculated with these equations are shown in Figure 2.4. The values of
δ(IHα), δ(IHβ) and δ(IPβ) were calculated using Equation 2.12. In the photo-ionised regions
considered, the dominant source of error is the continuum subtraction. In order to avoid large
extinction errors, we only consider those pixels where the relative error of all the three lines
are simultaneously lower than 0.2. With this restriction the maximum error in our extinction
maps is 1.26, 0.57, 0.39, 0.88, 0.56 and 0.34 mag for ∆AHα/Hβ

V,5.45 , ∆APβ/Hα
V,5.45 , ∆APβ/Hβ

V,5.45, ∆AHα/Hβ
V,3.1 ,

∆APβ/Hα
V,3.1 and ∆APβ/Hβ

V,3.1 , respectively.

We need to avoid regions with high stellar absorption, which can be especially important for
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Figure 2.4: AHα/Hβ
V (top), APβ/Hα

V (middle) and APβ/Hβ
V (bottom) extinction maps calculated

using an extinction law of RV = 5.45 (left) and RV = 3.10 (right). The mapped area is
∼70′′×70′′ (∼1×1 kpc).
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Figure 2.5: Equivalent width (Å) maps of Hα (left), Hβ (middle) and Pβ (right). The contour
overlaid corresponds to the error cut applied.

Hβ. In order to do this, we made sure that we only derived the extinction for regions with
a high equivalent width, which indicates that the emission from the ionised gas is dominant
over stellar emission. Figure 2.5 shows maps of the equivalent width, overlaid with contours
of our applied error cut. We see that the region considered for the calculation of the extinction
coincides always with values of EW & 300, 70 and 40 Å for Hα, Hβ and Pβ, respectively;
i.e., regions dominated by emission from ionised gas.

2.3.2 Comparison of the different extinction maps

The six extinction maps presented in Figure 2.4 trace, in general, very similar structures of
the dust extinction. However, the exact value of the extinction changes depending on the
line-ratio considered. This effect is especially noticeable for the AHα/Hβ

V extinction maps,
where the extinction is lower than for the other maps. This effect is stronger for the map
calculated using RV = 3.10 (see for example, the low values derived in the SE region, where
the highest extinction measured with AHα/Hβ

V,3.10 are a factor ∼2 lower than the values measured
with ∆APβ/Hα

V,3.10 or ∆APβ/Hβ
V,3.10), but is also affecting the maps calculated with RV = 5.45.

In order to provide a quantitative analysis of these differences, we carried out a detailed study
comparing the extinction derived with different line-ratios on a pixel-by-pixel basis. We
restricted our study to the photo-ionised regions shown in Figure 2.6 (see also the Table 2.5,
where the apertures used to determine these regions are specified), since it is only in this
phase of the ISM where the photo-ionisation equilibrium is achieved. We therefore neglected
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the study of the diffuse interstellar gas (DIG) surrounding the two main complexes because
in this phase of the ISM other processes, like shocks, contribute to the ionization of the
gas. In Figures 2.7 to 2.10 we show the plots with the the pixel-by-pixel comparison of
APβ/Hα vs. AHα/Hβ and APβ/Hα vs. APβ/Hβ for both values of RV = 3.10 and 5.45 separately
for each photo-ionised region.

The pixel-by-pixel plots show similarities and differences between the extinction derived
from the different line-ratios:

• As expected from the generally good agreement between the maps, there is a positive
correlation between the different extinction maps.

• For the regions with the lowest values of the extinction (NW3, NW4, NW5 and SE3)
the correlation is linear.

• The regions with high values of the extinction (NW1, NW2, SE1 and SE2) show a clear
deviation from the linearity.

• In all the cases, these correlations are closer to the linearity for RV = 5.45.

• The correlations including the extinction based on the line-ratio Hα/Hβ has a high
dispersion.

• In general, we found that APβ/Hα > APβ/Hβ > AHα/Hβ.

Regions RA (J2000) DEC (J2000) Rx Ry PA (deg)

NW-1 12:15:39.060 +36:19:36.93 1.92393” 1.92393” 165
NW-2 12:15:39.317 +36:19:33.25 1.92393” 1.92393” 165
NW-3 12:15:39.823 +36:19:36.22 1.79567” 3.7196” 185
NW-4 12:15:40.109 +36:19:30.24 1.79567” 1.79567” 165
NW-5 12:15:40.620 +36:19:30.96 3.33482” 1.41088” 170
SE-1 12:15:40.778 +36:19:09.43 1.79567” 1.79567” 165
SE-2 12:15:40.922 +36:19:03.93 2.95003” 3.7196” 165
SE-3 12:15:40.922 +36:19:03.93 2.95003” 3.7196” 165

Table 2.5: Apertures used to determine the photo-ionised regions.

Ideally, if our dust properties and the assumed dust geometry were correct, we would ex-
pect perfect agreement between different measurements of the extinction. We found that the
agreement is better for the case of RV = 5.45, which could indicate that this extinction curve
describes dust properties better. The lack of a complete agreement between the extinction
measured through different line-ratios must be due then to the fact that the foreground dust
screen is not a perfect description of the actual dust geometry.

Alternative geometrical scenarios were studied by Caplan and Deharveng (1986) and Calzetti
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Figure 2.6: Mask used to isolate the photo-ionised regions of NGC 4214. The coloured areas
correspond to the intersection between the elliptical apertures presented in Table 2.5 and the
error mask (in grey).

et al. (1994) among other authors. The different configurations of dust described in their pa-
pers are shown in Figure 2.11. These five simplified models do not represent an exhaustive
list of all the possible dust configurations but represent extreme cases that probably bracket
most of the real cases. Real galaxies show a complex distribution of dust, from dust mixed
with the ionised gas, to dust organised in clumps in the PDR as well as a diffuse dust com-
ponent that occupies most of the volume of galactic disk. For each of these different dust
distributions, the formulation needed to calculate the extinction changes and includes param-
eters as the number of clumps in the line of sight, the albedo of the dust grain or the scattering
phase function.

These five models encompass different configurations that describe different physical situ-
ations inside a galaxy. Calzetti et al. (1994) discuss how the different models changes the
formulation needed to calculate the extinction. In the following, we give a brief summary of
their description:
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Figure 2.7: Plots pixel-by-pixel of APβ/Hα vs.AHα/Hβ (in magnitudes) measured for RV = 3.10
in the photo-ionized regions shown in Figure 2.6. The colour bar corresponds to the error
(∆mag/pix) of the AHα/Hβ map. The dashed line corresponds to x = y.
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Figure 2.8: Plots pixel-by-pixel of APβ/Hα vs.APβ/Hβ (in magnitudes) measured for RV = 3.10
in the photo-ionized regions shown in Figure 2.6. The colour bar corresponds to the error
(∆mag/pix) of the APβ/Hβ map. The dashed line corresponds to x = y.
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Figure 2.9: Plots pixel-by-pixel of APβ/Hα vs.AHα/Hβ (in magnitudes) measured for RV = 5.45
in the photo-ionized regions shown in Figure 2.6. The colour bar corresponds to the error
(∆mag/pix) of the AHα/Hβ map. The dashed line corresponds to x = y.
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Figure 2.10: Plots pixel-by-pixel of APβ/Hα vs. APβ/Hβ (in magnitudes) measured for RV =

5.45 in the photo-ionized regions shown in Figure 2.6. The colour bar corresponds to the
error (∆mag/pix) of the APβ/Hβ map. The dashed line corresponds to x = y.
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Figure 2.11: Original figure presented by Calzetti et al. (1994) illustrating different geomet-
rical scenarios of dust and gas. From top to bottom the models are: uniform dust screen (1),
clumpy dust screen (2) uniform scattering slab (3), clumpy scattering slab (4), and internal
dust (5).

1. In the uniform dust screen model the dust screen is located physically distant from the
cloud of ionised gas. This is the model used in our work to derive the value of the
extinction for the observed line-ratio. In this configuration, the effect of the dust is to
remove photons from the line of sight via absorption and scattering. In this case, as
we have already shown in Equation 1.8, the relation of the observed and the intrinsic
fluxes and the extinction for a certain wavelength λ is:

I(λ) = I0(λ) 10−Aλ/2.5 = I0(λ) e−τλ (2.28)

2. In the clumpy dust screen model the dust is also distant from the source of radiation
but in this case, the dust is organised in clumps. If the observations of Hα and Hβ
cover a large number of clumps, the total emission is dominated by regions with small
extinction, so that the extinction derived from the Balmer ratio is expected to be biased
to low values. The clumpy distribution of the dust can be parametrised in terms of the
opacity of the clumps, τc

λ, and the number of clumps in the line of sight, N. For this
configuration, the extinction can be calculated as:

I(λ) = I0(λ) e
−N

(
1−e−τ

c
λ

)
(2.29)



2.3 Results 41

3. In the uniform scattering slab model the dust is uniformly distributed similar to case
(1), but in this case, it is located close to the source of radiation. Due to the this, the
dust screen the emitting region subtends a large angle centred on the dust grains, so
that the scattering by the dust grains not only removes photons from the line of sight
but also bring photons back into it; i.e., scattering can provide a positive contribution
to the emerging radiation. Thus, the scattering dust properties of the dust grains (the
albedo, ωλ, and the scattering phase function, gλ) have to be taken into account as a
function of the wavelength.

In this case, the extinction can be calculated as:

I(λ) = I0(λ) eα
eff
λ τλ (2.30)

where

αeff
λ = hλ

√
1 − ωλ + (1 − hλ)(1 − ωλ) (2.31)

being hλ a function that depends on gλ and the angle of scattering.

4. The clumpy scattering slab model is equivalent to the previous model but the dust is
organised in clumps located close to the source. This model includes the properties of
the clumpy dust screen and of the uniform scattering slab and therefore, the extinction
can be calculated by combining Equations 2.29 and 2.30.

5. In the internal dust model the dust and the ionised gas are uniformly mixed. In this
model, scattering is effective in bringing back photons into the line of sight. The ex-
tinction in this model can be calculated as:

I(λ) = I0(λ)
1 − e−α

eff
λ τλ

αeff
λ τλ

(2.32)

In this case the optical depth measured from line-ratios has an upper limit. In the
case of the extinction derived from the Balmer decrement, the optical depth at the Hβ
wavelength reaches a maximum value of ∼ 0.2 − 0.3 (see Figure 11 in Calzetti et al.
1994).

Our observations show (Figures 2.7 to 2.10) that in our case the uniform dust screen model
can not fully explain the trend of the pixel-by-pixel plots. By comparing the predictions of
the different models to our observations we can draw the following conclusions:
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• From the trend of the pixel-by-pixel plots, it seems clear that a positive contribution
of scattered photons is necessary to account for the deviations from linearity observed
at high extinctions. The albedo of the dust grains has its maximum near Hβ. Under
these conditions, one would expect that more Hβ photons are conveyed back to the line
of sight than Hα photons, and thus, the ”excess” of scattered Hβ photons into our line
sight would have the effect of decreasing the extinction obtained with the Hβ line (i.e.,
AHα/Hβ and APβ/Hβ). This effect is precisely what the pixel-by-pixel plots show in those
photo-ionised regions where the extinction reaches high values.

• As we have already mentioned in the discussion of the clumpy dust screen model, the
extinction measured with Hα/Hβ might be biased towards lower values of the extinc-
tion. This effect would be not present in the extinction maps based on line-ratios that
includes Pβ since the extinction at this wavelength is very small. Under these condi-
tions, one would expect that AHα/Hβ < APβ/Hα = APβ/Hβ. Thus, this model is not able
in predicting why we obtain AHα/Hβ < APβ/Hβ < APβ/Hα.

The uniform scattering slab, the clumpy scattering slab and the internal dust models pro-
posed by Calzetti et al. 1994 provide a positive contribution of scattered photons. Due to
the existence of values of the extinction much greater than the maximum value allowed, it is
clear that the internal dust model is not able to explain by itself the extinction measured in
the photo-ionised regions of NGC 4214, and therefore, the positive contribution of scattered
photons might be due to an uniform or clumpy scattering slab. However, the distribution of
the extinction shown in Figure 2.4 seems to favour the hypothesis of dust organised in clumps
enveloping the ionised gas, as it would correspond to dust within a fragmented PDR.

2.3.3 Intrinsic Hα emission

We can now use the derived extinction map to correct the Hα emission and obtain an in-
trinsic (i.e., extinction-corrected) map of Hα. We carry out the extinction correction based
on the APβ/Hα

V,5.45 map, since this map is less affected by uncertainties in the the value of RV

(Section 2.3.1) and it is less sensitive to a positive contribution of scattered photons (Sec-
tion 2.3.2). Besides, since Pβ suffers only little extinction, this map is the most reliable tracer
of the extinction.

From the Cardelli et al. (1989) extinction law with RV = 5.45, we convert the extinction map
APβ/Hα

V,5.45 (in magnitudes in the V-band) into APβ/Hα
Hα,5.45 (magnitudes at the Hα wavelength), as:

APβ/Hα
Hα,5.45 = 0.857 × APβ/Hα

V,5.45 (2.33)
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From Equations 1.8 and 2.33, we can calculate intrinsic Hα line emission as:

I0
Hα = IHα × 10−0.4×0.857×APβ/Hα

V,5.45 (2.34)

This last equation is based for consistency, equally as the calculation of the extinction, on a
foreground dust screen. In Figure 2.12 the observed (left) and the intrinsic (right) Hα emis-
sion maps are compared. The most remarkable difference between these two maps comes
from the shell structure within the NW regions, whose morphology is reinforced in the in-
trinsic map. Besides, the knot NW-1, barely noticeable in the observed map, is the second
brightest structure in the intrinsic image. Regarding to the SE region, most of its knots, with
the exception of the knot located closer to the NW region, appear brighter in the intrinsic
map.

Figure 2.12: Observed (left) and intrinsic (right) Hα emission of NGC 4214. The units are
10−18 erg s−1 cm−2.

We extracted the photometry of the knots using the apertures presented in Table 2.5. Besides,
in order to obtain the total fluxes for the SF regions, we also performed the photometry over
two circular apertures that enclose NW and SE, as well as the entire FoV of the HST. The
results are shown in Table 2.6.
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Region IHα [ergs s−1 cm−2] < AHα > I0
Hα [ergs s−1 cm−2]

NW 5.876×10−12 0.441 7.261×10−12

NW1 0.193×10−12 0.886 0.427×10−12

NW2 0.380×10−12 0.935 0.823×10−12

NW3 0.266×10−12 0.662 0.430×10−12

NW4 0.238×10−12 0.362 0.319×10−12

NW5 0.241×10−12 0.545 0.348×10−12

SE 2.304×10−12 0.578 3.602×10−12

SE1 0.319×10−12 0.750 0.752×10−12

SE2 0.720×10−12 0.731 1.472×10−12

HST FoV 15.733×10−12 0.469 18.519×10−12

Table 2.6: Observed Hα intensity, IHα, average extinction, < AHα >, and intrinsic Hα in-
tensity, I0

Hα, measured in the small apertures around photo-ionised regions, in the apertures
enclosing the NW and SE complexes and the FoV of the HST.

2.3.4 Comparison with the dust emission

Figure 2.13: Dust extinction map (left) and dust emission mapped with the IRAC 8 µm cam-
era (right) of the star forming complexes of NGC 4214. The units are magnitudes and Jy for
dust extinction and dust emission, respectively.

In Figure 2.13 we compare the dust extinction to the dust emission at 8 µm. The IRAC 8 µm
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map has the highest spatial resolution of all dust emission map (∼ 2′′), but is still almost
one order of magnitude lower than the resolution of the extinction map. We found in general
a good correlation between the dust extinction and the dust emission. The higher resolution
allows to reveal a clumpy structure of the dust distribution which is not visible in the smoother
IRAC 8 µm map. For example, in the SE2 knot, it is possible to distinguish four different dust
clumps in the extinction map that appear like one only big knot in the emission map.





CHAPTER 3
Radiative transfer models

”All models are wrong, but some are useful.”

– George Edward Pelham Box (1979)

In order to interpret the dust SED of a galaxy and to understand the differences in the SEDs
of dwarf galaxies, a physical model based on realistic dust properties and taking into account
the heating and emission of dust immersed in a wide range of interstellar radiation fields
(ISRFs) is needed. Ideally, radiation transport in a realistic geometry should be done, but
this is often difficult due to the complex geometry and large number of parameters. Models
can generally be classified into three broad groups: (1) modified blackbody fits, which are
too simple to describe reality correctly but give a first idea of the dust temperature ranges,
(2) semi-empirical models that try, in a simplified way, to describe dust immersed in a range
of different ISRFs (e.g. Dale et al. 2001, Draine et al. 2007, Galametz et al. 2009, 2011,
da Cunha et al. 2008, Natale et al. 2010) and (3) models that include full radiation transfer
(e.g. Popescu et al. 2011 for spiral galaxies, Siebenmorgen and Krügel 2007 for starburst
galaxies, see also Silva et al. 1998, Popescu et al. 2000, Popescu et al. 2004, Misiriotis et al.
2001, Bianchi 2008, Baes et al. 2010, 2011 and MacLachlan et al. 2011), which are the most
precise description of a galaxy if all parameters, including the geometry, are known.

The new IR facilities with their high angular resolution and sensitivity and complete coverage
of the dust SED allow for the first time a detailed comparison between models and data. For
nearby, and thus spatially resolved galaxies the spatial variations of the dust SED can be
probed and modelled. In particular, a good spatial resolution allows us to separate and treat
independently the emission from dust heated by the UV radiation of massive stars in HII
regions and their adjacent photo dissociation regions (PDR) and the diffuse dust heated by
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the general ISRF. The dust temperature and the SED of its emission are completely different
for both components and therefore the models can be better constrained if they are applied to
each component separately.

In star forming galaxies, interstellar dust is present in the sites of formation of the stars as
well as in the diffuse component that fills most of the volume of the galaxy. Since the dust
grains in these two components are exposed to very different radiation fields, their physical
properties (temperature, ionization, chemical composition) are different and they must be
analyzed separately.

We compare the data for the diffuse dust to the model library of the dust emission from disk
galaxies from Popescu et al. (2011) and the dust emission associated with the star forming
complexes to the models of dust in HII+PDR region by Groves et al. (2008). In the following,
a detailed description of both models is given.

3.1 The model of Popescu et al. (2011)

Popescu et al. (2011) presented a self-consistent model based on full radiative transfer calcu-
lations of the propagation of starlight in disk galaxies. The optical properties of the grains,
the chemical composition and the grain size distribution are taken from Weingartner and
Draine (2001) and Draine and Li (2007) dust models, which incorporate a mixture of silicate,
graphite and PAH molecules.

In Popescu et al. (2011) model the large scale distribution of stars and dust are approximated
as continuous spatial functions of stellar emissivity, η, and a dust extinction coefficient, κext.
More specifically, the model has three separate components:

i) The old component, that consists of an old stellar disk, an old stellar bulge and a dust disk,
whose spatial distributions are respectively approximated as:

ηdisk(λ,R, z) = ηdisk(λ, 0, 0) exp
(
−

R
hdisk

s
−

z
zdisk

s

)
(3.1)

ηbulge(λ,R, z) = ηbulge(λ, 0, 0) × B−7/8 × exp
(
−7.67B1/4

)
(3.2)

κdisk
ext (λ,R, z) = κdisk

ext (λ, 0, 0) exp
− R

hdisk
d

−
z

zdisk
d

 (3.3)
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The superscripts disk and bulge are used to distinguish the two different stellar distributions
of the old component. The subscripts s and d denote whether the scale-length, h, and the
scale-height, z, are referred to the stellar disk (s) or to the its associated disk of dust (d). The
dust disk associated with the old stellar component is referred to as thick disk of dust.

ii) The young component, that consists of a young stellar disk and a dust disk, whose spatial
distributions are respectively approximated as:

ηtdisk(λ,R, z) = ηtdisk(λ, 0, 0)exp
(
−

R
htdisk

s
−

z
ztdisk

s

)
(3.4)

κtdisk
ext (λ,R, z) = κtdisk

ext (λ, 0, 0)exp
− R

htdisk
d

−
z

ztdisk
d

 (3.5)

In this case the superscript tdisk denotes that these distributions are related with the young
stellar disk and its associated disk of dust, which is also referred to as the thin disk of dust.
The young component is introduced to mimic the more complex distribution of young stars
and diffuse dust associated with the spiral arms.

iii) The clumpy component, consisting of the parent molecular clouds of massive stars.

In Figure 3.1 a schematic representation of the components assumed in Popescu et al. (2011)
model is shown.

Figure 3.1: Adaptation of the original figure presented in Popescu et al. (2011) with an
schematic representation of the geometrical distributions of stellar and dust components in
Popescu et al. (2011) model.
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In the Popescu et al. (2011) model the geometry of the old stellar disk and of the thick dust
disk are empirically constrained from resolved optical and near-IR images via the results of
the modelling procedure of Xilouris et al. (1999). Unlike the old component, the geometry of
the young stellar population has not been constrained due to the high obscuration suffered by
the stellar light in this case. The scale-length of the young stellar disk was taken to be 90 pc
(the value of the the Milky way) and its scale-length was set equal to that of the B-band scale-
height of the old stellar disk. The thin disk of dust was fixed to have the same scale-length
and the same scale-height as the young stellar disk.

All the scale-lengths and scale-heights corresponding to both young and old components of
stars and dust are expressed in terms of the B-band scale-length of the old stellar disk. Fixing
the geometry in terms of hdisk

s (B) minimizes the number of parameters of the model but makes
the model not flexible to changes in the geometry.

The extinction coefficient of the thin disk and of the thick disk are parametrized in terms of
their corresponding B-band face-on opacities τ f ,tdisk

B and τ f ,disk
B . To minimise the number of

free parameters both opacities are assumed to have a constant ratio τ f ,disk
B /τ

f ,tdisk
B of 0.387.

In order to parametrise the intensity of the ISRF to which the dust is exposed, the Popescu
et al. (2011) model introduces the parameters SFR, describing the radiation fields produced
by the young stellar disk, old, by the old stellar disk, and B/D, by the bulge. These parameters
are linked to observable quantities as the luminosity of the young stellar disk, Ltdisk, the lu-
minosity of the old stellar disk, Ldisk, and the luminosity of the bulge, Lbulge, by the following
equations:

SFR =
Ltdisk

Lyoung
unit

(3.6)

old =
Ldisk

Lold
unit

(3.7)

B/D =
Lbulge

old × Lold
unit

(3.8)

where Lyoung
unit = 4.235× 1036 W is the luminosity produced by a SFR of 1M� yr−1 in the range

from 912 to 50000 Å, Lold
unit = 2.241 × 1037 W, corresponds to 10 times the luminosity of the

non-ionising UV photons produced by a 1M� yr−1 young stellar population.

In order to parametrise the light escaping from the SF regions, the model of Popescu et al.
(2011) makes use of the clumpiness factor F, which can be physically identified with the
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luminosity-weighted mean fraction of directions from the massive stars, averaged over the
lifetime of the stars, which intersects the birth-cloud. The clumpiness factor F is linked to
the fraction of photons that escapes ( fesc) from the SF regions into the diffuse medium as
F = 1− fesc.

From the primary parameters S FR and F, Popescu et al. (2011) define the star formation rate
powering the diffuse emission, S FR′, as it follows (Eq. 45 in Popescu et al. 2011):

S FR′ = S FR × (1 − F) (3.9)

The library of diffuse SEDs of Popescu et al. (2011) contains results for a four-dimensional
parameter space spanned by τ f

B, S FR′, old and B/D. The diffuse component is calculated as
an extrinsic quantity corresponding to a reference size (corresponding to a reference scale-
length). In order to scale the intensity of the ISRF heating the diffuse dust in a galaxy, the
parameters S FR′ and old must be scaled to the reference size by comparing the scale-lengths
(Eq. D.3 in Popescu et al. 2011):

S FRmodel = S FR′ ×
hre f

s (B)
hs(B)

2

(3.10)

oldmodel = old ×
hre f

s (B)
hs(B)

2

, (3.11)

where hre f
s (B) = 5670 pc and hs(B) are the reference B-band scale-length and the B-band

scale-length of the galaxy under study, respectively. We note here that S FRmodel and oldmodel

are only internal parameters that allow us to interface with the library of models. Because
of this all the results in this paper are presented only in terms of the S FR and old, the real
parameters of the galaxy under study.

An additional scaling is required to set the flux levels of the SEDs from the library to the
observed SED of our galaxy. Thus, the SED that represents our galaxy, Fd

λ , is determined as
(Eq. D.2 in Popescu et al. 2011):

Fd
λ =

 hs(B)

hre f
s (B)

2

× Fd,model
λ (B/D, τ f

B, S FRmodel, oldmodel). (3.12)

We would like to stress that in these models the absolute flux level of the predicted dust SED
is fixed by the input parameters.

The models of Popescu et al. (2011) have been designed to provide the formalism for fitting
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the integrated emission of galaxies, since for most galaxies resolved information on the dust
emission is not available. In particular dust emission SEDs of individual star-forming com-
plexes cannot be derived in most cases. Consequently, the model of Popescu et al. (2011)
provides an average template SED for the dust emission of the ensemble of the HII regions.
This template has been empirically calibrated on data of a representative sample of promi-
nent star forming complexes in our Galaxy, as fitted using the model of Groves et al. (2008).
By contrast, in the case of the nearby dwarf galaxies studied in this work, we have resolved
information on the star forming complexes, and can therefore replace the average template
with a detailed modelling of these complexes using directly the model of Groves et al. (2008),
while still retaining the general framework of the model of Popescu et al. (2011), when cal-
culating the attenuation of stellar light in the clumpy component. This allows us to reach a
self-consistent treatment of the diffuse and clumpy component, mediated by the fact that the
two models used here have a common parameter, the F factor.

3.2 The model of Groves et al. (2008)

The model of Groves et al. (2008) describes the dust emission from the HII region and the
surrounding PDR (see Figure 3.2) via radiation transfer calculations. In this model the HII
regions are treated as one-dimensional mass-loss bubbles driven by the mechanical energy
input of their stars and supernovae (Castor et al. 1975). The mechanical energy input, Lmech,
is determined from the Starburst99 output. The radius R(t) of the HII region at any given time
t is determined by both Lmech and the ambient pressure p0. At any point within the HII region
or its surrounding PDR, the distribution of the grain temperatures (and therefore the form
of the far-IR continuum) is determined by the intensity and the SED of the stellar radiation
field, which depends on the luminosity of the cluster and on the the radius of the HII region
(Lstar/4πR(t)2). In Groves et al. (2008) model this is parametrised with the compactness
parameter, C, in the form:

C ∝
〈Lstar〉〈
R(t)2〉 (3.13)

The dust model consists of three components: graphites, silicates, and PAHs. The optical data
for each of these come from Laor and Draine (1993), Li and Draine (2001) , and Weingartner
and Draine (2001). The IR spectrum arising from dust, excluding the effects of PAH emission,
is calculated self-consistently, including the effects of stochastic heating in small grains. For
the PAH emission Groves et al. (2008) have constructed an empirically based IR emission
spectrum based on Spitzer-IRS observations of NGC 4676 and NGC 7252. PAHs destruction
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Figure 3.2: Schematic representation of the geometrical distributions of stellar and dust com-
ponents in Groves et al. (2008) model.

within the ionized parts of the HII region is also taken into account. The total dust-to-gas
ratio within the code is set by the fraction of metals depleted from the gas onto dust.

At a given age, the model self-consistently calculates the luminosity distribution of the star
cluster and the radius of the inner edge of the PDR and computes the emergent SED for
the dust in the HII region without considering the PDR, FHII

λ , and for the dust from the HII
region which is completely covered by a PDR, FHII+PDR

λ . The total emergent SED from the
star forming region which is partially covered by the PDR, FS F

λ , is then given by:

FS F
λ = (1 − fcov) × FHII

λ + fcov × FHII+PDR
λ (3.14)





CHAPTER 4
SED modelling of dwarf galaxies

”You certainly usually find something, if you look,

Trick to align the second line aaaaaaaaa but it is not always the something you were after.”

– John Ronald Reuel Tolkien (The Hobbit, 1937)

For our study of the SEDs of dwarf galaxies we chose the two Magellanic galaxies NGC 4214
and NGC 4449. Both objects are well above the Galactic disk and therefore, the contamina-
tion of dust from the Milky Way is negligible.

4.1 The data set

A wide range of data exists in archives for NGC 4214 and NGC 4449, from the UV to the
radio. The entire dust emission SED from the Mid-IR to the submm is covered by data from
Spitzer, Herschel and Planck. In addition, to extend the dust SED of NGC 4214 to the mm
range we have mapped this galaxy at 1.2 mm with the IRAM 30 m telescope. In the following
subsections we describe the data and the reduction that we have performed prior to extracting
the photometry. A selection of images at different wavelengths is shown in Figure 4.1 and
4.2 for NGC 4214 and NGC 4449, respectively.

4.1.1 GALEX

The Galaxy Evolution Explorer (GALEX) is an orbiting space telescope led by the California
Institute of Technology (CALTECH). The GALEX far-ultraviolet (FUV) detector has an ef-
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Figure 4.1: Images of NGC 4214 at different wavelengths. The large circle shows the aperture
that we chose for the entire disk emission. The small box at the centre encloses the SF
complexes (see left panel of Figure 4.3).
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Figure 4.2: Images of NGC 4449 at different wavelengths. The large circle shows the aperture
that we chose for the entire disk emission. The small box at the centre encloses the SF
complexes (see right panel of Figure 4.3).
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fective wavelength of 1539 Å, a bandwidth of 442 Å and an image resolution of 4.2′′. For the
near-ultraviolet (NUV) detector, the effective wavelength is 2316 Å, the bandwidth 1060 Å
and the image resolution 5.3′′.

The FUV and NUV data used in this work for NGC 4214 and NGC 4449, which traces the
photo-spheric emission from O and B stars, are part of the 11 Mpc Hα UV Galaxy Survey

(11HUGS), which provides Hα and GALEX UV imaging for an approximately volume-
limited sample of ∼ 300 spiral and irregular star forming galaxies within a distance of 11 Mpc
located outside of the plane of the Milky Way (Lee et al. 2009).

NGC 4214 and NGC 4449 were observed with GALEX the 13th of January 2010 and the
15th of May 2006, respectively. FUV and NUV photometric maps were obtained. With both
detectors the main SF complexes are well resolved and the field of view, with a radius of
about 36′, covers the entire disk of both galaxies (see Figures 4.1 and 4.2 for NGC 4214 and
NGC 4449, respectively.)

For both galaxies, we have retrieved the calibrated maps from the archive and subtracted the
background using the corresponding maps.

4.1.2 HST

HST data of NGC 4214 covering its central SF regions were obtained with the WFC3 camera.
A complete description of these data was given in Sect. 2.1.

HST data of NGC 4449 were obtained with the Advanced Camera for Surveys (ACS) as
part of the ACS Nearby Galaxy Survey Treasury (ANGST) program (Dalcanton et al. 2009).
ANGST is a systematic survey to establish a legacy of uniform multi-colour photometry of
resolved stars for a volume-limited sample of nearby galaxies. NGC 4449 was mapped with
the F502N, F550M, F658N, F660N and F814W filters. We obtained the calibrated data from
the archive.

4.1.3 Spitzer

The Spitzer data used in this work are part of the Local Volume Legacy (LVL) survey (Dale
et al. 2009). The LVL sample contains 258 galaxies within 11 Mpc, which have been mapped
with both MIPS (3 bands) and IRAC (4 bands).

For both galaxies, MIPS exposure times were 146.8, 83.8 and 16.76 seconds at 24, 70,
and 160 µm, respectively. The area mapped in the three bands, approximately 16′×16′ for
NGC 4214 and 12′×12′ for NGC 4449, covers the whole disk of both galaxies. We obtained
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the images from the archive and subtracted the background, which we determined as the mean
value of an annulus located outside the disk of the galaxy.

As for several other galaxies in the LVL sample, IRAC data of NGC 4214 and NGC 4449
were taken from the ”Mid-IR Hubble Atlas of Galaxies” (Fazio and Pahre 2004). As part of
this program, both galaxies were observed in May 2004 at the IRAC 3.6, 4.5, 5.8 and 8.0 µm
bands. In our study of the SF regions, we only use the IRAC 3.6 µm band, which we assumed
as pure stellar emission, and the IRAC 8.0 µm band. In order to isolate the dust component
from the IRAC 8.0 µm we subtracted the stellar emission using the IRAC 3.6 µm image and
applied the formula provided in Helou et al. (2004). In all the cases, the subtracted flux was
. 10%. With an angular resolution of 1.7′′and 2.0′′ for the IRAC 3.6 and 8.0 µm bands,
respectively, the SF complexes of both galaxies are resolved into several smaller HII regions.

The total mapped area by IRAC, approximately of 13′×6′, covered the central part of the
galaxies but not the total extent of the apertures used in this work to measure their total
flux. Therefore, the total emission at 3.6 and 8µm that we obtain might be underestimated.
However, judging from the IRAC 8.0 µm images in Figures 4.1 and 4.2, the area mapped
seems to contain most of the extended emission at these two bands and therefore we believe
that the underestimate is not significant.

The uncertainty in the flux calibration is better than 10% for all IRAC (Reach et al. 2005,
Fazio et al. 2004) and MIPS 24 µm bands (Engelbracht et al. 2007), and is better than 20%
for MIPS 70 and 160 µm bands (Rieke et al. 2004). We adopt these numbers as the calibration
uncertainties in our error estimates for the fluxes (see Sect. 4.2.5).

4.1.4 Herschel

NGC 4214 and NGC 4449 were observed by Herschel’s PACS and SPIRE instruments as part
of the Dwarf Galaxy Survey programme (PI. S. Madden), a guaranteed time key program
with the aim of mapping the dust and gas in 51 nearby dwarf galaxies.

SPIRE data of NGC 4449 were obtained the 13th of June 2011 and cover a circular area of ap-
proximately 14′. NGC 4214 was observed the 26th of the same month and the the data cover a
circular area of approximately 17′. We retrieved the HIPE Level 2.0 images from the archive
and performed further analysis for our purposes. Due to their good quality and absence of
artefacts, we only subtracted the background which we measured in the same annulus used for
MIPS data. The resolution of the images is 18′′, 25′′ and 37′′ at SPIRE 250, 350 and 500 µm
bands, respectively. Swinyard et al. (2010) reported for SPIRE 250, 350 and 500 µm bands
an uncertainty in the flux calibration of 15%, which we adopted in our error calculation.
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PACS data of NGC 4214 were obtained the 27th and 28th of December 2011 and cover an
area of ∼25′×25′. The data from the archive were processed to level 1 with HIPE 8.2.0. To
complete the reduction we used the Scanamorphos (Roussel, 2012) map making technique.
The background was subtracted from the final maps using the same annulus mentioned be-
fore. The resolution of PACS at 70, 100 and 160 µm is 5.2′′, 7.7′′ and 12′′, respectively. The
uncertainty in the flux calibration is of the order of 10%. In the case of NGC 4449, no public
data from PACS is available.

4.1.5 Planck

The ”PLANCK Early Release Compact Source Catalogue” includes detections of NGC 4214
and of NGC 4449 at 350, 550 and 850 µm, all of them composed of two different observa-
tions. For the three detections the subtracted Cosmic Microwave Background (CMB) flux
was less than 30% of the total flux measured originally by PLANCK. The catalogue gives
two estimates for the total flux of a source: i) FLUX, obtained by aperture photometry within
the nominal sky-averaged FWHM, which is 4.45′, 4.71′ and 4.62′ for 350, 550 and 850 µm,
respectively, and ii) FLUXDET, obtained by their native detection algorithm (Planck Collab-
oration et al., 2011b). We adopt here the first flux estimate, FLUX, which is recommended
for sources that are point-like with respect to the PLANCK beam, as is the case for NGC 4214
and NGC 4449. We use the difference between the two estimates (which is larger than the
nominal error of each flux) as an estimate of the errors.

4.1.6 IRAM 30 m

Several observations of NGC 4214 at 1200 µm were made by our group between December
2009 and November 2010 at the IRAM 30 m telescope on Pico Veleta (Spain), with the 37-
channels bolometer array of the Max-Planck-Institut für Radioastronomie (MPIfR). The 37
pixels are located in a hexagonal structure with a beam-size of 10.8′′ and a pixel-to-pixel
separation of about 23′′. The observations were done on-the-fly and they were calibrated
by observations of the planet Mars and secondary calibrators. Observations were reduced
and combined into an image with Robert Zylka’s MOPSIC1 pipeline in a standard manner
including baseline subtraction, spike and sky noise removal. We smoothed the combined
image to a resolution of 18′′ in order to increase the signal-to-noise ratio. At this resolution,
the two main star forming complexes are still resolved. Following Lindner et al. (2011), we
adopt 30% calibration uncertainty.

1See http://www.iram.es/IRAMES/mainWiki/CookbookMopsic
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NGC 4449 was observed at the IRAM 30 m telescope in December 1998 by S. Khole and the
data was published in Böttner et al. (2003). The total integration time was about 8 hours and
the area mapped, of ∼ 350′′ × 250′′, cover the central part of NGC 4449, including the SF
regions considered in this work, but not the entire disk.

4.1.7 Thermal radio emission

Public radio data at 8.46 GHz (3.5 cm) of NGC 4449 from the Very Large Array (VLA) in
New Mexico (USA) is available in the VLA Archive Survey1. The observations were made
in 1996 but the image was reprocessed in 2007. The beam of the VLA image is 7.11′′ and
the FoV, with a radius of 160′′, covers the central SF regions but not the entire disk.

The distribution of thermal fraction in NGC 4449 was derived by Chyży et al. (2000) from
the distribution of the spectral index between 8.46 and 4.86 GHz. The thermal fraction at
8.46 GHz shows clear peaks at the positions of bright SF complexes of NGC 4449, with
values of ∼ 80%. We adopted this estimation to correct by multiplying by a factor 0.8 the
fluxes obtained for the SF complexes.

No public data from of thermal radio emission is available for NGC 4214. For this reason, we
estimate the thermal radio emission using the Hα emission. The thermal radio emission in an
HII region is proportional to the production rate of Lyman continuum photons NLyc. Condon
(1992) gives the following relation between the thermal radio emission and the extinction-
corrected Hβ line flux, F(Hβ), which is proportional to NLyc:

S T

mJy
∼

1
0.28

( T
104K

)0.52( ν

GHz

)−0.1 F(Hβ)
10−12erg cm−2s−1 , (4.1)

where S T is the thermal flux density at the frequency ν for an HII region with a temperature
T .

We use the measurements of the Hα emission from MacKenty et al. (2000) to calculate the
expected thermal radio emission from NGC 4214 - NW and NGC 4214 - SE. They presented
an Hα narrowband map of the centre of NGC 4214 obtained with the HST Wide Field and
Planetary Camera (WFPC2). They used the spectroscopic values of the Balmer ratio Hα/Hβ
presented by Maı́z-Apellániz (2000) to correct for dust extinction and they reported intrinsic
Hα fluxes of NGC 4214 - NW and NGC 4214 - SE. Assuming that the dust is well mixed with
the gas, MacKenty et al. (2000) calculated extinction-corrected Hα fluxes of 12.88×10−12 erg
cm−2 s−1 for the NGC 4214 - NW complex and 5.75 × 10−12erg cm−2 s−1 for the NGC 4214 -
SE complex.

1 c©2005-2007 AUI/NRAO
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For the NGC 4214 - NW region, MacKenty et al. (2000) used a circular aperture of radius
20.6′′, practically identical to the aperture used in this work (see Sec. 4.2.1). For the NGC 4214 -
SE region they used a smaller aperture (9.96′′). We therefore multiplied their flux by a factor
1.4, corresponding to the ratio of the uncorrected Hα fluxes measured from the same image
in apertures of 9.96′′ and 18′′, respectively. Using these extinction-corrected Hα fluxes, the
intrinsic Hα/Hβ ratio and the temperature of 104K reported by Kobulnicky and Skillman
(1996), we obtain with Eq. 4.1 flux densities at 8.46 GHz (3.5 cm) of 13 and 8 mJy for
NGC 4214 - NW and NGC 4214 - SE, respectively.

The combined prediction for the thermal radio emission of NGC 4214 - NW and NGC 4214 -
SE (21 mJy) can be roughly compared with the measurement from the VLA at 8.46 GHz
of 24.2±4.8 mJy given by Kepley et al. (2011) for the total radio emission, which includes
synchrotron and thermal emission. From the uncorrected Hα emission, Kepley et al. (2011)
estimated that the fraction of thermal emission is on average ∼ 0.5 (see Figure 9 in their pa-
per). However, since these authors did not correct the Hα emission for dust attenuation, their
estimation gives a lower limit of the thermal fraction. Our estimation of free-free emission
(21 mJy) falls within the limits of thermal fractions of 0.5 (12.1 mJy) and 1.0 (24.2 mJy) and
is thus consistent with their data. We used their limits to roughly estimate an error of the
thermal radio flux of ∼ 30%.

4.2 Photometry

We need to separate the dust emission from the major SF complexes and the diffuse disk,
in order to establish the individual SEDs of these morphological components. We therefore
independently carried out aperture photometry for the SF regions and for the total emission
of the entire galaxy. We determined the diffuse dust emission as the difference between the
total emission and the sum of the emissions of the SF regions.

Prior to extracting the photometry, we re-gridded all the images to a common pixel size
keeping the original resolution of each image. Then, corresponding aperture corrections were
applied to the fluxes in each band. In this section we describe how we performed the aperture
photometry, which corrections were applied and how the errors were handled.

4.2.1 Apertures

We chose the apertures around the SF regions large enough to enclose the entire localized
dust emission and simultaneously tried to include as little as possible emission from the dif-
fuse component. Mainly based on the MIPS 24 µm image (see Figure 4.3), in the case of
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NGC 4214 we chose circular apertures whereas in the case of NGC 4449, due to the elon-
gated geometry of the SF complexes, we decided to use elliptical apertures.

Figure 4.3: MIPS 24 µm image with the apertures used to extract the photometry of the SF
regions of NGC 4214 (left) and NGC 4449 (right)

BAND λ0(µm) Fsub
NW (Jy) Capert Ccolor FNW (Jy)

IRAC8 7.872 0.163 1.000 0.590 0.276 ± 0.035

MIPS24 23.680 0.733 1.078 0.986 0.801 ± 0.103

PACS70 70.000 7.612 1.039 0.982 8.053 ± 1.031

PACS100 100.000 8.443 1.050 0.985 9.000 ± 1.153

PACS160 160.000 6.114 1.075 1.010 6.507 ± 0.833

SPIRE250 250.000 2.329 1.110 0.992 2.605 ± 0.443

MAMBO(∗) 1200.000 0.031 1.067 1.000 0.033 ± 0.010

ST(0.5 cm) 5000.000 0.011 1.000 1.000 0.011 ± 0.003

Table 4.1: Flux densities for region NGC 4214 - NW obtained for an aperture of 21′′ radius
centred at RA=12h15m39.6s Dec=+36◦19′36.′′5 (J2000) (see left panel of Figure 4.3). Fsub

NW
is the measured, background-subtracted flux and FNW is the final flux, after applying aperture
and colour corrections. (∗) The contribution from thermal radio emission was not subtracted.

The MIPS 24 µm image was used as it is the filter which is expected to most faithfully trace
the warm dust in thermal equilibrium with the strong radiation fields from the star clusters
in the PDRs and HII regions associated with the SF regions. The measured, background-
subtracted fluxes are listed in column 3 in Tables 4.1 and 4.2 for NGC 4214 - NW (Fsub

NW)
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BAND λ0(µm) Fsub
SE (Jy) Capert Ccolor FSE (Jy)

IRAC8 7.872 0.105 1.000 0.590 0.178 ± 0.023

MIPS24 23.680 0.602 1.069 0.986 0.653 ± 0.084

PACS70 70.000 4.659 1.032 0.982 4.896 ± 0.627

PACS100 100.000 5.416 1.040 0.985 5.719 ± 0.732

PACS160 160.000 4.094 1.057 1.010 4.285 ± 0.549

SPIRE250 250.000 1.689 1.078 0.992 1.835 ± 0.312

MAMBO(∗) 1200.000 0.029 1.021 1.000 0.029 ± 0.009

ST(0.5 cm) 5000.000 0.005 1.400 1.000 0.007 ± 0.002

Table 4.2: Flux densities for region NGC 4214 - SE obtained for an aperture of 18′′ radius
centred at RA=12h15m40.8s Dec=+36◦19′05.′′5 (J2000) (see Figure 4.3). Fsub

SE is the mea-
sured, background-subtracted flux and FSE is the final flux, after applying aperture and colour
corrections. (∗) The contribution from thermal radio emission was not subtracted.

and NGC 4214 - SE (Fsub
SE ), respectively, and in Tables 4.4, 4.5 and 4.6 for NGC 4449 - EAST

(Fsub
EAST), NGC 4449 - NORTH (Fsub

NORTH) and NGC 4449 - SOUTH (Fsub
SOUTH), respectively.

One issue of particular relevance to the quantitative analysis presented in this paper is that
of the subtraction of the local background underlying the SF regions. Ideally, we need to
cleanly separate the localised dust/PAH emission associated with the HII regions and the local
PDRs on scales of tens of parsecs (marking the interface between the tenuous gas ionised by
the star cluster and the dense material of the parent molecular clouds) from the underlying
extended emission from diffuse dust distributed on the kpc scale of the disk. In practice it is
very challenging to perform such a separation, not only because of blending effects due to
the finite angular resolution (these are quantified through the aperture corrections described
in Section 4.2.2, below) but also because of the limited range of UV photons which have
escaped the SF regions and have passed into the diffuse dust layer, forming a halo around the
SF regions. In the case of the very luminous and dominant SF regions, this escaping UV light
is expected to produce a detectable halo of dust emission extending beyond the local PDRs
on linear scales of the mean free path between absorption events on dust grains in the diffuse
dust layer.

The extent and brightness of this diffuse halo emission is expected to vary strongly with
infrared wavelength in a way which is both difficult to measure directly and also uncertain
to predict theoretically on an a priori basis. Therefore, for simplicity, we have opted to
make no attempt to subtract the underlying diffuse background when performing aperture
photometry on the SF regions. For future reference we simply note here that we may thereby
be overestimating the flux densities of the SF regions, most particularly in the PAH bands,
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BAND λ0(µm) Fsub
DISK (Jy) Ccolor FDISK (Jy) FDIFF (Jy)

IRAC8 7.872 0.678 0.590 1.149 ± 0.115 0.695+0.075
−0.090

MIPS24 23.680 2.050 0.986 2.080 ± 0.208 0.625+0.104
−0.124

MIPS70 71.440 23.945 0.893 26.814 ± 5.363 13.417+3.082
−4.084

PACS70 70.000 24.209 0.982 24.652 ± 2.466 11.703+1.393
−1.672

PACS100 100.000 35.309 0.985 35.847 ± 3.585 21.128+2.279
−2.735

PACS160 160.000 34.097 1.010 33.759 ± 3.376 22.967+2.380
−2.856

MIPS160 155.900 39.016 0.971 38.574 ± 7.715 27.287+5.605
−6.042

SPIRE250 250.000 18.888 0.992 19.033 ± 2.855 14.594+2.204
−2.645

PLANCK350 350.000 9.546 0.986 9.682 ± 0.988 7.933+0.797
−0.870

SPIRE350 363.000 10.059 0.999 10.068 ± 1.510 8.453+1.281
−1.321

SPIRE500 517.000 4.497 1.025 4.387 ± 0.659 3.848+0.580
−0.590

PLANCK550 550.000 3.635 0.921 3.947 ± 1.318 3.510+1.173
−1.177

PLANCK850 850.000 0.946 0.887 1.066 ± 0.264 0.958+0.231
−0.232

MAMBO(∗) 1200.000 0.350 1.000 0.350 ± 0.106 0.288+0.087
−0.105

Table 4.3: Flux densities of NGC 4214 for an aperture of 5′ radius centred at
RA=12h15m39.1s Dec=+36◦19′34.′′5 (J2000) (see Figure 4.1). Fsub

DISK is the measured,
background-subtracted flux, FDISK is the final flux of the entire galaxy, after applying colour
correction, and FDIFF is the flux of the diffuse emission obtained as FDISK − (FNW + FSE).
The lower error of FDIFF includes the contribution of smaller and less intense SF regions in
the disk (see Sect. 4.4). (∗) The contribution from thermal radio emission was not subtracted.

but also to some extent around the peak of the SED in the FIR. The effect at MIPS 24 µm
, however, is likely to be small, since, as already noted, this band is primarily sensitive to
warm dust heated by the intense radiation fields in the PDRs and HII regions close to the star
clusters.

For the measurement of the total emission of NGC 4214 and NGC 4449 we chose, in both
cases, an aperture of 5′ in radius (see Figures 4.1 and 4.2). We tested with growth curves
at all wavelengths that this aperture enclosed the entire emission of the galaxies (see Fig-
ures 4.4 and 4.5 for a selection of growth curves at MIPS 24 µm, MIPS 70 µm, MIPS 160 µm,
SPIRE 250 µm, SPIRE 350 µm, and SPIRE 500 µm bands). For the PLANCK measurements,
which include the total emission of the galaxy, the apertures could not be chosen. However,
their values are very close (see Section 4.1.5) to ours, and our growth curves showed that at
the radius of the PLANCK beam the emission was enclosed completely.

The total emission from the MAMBO 1.2 mm map of NGC 4214 is more uncertain due to
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Figure 4.4: MIPS 24 µm (top left), MIPS 70 µm (top right), MIPS 160 µm (middle left),
SPIRE 250 µm (middle right), SPIRE 350 µm (bottom left) and SPIRE 500 µm (bottom right)
growth curves of NGC 4214.
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Figure 4.5: MIPS 24 µm (top left), MIPS 70 µm (top right), MIPS 160 µm (middle left),
SPIRE 250 µm (middle right), SPIRE 350 µm (bottom left) and SPIRE 500 µm (bottom right)
growth curves of NGC 4449.
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BAND λ0(µm) Fsub
EAST (Jy) Capert Ccolor FEAST (Jy)

IRAC8 7.872 0.088 1.000 0.590 0.150 ± 0.030

MIPS24 23.680 0.158 1.121 0.986 0.180 ± 0.036

MIPS70 71.440 2.035 1.381 0.893 3.147 ± 0.629

MIPS160 155.900 2.332 1.717 0.971 4.123 ± 0.825

SPIRE250 250.000 1.461 1.189 0.992 1.751 ± 0.350

SPIRE350 363.000 0.582 1.282 0.999 0.746 ± 0.149

SPIRE500 517.000 0.203 1.429 1.004 0.288 ± 0.058

VLA3cm 35300.000 0.003 1.000 1.000 0.003 ± 0.001

Table 4.4: Flux densities for region NGC 4449 - EAST obtained for an aperture of semi-
major axis of 23.8′′, semi-minor axis of 15.4′′ and position angle of 15.4◦ centred at
RA=12h28m17.0s Dec=+44◦06′32.′′8 (J2000) (see right panel of Figure 4.3). Fsub

EAST is the
measured, background-subtracted flux and FEAST is the final flux, after applying aperture and
colour corrections.

the poor signal-to-noise ratio at the outer parts of the area covered by our observations,
which is practically the same as the aperture of 5′ used for the other images. In the mod-
erately smoothed image (resolution 18′′), shown in Figure 4.1 no diffuse emission can be
seen. However, when we smooth the map to an angular resolution of 40′′ diffuse dust emis-
sion becomes visible in the inner 160′′ (see Figure 4.6) whose structure resembles to those
in the SPIRE 500 µm map. Beyond this radius we are not sure that the structures are real.
The growth curve of MAMBO 1.2 mm keeps raising until ∼ 200′′ where it becomes approxi-
mately flat. We obtained integrated fluxes of 0.26±0.03 Jy and 0.35±0.11 Jy for the apertures
of 160′′ and 300′′, respectively. The lower value should represent a reliable lower limit for
the total flux in NGC 4214. The total flux is more uncertain, however, given the flatness of
the growth-curve beyond 200′′, we are confident that the flux at 300′′ is a reasonable esti-
mate. In the case of NGC 4449 we used as a lower limit the flux reported by Böttner et al.
(2003), which covers the three SF complexes but not the entire disk of the galaxy. Due to
these uncertainties, for both galaxies we did not include the MAMBO data point in our fitting
procedure but we show it in the figures for comparison with the models.

The measured, background-subtracted fluxes of the total emission are listed in column 3 of
Tables 4.3 and 4.7 for NGC 4214 and NGC 4449, respectively.
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BAND λ0(µm) Fsub
NORTH (Jy) Capert Ccolor FNORTH (Jy)

IRAC8 7.872 0.179 1.000 0.590 0.303 ± 0.061

MIPS24 23.680 0.443 1.132 0.986 0.509 ± 0.102

MIPS70 71.440 4.306 1.425 0.893 6.871 ± 1.374

MIPS160 155.900 4.582 1.925 0.971 9.084 ± 1.817

SPIRE250 250.000 2.825 1.202 0.992 3.424 ± 0.685

SPIRE350 363.000 1.076 1.304 0.999 1.404 ± 0.281

SPIRE500 517.000 0.376 1.503 1.004 0.563 ± 0.113

VLA3cm 35300.000 0.012 1.000 1.000 0.012 ± 0.002

Table 4.5: Flux densities for region NGC 4449 - NORTH obtained for an aperture of semi-
major axis of 32.5′′, semi-minor axis of 17.9′′ and position angle of 155.5◦ centred at
RA=12h28m12.8s Dec=+44◦07′01.′′8 (J2000) (see right panel of Figure 4.3). Fsub

NORTH is
the measured, background-subtracted flux and FNORTH is the final flux, after applying aper-
ture and colour corrections.

Figure 4.6: MAMBO 1.2 mm growth curve (left) obtained for the 40′′ smoothed image (right)
for the galaxy NGC 4214. The units of the colorbar are Jy.
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BAND λ0(µm) Fsub
SOUTH (Jy) Capert Ccolor FSOUTH (Jy)

IRAC8 7.872 0.464 1.000 0.590 0.787 ± 0.157

MIPS24 23.680 1.171 1.139 0.986 1.352 ± 0.270

MIPS70 71.440 7.534 1.475 0.893 12.445 ± 2.489

MIPS160 155.900 6.879 2.213 0.971 15.678 ± 3.136

SPIRE250 250.000 4.058 1.202 0.992 4.918 ± 0.984

SPIRE350 363.000 1.533 1.312 0.999 2.013 ± 0.403

SPIRE500 517.000 0.498 1.544 1.004 0.766 ± 0.153

VLA3cm 35300.000 0.018 1.000 1.000 0.018 ± 0.004

Table 4.6: Flux densities for region NGC 4449 - SOUTH obtained for an aperture of semi-
major axis of 35.3′′, semi-minor axis of 17.9′′ and position angle of 140.5◦ centred at
RA=12h28m10.9s Dec=+44◦05′29.′′8 (J2000) (see right panel of Figure 4.3). Fsub

SOUTH is
the measured, background-subtracted flux and FSOUTH is the final flux, after applying aper-
ture and colour corrections.

BAND λ0(µm) Fsub
DISK (Jy) Ccolor FDISK (Jy) FDIFF (Jy)

IRAC8 7.872 1.786 0.590 3.028 ± 0.606 1.788+0.358
−0.429

MIPS24 23.680 3.261 0.986 3.308 ± 0.662 1.267+0.253
−0.304

MIPS70 71.440 44.198 0.893 49.494 ± 9.899 27.031+5.406
−6.487

MIPS160 155.900 82.968 0.971 85.446 ± 17.089 56.561+11.312
−13.575

SPIRE250 250.000 33.658 0.992 33.929 ± 6.786 23.837+4.767
−5.721

PLANCK350 350.000 14.745 0.986 14.955 ± 2.991 10.895+2.179
−2.325

SPIRE350 363.000 15.042 0.999 15.057 ± 3.011 10.894+2.179
−2.615

SPIRE500 517.000 5.891 1.004 5.867 ± 1.173 4.251+0.850
−1.020

PLANCK550 550.000 4.804 0.903 5.320 ± 1.064 4.301+0.860
−0.884

PLANCK850 850.000 1.218 0.887 1.373 ± 0.275 1.130+0.226
−0.231

MAMBO 1200.000 0.260 1.000 0.260 ± 0.078 0.182+0.055
−0.057

Table 4.7: Flux densities of NGC 4449 for an aperture of 5′ radius centred at
RA=12h15m39.1s Dec=+36◦19′34.′′5 (J2000) (see Figure 4.2). Fsub

DISK is the measured,
background-subtracted flux, FDISK is the final flux of the entire galaxy, after applying colour
correction, and FDIFF is the flux of the diffuse emission obtained as FDISK − (FNW + FSE).
The lower error of FDIFF includes the contribution of smaller and less intense SF regions in
the disk (see Sect. 4.5).
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Figure 4.7: Illustration of the method used in this work to calculate the aperture corrections.
The IRAC 8 µm image of NGC 4449 (left) is used as the high-resolution model of emission
distribution at the MIPS 70 µm band (middle). The outgoing flux measured in the convolved
IRAC 8 µm image (right) is used to compute the aperture correction. At the left lower corner
of the IRAC 8 µm and MIPS 70 µm images their PSFs are shown. The side of the square is
4′′ and 36′′ for IRAC 8 µm and MIPS 70 µm, respectively. In both cases, the side of the box
is twice the FWHM.

4.2.2 Aperture correction

Because of the different resolutions of the images we applied aperture corrections to the
IR fluxes of the SF regions. We derived values of the aperture correction by adopting the
IRAC 8 µm as the high-resolution model of the flux distribution. We first measured the flux
within the SF region apertures in the IRAC 8 µm image. Then we convolved the IRAC 8 µm
image with the point-spread-function (PSF) of the FIR/submm bands, and measured again
the flux within the same apertures. The ratio between the flux measured in the original and
convolved images gives the aperture correction for each band (see Figure 4.7). The values
are listed in column 4 of Tables 4.1 and 4.2.

4.2.3 Colour corrections

When photometric measurements are made with a broad filter, then the total flux measured,
F =

∫
FνTνdν (with Tν being the transmission curve of the filter), is related to a monochro-

matic flux assuming a certain spectral shape of the source. In order to directly compare the
monochromatic fluxes with the models of Popescu et al. (2011) and Groves et al. (2008), we
applied colour corrections to the IRAC, MIPS, PACS, SPIRE and Planck fluxes. We followed
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the procedures described in the corresponding manuals1, where colour correction factors for
different source distributions are listed.

We chose the colour correction factors for the spectrum that most closely resembled the
model spectrum at a given wavelength. For both galaxies, for the MIPS 24 µm band we
adopted a blackbody with a temperature of 70 K, whereas in the range from 70 µm to 160 µm
a blackbody with a temperature of 50 K.

In the FIR/submm range, NGC 4214 and NGC 4449 present SEDs with different slopes (see
Figure 4.8). For SPIRE 250 and 350 µm and PLANCK 350 µm we used the colour corrections
for spectral indexes α = +2 and α = +2.5 for NGC 4214 and NGC 4449, respectively. For
SPIRE 500 µm and PLANCK 550 µm we adopted α = +2.5 and α = +3.0 for NGC 4214 and
NGC 4449, respectively. Finally, for PLANCK 850 µm we used α = +3.0 for NGC 4214 and
α = +3.5 for NGC 4449.

For the particular case of IRAC 8 µm, for both galaxies we adopted the colour correction for a
PAH-dominated spectrum. At 8 µm we additionally compared model and data by generating
synthetic integrated fluxes. For this we (i) multiplied the model spectrum with the 8 µm filter
profile and integrated it over the 8 µm filter band and (ii) multiplied the observed 8 µm data,
adopting the black body of T = 104 K profile on which the flux definition of IRAC is based,
with the 8 µm profile and integrated it over the 8 µm filter band. The comparison of both
values allowed an alternative estimate of the colour correction, based entirely on the data and
the model spectrum. We found that this comparison produced within 10% the same ratios as
the comparison between colour corrected data point and model flux.

The colour corrections for NGC 4214 are listed in Tables 4.1, 4.2 and 4.3, and in Tables 4.4,
4.5, 4.6 and 4.7 for NGC 4449.

4.2.4 Line contamination

Most of the FIR/submm broad-band filters used for this work are contaminated by molecular
or atomic emission lines. In the cases where data were available, we estimated the line
contamination by comparing the luminosity of the emission line with the total luminosity
measured in the filter, obtained by integrating the product of the source spectrum and the
spectral response of the filter over the frequency range of the filter band.

Emission lines from different CO rotational transitions fall into SPIRE, PLANCK and MAMBO
filters. In the case of NGC 4214, we used the CO(1-0) map presented by Walter et al. (2001)

1see the IRAC Instrument Handbook, MIPS Instrument Handbook, PACS Observer’s Manual,
SPIRE Observers’ Manual and Planck Collaboration (2011) for IRAC, MIPS, SPIRE and Planck, re-
spectively.

http://irsa.ipac.caltech.edu/data/SPITZER/docs/irac/iracinstrumenthandbook/home/
http://irsa.ipac.caltech.edu/data/SPITZER/docs/mips/mipsinstrumenthandbook/51/
http://herschel.esac.esa.int/Docs/PACS/html/pacs_om.html
http://herschel.esac.esa.int/Docs/SPIRE/html/spire_om.html
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Figure 4.8: FIR/submm SEDs of NGC 4214 (left) and NGC 4449 (right). Note the different
slopes of the SEDs in this regime. the exponent α is defined as Fν ∝ ν

α.

as a reference. We determined a velocity integrated flux of 9.3 Jy km s−1 in the NW region
and 12.8 Jy km s−1 in the SE region. The MAMBO filter band, with a bandwidth of about 80
GHz, is affected by the CO(2-1) line. We estimate the flux of the CO(2-1) line from the mea-
sured CO(1-0) value assuming that the line intensity ratio it is given by the value for optically
thick, thermalised CO, ICO(1−0)/ICO(2−1) = 1. The contribution of the CO(2-1) line to the total
measured flux at 1.2 mm of the NW and SE complex is then 0.87% and 1.27%, respectively.
For other bands, the contamination by higher CO transitions is more than an one order of
magnitude smaller.

PACS spectroscopic maps of atomic FIR lines ([OI] 63, [OIII] 88, [NII] 122, [OI] 146, [CII]
158 and [NII] 205µm) of NGC 4214 were presented by Cormier et al. (2010). With a field
of view of 1.6′ x 1.6′, only the central part of the galaxy is observed. However, this region
completely covers the main SF complexes NGC 4214 - NW and NGC 4214 - SE where the
major part of the line emission originates. Therefore, we do not expect to severely under-
estimate the total emission of these lines. [OI] 63 and [OIII] 88µm fall into the bandpass
of the MIPS 70 µm (see left panel in Figure 4.9) and PACS 70 µm filter. The luminosities
reported by Cormier et al. (2010) are 0.89 × 106 L� for [OI] 63 µm and 1.99 × 106 L� for
[OIII] 88µm. The sum of these values corresponds to 1.11% (1.33%) of the total luminosity
measured in the PACS 70 µm (MIPS 70 µm) band. [OIII] 88µm fall into the bandpass of the
PACS 100 µm filter. Its luminosity corresponds to 1.73% of the total luminosity measured in
the PACS 100 µm band. [OI] 146 and [CII] 158µm fall into the bandpass of the MIPS 160 µm
(see right panel in Figure 4.9) and PACS 160 µm filter. The reported luminosities for [OI] 146
and [CII]µm lines are 0.05×106 L� and 2×106 L� , respectively, which together represents
2.88% (4.26%) of the total luminosity measured in the PACS 160 µm (MIPS 160 µm) band.
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Due to the small contribution from the atomic and molecular lines to the FIR/submm bands,
we did not apply any decontamination to our measurements except for the PACS 160 µm and
MIPS 160 µm bands. These have been included in Tables 4.1, 4.2 and 4.3.

In the case of NGC 4449, the flux reported by Böttner et al. (2003) at 1.2 mm included CO
decontamination, and therefore, no further corrections were necessary. Note that no atomic
line emission data is available for NGC 4449. However, due to the negligible/small correc-
tions applied in the case of NGC 4214, we do not believe that the line contamination has a
noticeable impact on the SEDs of NGC 4449.

4.2.5 Error handling

In our analysis, the monochromatic flux for each band, Freg, with the subindex reg corre-
sponding to the SF regions as well as to the disk depending on the aperture considered, was
calculated from the background-subtracted flux as it follows:

Freg =
Capert

Ccolour
× Fsub

reg − F lines, (4.2)

where Capert and Ccolour are the aperture and colour corrections, respectively, and F lines is
the total flux of the lines present in the bandpass of the filter. To estimate the flux of the
background, we measure the median value of an annulus beyond the disk of the galaxy.

To calculate the errors of the fluxes, we took into account three types of error: (i) calibration,

Figure 4.9: Atomic line-emission at the MIPS 70 µm (left) and MIPS 160 µm filters spectral
responses. In both figures, the left vertical axis corresponds to the spectral response of the
filter (grey area) and the right vertical axis corresponds to the flux density of the SED (red).
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∆cal, for which we adopted the values mentioned in Sect. 4.1, (ii) measurement error due to
background fluctuations, ∆back, and (iii) an estimate of the error due to the uncertainty in the
aperture size of regions SE and NW, ∆apert (this error was not relevant for the total emission).
We neglected the uncertainties introduced by the colour and aperture corrections.

The error due to the background fluctuations was calculated assuming that each pixel within
the aperture has an error given by the standard deviation of the background noise, σback. In
addition, we had to take into account the error of the background which was subtracted within
an aperture of Napert pixels. This error is σbackNapert/

√
Nback, where Nback is the number of

pixels used to compute the level of background. This gives (see also Dale et al. 2012) a total
error for the background subtracted flux of:

∆back = σback

√
Napert +

N2
apert

Nback
(4.3)

We estimated the error ∆apert by changing the aperture size for the SF regions by ±1′′. We
obtained changes in the integrated fluxes between 4 and 8% for the different bands. We
adopted conservatively an error of ∆apert = 8% for all bands.

The final error for the flux is the quadratic sum of ∆cal, ∆back, and ∆aper. This is listed for
NGC 4214 in Tables 4.1, 4.2 and 4.3 for the fluxes in each band, and in Tables 4.4, 4.5, 4.6
and 4.7 for NGC 4449. The dominant error sources were ∆cal and ∆aper, whereas ∆back was
found to be negligible for most wavelengths.

4.3 Constraints on the input parameters

The large amount of ancillary data covering a wide wavelength range, as well as the result
of previous studies from the literature allow us to determine or at least constrain most of the
input parameters for both models.

4.3.1 Parameters of Groves et al. (2008) model

The main SF complexes of NGC 4214 and NGC 4449 are formed by an ensemble of smaller
HII regions. Ideally, all these smaller knots of SF should be modelled separately. However,
IR/submm observations lack the angular resolution to perform such a detailed analysis. Due
to this limitation, for the SF complexes we adopted parameter ranges which are wide enough
to enclose the values of their individual knots.
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For both galaxies, NPDR
HI was not constrained but fixed the value 1022 cm−2, typical of molec-

ular clouds in our own galaxy. In the case of NGC 4214, with the only exception of NPDR
HI ,

the input parameters of the model of Groves et al. (2008) were observationally constrained.
In the case of NGC 4449, it was not possible to constrain the parameters C and p0.

(i) Metallicity: For the SF regions of NGC 4214 Kobulnicky and Skillman (1996) found the
values of Z = 0.32 Z� for NW and Z = 0.41 Z� for SE. We used a metallicity of Z=0.4 Z� and
also tested Z=0.2 Z�, which yielded a similar result (no template for Z=0.3 Z� is available in
Groves et al. (2008)). For the SF regions of NGC 4449 we adopted Z=0.4 Z� as the closest
value to the averaged metallicity of Z = 0.45 ± 0.07 Z�from Lequeux et al. (1979), Talent
(1980), and Martin (1997).

(ii) Age: The age of the stellar clusters of NGC 4214 (see top panel of Figure 4.10) have been
extensively studied by different authors. Leitherer et al. (1996) presented HST Faint Object

Spectrograph (FOS) ultraviolet spectra covering the main star cluster of the NW complex.
Using spectral synthesis modelling, Leitherer et al. (1996) reported for this stellar cluster an
age of 4-5 Myr. Maı́z-Apellániz et al. (1998) obtained optical long-slit spectra of NGC 4214
with the ISIS spectrograph of the William Herschel Telescope. Their bidimensional spectra
covered both SF complexes. From the comparison of different observationally determined
parameters (equivalent width of Hβ, Wolf-Rayet population, effective temperature and UV
absorption lines) to synthesis models, they determined ages of 3±1 Myr for both regions.
MacKenty et al. (2000) mapped the central part of NGC 4214 with the HST Wide Field Plan-

etary Camera 2 (WFPC2). From the Hα equivalent width, these authors determined an av-
erage age of 3.0-4.0 Myr and 2.5-3.0 Myr for the NW and SE regions, respectively. More
recently, Úbeda et al. (2007) also used the WFPC2 data set to determine the ages of the star
clusters by a likelihood-maximization technique from the photometric colours. They deter-
mined an age of 5 Myr and of 2-4 Myr for the star clusters within the NW and the SE complex,
respectively. Based on the dispersion found by these studies, we adopted ages of the NW and
SE complexes of 3-5 Myr and 2-4 Myr, respectively.

In the case of NGC 4449, Reines et al. (2008) reported the age of 13 thermal radio sources
by comparing their Hα equivalent widths with spectral synthesis models. The radio sources
studied by these authors are shown in the bottom panel of Figure 4.10. It is important to note
that Reines et al. (2008) excluded from their study those radio sources where the radio spec-
trum includes a contribution from synchrotron emission, which are more evolved sources.
Therefore, we expect that the age that we estimate for the SF complexes from the biased
sample of Reines et al. (2008) underpredicts their actual age.

(iii) Ambient pressure and Compactness: p0 and C can be determined by comparing the
expected and the observed radii of the individual HII regions as a function of the age. For a
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Figure 4.10: RGB composition of the HST-WFC3 data of NGC 4214 (top) and HST-ACS
data of NGC 4449 with the ages of the stellar clusters superimposed.
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cluster of a given age it is possible to find different combinations of p0 and C that provide the
observed radius of the expanding bubble. However, this degeneracy can be avoided when the
mass of the star cluster is known, since both parameters p0 and C are related by the equation:

log
(

Mcl

M�

)
=

5
3
× log (C) −

2
3
× log

(
p0/k

cm−3K

)
(4.4)

In the case of NGC 4214 we used the values of the masses reported by Úbeda et al. (2007)
and we obtained that for the NW complex the value of p0 ranges from 7.0 to 8.0 and C ranges
from 5.5 to 6.5. For the case of the SE complex, we found that p0 ranges from 6.0 to 7.0 and
that C ranges from 4.5 to 5.5. We used these intervals to constrain both parameters.

In the case of NGC 4449, Reines et al. (2008) reported the mass of the 13 radio sources shown
in Figure 4.10. However, their biased sample only represents a fraction of the stellar clusters
that are actually heating the dust and therefore, it was not possible to constrain C and p0 for
this galaxy.

(iv) Covering factor: We assumed that the PDR consists of optically thick, homogeneously
distributed clouds that surround the star cluster, leaving a fraction uncovered so that the light
can escape unattenuated from these ”holes”. To a good approximation, the intrinsic luminos-
ity of the central star cluster is the sum of the observed luminosities of the stars, Lstar, and the
luminosity re-emitted by the dust, Ldust. The covering factor is then fcov = Ldust/(Ldust +Lstar).
We obtained Ldust by integrating the best-fit model template (see Sect. 6) from 3µm to 1.5 mm.
Ideally, to calculate Lstar we need to correct fluxes measured in our apertures for the SF re-
gions for the attenuation produced by the diffuse dust layer and then, integrate these fluxes
from GALEX FUV to IRAC 3 µm. However, the exact value of the opacity in front of the SF
regions due to the diffuse dust is not known.

For NGC 4214 we carried out two different estimates of the local opacity, τlocal, of the diffuse
dust layer, the first based on the lowest and the second on the highest realistic opacity. i) We
adopted as τlocal the foreground opacity of τV = 0.35 (Úbeda et al. 2007) measured locally in
front of the main stellar cluster of the NGC 4214 - NW region. The stars in this cluster seem
to have evacuated most of the surrounding material associated with the HII region so that this
value is expected to be lower than the average disk opacity in this area. Since both SF regions
are located at the centre of NGC 4214, we assumed that this value of τlocal is representative
for both SF regions. We obtained fNW

cov = 0.45 and fSE
cov = 0.65 for the NGC 4214 - NW and

NGC 4214 - SE regions, respectively. ii) We used the value of τ f
B = 2.0 which is the best

fit value derived from our modelling of the diffuse emission (see Section 4.4.2). Assuming
that the regions are at the centre of the galaxy and at mid-plane, and using the inclination
angle i = 44◦ (Walter et al. 2008), the opacity in front of the SF complexes is calculated as
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τlocal = 0.5 × τf
B/ cos(i) = 1.4. In this case, we obtained fNW

cov = 0.20 and fSE
cov = 0.30. Thus,

we obtain estimates for the covering factor of fNW
cov = 0.20 − 0.45 and fSE

cov = 0.30 − 0.65 for
both SF complexes of NGC 4214.

In the case of NGC 4449 there is no study similar to the performed by Úbeda et al. 2007
of the main cluster of NGC 4214 - NW. For this reason, we assume as a lower limit for the
dust extinction that the stellar clusters have removed totally the diffuse dust in front of them,
i.e., we assume that τlocal = 0. In this case, we obtained fEAST

cov = 0.65, fNORTH
cov = 0.70

and fSOUTH
cov = 0.45 for the NGC 4449 - EAST, NGC 4449 - NORTH and NGC 4449 - SOUTH

regions, respectively. The second estimation was obtained from the value derived from our
modelling (τ f

B=3, see Section 4.5.2) similarly as we did in point ii) for NGC 4214. In the case
of NGC 4449, the SF complexes are not located at the centre of the galaxy. We estimate τlocal

at the distance from the centre of each region using the same exponential distribution of dust
assumed in Popescu et al. (2011) model:

τB(r) = τ
f
B × e−r/hdust = τ

f
B × e−r/1.4×hs (4.5)

Note that the scale-length of the dust distribution, hdust, is fixed to 1.4×hs in the Popescu et al.
(2011) model. Thus, for an inclination angle of i = 60◦ (Walter et al. 2008) and assuming that
the regions are at mid-plane, we obtained fEAST

cov = 0.50, fNORTH
cov = 0.55 and fSOUTH

cov = 0.10.
Thus, for NGC 4449 we obtained the ranges of fEAST

cov = 0.55 − 0.65, fNORTH
cov = 0.55 − 0.70

and fSOUTH
cov = 0.10 − 0.45.

4.3.2 Parameters of Popescu et al. (2011) model

In the case of the model of Popescu et al. (2011) the parameters that we could determine
observationally are:

(i) Bulge-to-disk ratio: Since no bulge is visible in the late-type galaxies NGC 4214 and
NGC 4449, we set B/D = 0.

(ii) Inclination angle: Following Walter et al. (2008), we fix i = 44◦ and i = 60◦ for
NGC 4214 and NGC 4449, respectively.

(iii) Scale-length: For both galaxies, we determined the radial stellar scale-length in the
B-band from a SLOAN g-band image. First, we removed the background of the image by
calculating the average value of a wide set of small circular apertures placed strategically
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outside the disk of both galaxies. Then, we removed the contamination from foreground stars
and HII regions, including the central SF regions. We used the IRAF task ellipse (STSDAS
package) with steps of 20′′ to determine the isophotes. Finally, we fitted an exponential
function to the surface brightness profile determined with the mean values in each isophotal
ellipse. We considered the ellipses whose mean values and the corresponding uncertainties
were above the dispersion of the background level (∼ 1 count).

For both galaxies, we found that it is not possible to fit the profile for the whole disk with
a single exponential function. For this reason we decided to calculate separately the scale-
length in the inner and the outer part of their disks (see Fig. 4.11). We visually determined the
changes of slope to take place at a radius ∼ 90′′ and ∼ 110′′ for NGC 4214 and NGC 4449.
The profile of the inner part of the disk (after masking the SF regions) can be well fitted
with scale-lengths of ∼ 450 pc and ∼ 605 pc for NGC 4214 and NGC 4449, respectively. For
the outer parts we determined a scale-length of 873+172

−123 pc and 1002+83
−71 pc for NGC 4214 and

NGC 4449, respectively.

(iv) Clumpiness: As a first estimate of the clumpiness factor F, we used the mean value from
the upper and the lower limits obtained for the SF complexes, i. e., F = 0.40 ± 0.20 for
NGC 4214 and F = 0.50 ± 0.20 for NGC 4449. Note that the clumpiness is only used for the
modelling of the total integrated UV/optical/FIR emission described in Sections 4.4.3 and
4.5.3 for NGC 4214 and NGC 4449, respectively.

(v) old: We derived old by assuming that all the luminosity in the J, H and K bands (see
Tables 4.8 and 4.9 for NGC 4214 and NGC 4449, respectively) corresponds to the old stellar
population. For both galaxies we integrated the luminosity in the J, H and K bands and
derived old as the ratio of this luminosity and the integrated luminosity of the model galaxy
(Table E2 in Popescu et al. 2011). We obtained old = 0.009 and old = 0.028 for NGC 4214
and NGC 4449, respectively.

4.4 The SED of NGC 4214

In a first step we separately fitted the emission from the SF regions and from diffuse dust. In
a second step we self-consistently combined the emission from the SF regions with that from
the diffuse dust to fit the total emission of the galaxy.

The emission from the NGC 4214 - NW and NGC 4214 - SE regions have been directly mea-
sured from the maps as described in Section 4.2. The diffuse emission has been calculated as
the difference between the total emission and the sum of the emission from the two SF com-
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Figure 4.11: B-band scale-length of the stellar disk of NGC 4214 (top) and NGC 4449 (bot-
tom). The fit (solid line) was achieved using the isophotes in the radial range marked by the
grey-shaded area. The uncertainty in the slope is represented by the dark grey area and the
dark grey dashed lines.

plexes. For the data points where no direct measurement was available, the best-fit model
value (see below) was taken. The values for the diffuse dust emission are listed in Table 4.3.
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BAND λ0(µm) FDISK (Jy) Reference

FUV 0.154 0.072 ± 0.007 1

NUV 0.232 0.091 ± 0.009 1

B 0.445 0.354 ± 0.056 2

V 0.551 0.446 ± 0.064 2

J 1.220 0.520 ± 0.014 3

H 1.630 0.614 ± 0.023 3

K 2.200 0.458 ± 0.022 3

Table 4.8: Total stellar flux densities of NGC 4214. (1) This work, (2) de Vaucouleurs et al.
(1991b), (3) Jarrett et al. (2003).

BAND λ0(µm) FDISK (Jy) Reference

FUV 0.154 0.152 ± 0.030 1

NUV 0.232 0.165 ± 0.033 1

SLOANu 0.355 0.241 ± 0.048 1

B 0.445 0.450 ± 0.090 2

SLOANg 0.469 0.495 ± 0.099 1

SLOANr 0.617 0.717 ± 0.143 1

SLOANi 0.748 0.817 ± 0.163 1

SLOANz 0.893 0.884 ± 0.177 1

J 1.220 0.914 ± 0.183 3

H 1.630 1.070 ± 0.214 3

K 2.190 0.839 ± 0.168 3

Table 4.9: Total stellar flux densities of NGC 4449. (1) This work, (2) de Vaucouleurs et al.
(1991b), (3) Jarrett et al. (2003).

In order to take into account the emission from smaller and less intense SF regions in the
disk of NGC 4214, we estimated their contribution from the Hα emission of the ten brightest
secondary SF regions which corresponds to 18% of the Hα emission of NGC 4214 - SE+NW.
We assume that the shape of the dust SED from these smaller SF regions is the same as the
sum of the SEDs of NGC 4214 - SE+NW, and we include their contribution in the calcula-
tion of the lower error range of the fluxes of the diffuse dust component in each band (see
Table 4.3). The smaller HII regions only have a noticeable effect on the emission at 24 and
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70 µm.

4.4.1 Best fits for the SF regions

The best-fit models for the NGC 4214 - NW and NGC 4214 - SE complexes are shown in Fig-
ures 4.12 and 4.13, respectively. We obtained a good fit for all our observed photometric
points longwards of 10 µm. For a metallicity of Z=0.4 Z� the best-fit models of the two com-
plexes correspond to the parameters T= 4.0 Myr, C= 5.0, p0= 8 and fcov= 0.30 for both re-
gions. With the exception of the C of the NGC 4214 - NW region and p0 of the NGC 4214 - SE
region, all the parameters fall within our parameter ranges constrained from the observations
(see Sect. 4.3.1).

Figure 4.12: Best-fit models to the NGC 4214 - NW complex for Z=0.4 Z� (solid line) and
Z=0.2 Z� (dashed line). The values of the reduced χ2 (neglecting the IRAC 8 µm point, drawn
with an open circle) are 0.28 and 0.78 for Z=0.4 and 0.2 Z�, respectively.

For a metallicity of Z=0.2 Z� the best fit parameters are in the case of the NGC 4214 - NW
region T= 5.0 Myr, C= 5.0, p0= 7 and fcov= 0.30 and in the case of the NGC 4214 - SE region
T= 3.5 Myr, C= 4.5, p0= 8 and fcov= 0.60. The value for C in NGC 4214 - NW is slightly
lower, and p0 in NGC 4214 - SE slightly higher, but the rest of the parameters are within the
constrained ranges.

We note that the IRAC 8 µm data point was excluded from our fitting procedure. The reason
is that both models considerably underestimate the emission at 8 µm. Specifically, from our
best-fit models for Z=0.2 Z� we obtained that the observed fluxes are larger than the model
values by a factor of 3.8 and 4.0 for NGC 4214 - NW and NGC 4214 - SE, respectively. In the
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Figure 4.13: Best-fit model to the NGC 4214 - SE complex for Z=0.4 Z� (solid line) and
Z=0.2 Z� (dashed line). The values of the reduced χ2 (neglecting the IRAC 8 µm point, drawn
with an open circle) are 1.27 and 0.97 for Z=0.4 and 0.2 Z�, respectively.

case of the best-fit models of Z=0.4 Z� the discrepancy decreases to a factor of 3.1 and 2.9 for
NGC 4214 - NW and NGC 4214 - SE, respectively. A complete discussion of the IRAC 8 µm
discrepancy will be given in Sect. 4.6.

4.4.2 Best fit for the diffuse emission

We searched the library of the diffuse dust SEDs of Popescu et al. (2011) for the best fit
to the data in the MIR/submm range, leaving τ f

B and S FR′ as free parameters and keeping
old fixed to the value 0.009. Fig. 4.14 shows the best fit obtained for our measured value
hs = 873 pc (solid red line), where we determined as best-fit values τ f

B = 2 and SFR′ =

0.059 M� yr−1. Neither the data point at 8 µm nor at 1.2 mm were taken into account in the
χ2 fitting procedure, the latter due to the observational limitations discussed in Sect. 4.2.1.

The model fits the data points in general very well. The largest discrepancy occurs at 8 µm
where the model overpredicts the observations by a factor of 1.9. We will discuss this further
in Sect. 4.6. At 160 µm there is a discrepancy with the PACS value which is overpredicted
by 34% by the model, but the model prediction agrees within the errors with the MIPS data
point at the same wavelength. The model overpredicts the SPIRE 250 µm point by 24% and
underpredicts the 850 µm point by 34%. For the other data points the model predictions agree
within the error bars.

It is instructive to compare this value of S FR′, derived from the fit to the diffuse component
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Figure 4.14: Fit to the diffuse emission of NGC 4214 keeping fixed old = 0.009 and leaving
τ

f
B and S FR′ as free parameters. The red solid line represents the best fit to the MIR/submm

SED for the measured value of the scale-length hs = 873 pc, obtained for τ f
B= 2.0, and SFR′ =

0.059 M� yr−1. The dark grey dashed line corresponds to the sum of the best fit models of
the HII regions presented in Figs. 4.12 and 4.13 and the grey-filled circles correspond to the
sum of the photometric points of NGC 4214 - NW and NGC 4214 - SE regions. The light grey
area represents the uncertainty in the estimation of the total emission of the HII regions. The
value of the reduced χ2 (neglecting the IRAC 8 µm and MAMBO 1.2 mm points, drawn with
open circles) is 1.85.

of the dust emission, with the value for S FR′ derived from our measurement of the spatially
integrated flux density in the UV-to-blue band and which we will call, for clarity, S FR′UV

in the following. Applying the attenuation corrections due to diffuse dust, as tabulated in
Popescu et al. (2011) for τf

B = 2 and an inclination of 44◦ we derive a value of LUV =

3.70 × 1035 W. We then determine S FR′UV following Eq. 17 in Popescu et al. (2011) as
S FR′UV = LUV/L

young
unit,UV , where Lyoung

unit,UV is the normalization factor. We obtain SFR′UV =

0.165 M� yr−1. This is a factor of 2.8 times higher than the value of S FR′ derived from the
fitting of the diffuse dust emission. The most straightforward explanation for this discrepancy
would be that the true value for the disk scale length hs is higher than the adopted of 873 pc.
This would favour a disk with lower dust surface densities, leading to a higher value of S FR′

needed to account for the observed amplitude and colour of the diffuse dust emission. If we
adopt for the scale-length the maximum allowed by the B-band images, hs = 1045 pc, we
obtain a best fit to the diffuse dust emission SED of τf

B = 1.2 and SFR′ = 0.088 M� yr−1. At
the same time, this reduction in τf

B means that the deattenuated, integrated UV luminosity,
LUV, is now lower, yielding SFR′UV = 0.147 M� yr−1 which is only a factor of 1.67 greater
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than the value of S FR′ derived from the diffuse dust emission. A complete discussion of this
discrepancy will be given in Sect. 4.6.

As a further consistency check we can use the value of S FR′ derived from the diffuse dust
emission to make a different, global estimate of the fraction of the UV radiation escaping from
the SF regions, fesc, and the corresponding clumpiness factor, F, and compare it with the cor-
responding value already derived in Sect. 4.3 from analysis of the direct and dust-re-radiated
UV light seen from the spatially resolved SF regions. For this, we have to assume that the ef-
fective star formation rate powering the diffuse dust, S FR′, is due to radiation escaping from
the regions NW and SE. The total effective SFR produced by NW+SE is then S FR′+S FRloc

where S FRloc is the effective star-formation rate needed to power the dust emission from the
SF regions. We calculate S FRloc by integrating the dust SED from the SF regions over the
entire wavelength range, obtaining Ldust, and assuming that this luminosity is equivalent to
the same amount of UV radiation absorbed by the dust locally. We then determine S FRloc

in an equivalent way as described for S FR′UV above, as S FRloc = Ldust/L
young
unit,UV . We obtain

Ldust = 9.06× 1034 W, which gives SFRloc = 0.040 M� yr−1. With SFR′ = 0.059 M� yr−1, de-
rived from our best fit for the diffuse emission, we then obtain fesc= S FR′/(S FR′+S FRloc) =

60% of the UV radiation of the SF region is required to escape from the SF complexes in or-
der to heat the diffuse dust. This escape fraction corresponds to a fcov = F = 1− 0.60 = 0.40,
which is the same value derived in Sect. 4.3. We thus adopt in the following F = 0.40 ± 0.20
(where the error comes from the range of fcov derived in Sect. 4.3.1). From the best-fit value
of S FR′ and F = 0.40 we can estimate the value of the total star formation rate of NGC 4214
as S FR = S FR′/(1 − F) = 0.059/(1 − 0.40) = 0.098 M�yr−1.

4.4.3 Best fit for the total emission

On the MIR/FIR/submm part of Fig. 4.15 we show the fit to the total dust emission, which is
the sum of the SEDs from the SF regions and the SED from the diffuse dust obtained in the
previous sections. The entire dust SED from 8 µm to 850 µm can be well fitted.

On the UV/optical/NIR part of Fig. 4.15 we show the observed UV-optical SED (purple-
filled circles). Following Eq. C.12 of Popescu et al. (2011), the UV/optical SED of the young
stellar disk (purple-dashed line) of NGC 4214 was derredened (purple-solid line) using the
composite attenuation, ∆mλ, which is for the case of old ∼ 0:

∆mλ = −2.5 log (1 − F fλ) + ∆mλ
tdisk (4.6)

where the first part takes into account the attenuation in the SF regions and ∆mλ
tdisk the
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Figure 4.15: SED for the total emission of NGC 4214. On the MIR/FIR/submm part we
show the best-fit solution for the total emission (blue solid line) obtained as the sum of the
best fit models of the HII regions from Figs. 4.12 and 4.13 and the best fit model to the
diffuse emission from Fig. 4.14, obtained for τ f

B= 2.0 and SFR = 0.098 M� yr−1. On the
UV/optical/NIR part, the purple-filled circles represent the observational UV/optical data
and the orange-filled circles the observational IR data. The purple and orange dashed lines
correspond to the intrinsic emission of the young and the old stellar populations, respectively;
whereas the purple and orange solid lines correspond to the attenuated emission of the young
and the old stellar populations, respectively.

attenuation of the diffuse component. The wavelength dependence of the escape fraction, fλ,
is tabulated in Table A.1 in Tuffs et al. (2004). The old stellar population SED (orange-dashed
line) was attenuated (orange-solid line) using the attenuation correction derived for the old
stellar component in the model of Popescu et al. (2011) ∆mλ = ∆mλ

disk. For both stellar
populations we used the value of τ f

B= 2.0 obtained from our best-fit model and an inclination
angle of i = 44◦ (Walter et al. 2008).

We now calculate, in a similar way as in Sect. 6.2 for S FR′, from the intrinsic UV-to-
blue luminosity the predicted value of the SFR, by applying Eq. 17 from Popescu et al.
(2011), S FR = Ltdisk

UV /Lyoung
unit,UV . Using F = 0.40 in Eq. 4.6, we derive SFR = 0.22 M� yr−1,

which is a factor of 2.24 higher than the value derived from the fitting of the dust SED
(SFR = 0.098 M� yr−1). For F = 0.20 and F = 0.60, the highest and lowest values suggested
by our data, the corresponding ratios are 2.51 and 2.18, respectively. If we adopt for the
scale-length the maximum value allowed by the data hs = 1045 pc, we obtain the best fit for
τ

f
B = 1.2 and SFR′ = 0.088 M� yr−1, yielding S FR = S FR′/(1−F) = 0.088/(1−0.40) = 0.14
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M�yr−1. In this case, the discrepancy with the value derived from the derredened UV-optical
data, SFR = 0.188 M� yr−1, decreases to a factor of 1.34 for F = 0.40 (1.50 and 1.27 for the
F = 0.20 and F = 0.60, respectively).

A complete discussion of this discrepancy will be given in Sect. 4.6.

4.4.4 Gas-to-dust mass ratio

The total diffuse dust mass can be calculated from Eq. 44 of Popescu et al. (2011) (Mdiff
dust =

τB × h2
s × 0.99212 pc−2M�). With our values of hs = 873 pc and τB = 2 we obtain Mdiff

dust =

1.5 × 106 M�. This value is quite robust again changes in parameters: choosing the largest
permitted scale-length, hs = 1045 pc and the corresponding best fit for the opacity, τB = 1.2,
we obtain Mdiff

dust = 1.3 × 106 M�, only 13% lower. From the modelling of the HII complexes
for Z=0.4 Z�, we derived dust masses of MNW

dust = 0.79 × 105 M� and MSE
dust = 0.42 × 105 M�

for the NW and SE complexes, respectively. We therefore derived for NGC 4214 a total mass
of dust Mtotal

dust = Mdiff
dust + MNW

dust + MSE
dust = 1.62 × 106 M�.

The total gas mass can be derived from MHI = 4.1 × 108 M� (Walter et al. 2008) and MH2 =

5.1×106 M� (Walter et al. 2001, obtained with a Galactic conversion factor) and gives, taking
into account a helium fraction of 1.36, Mgas = 5.66 × 108 M�. The total gas-to-dust mass
ratio is then Gdust = 350.

The Galactic CO-to-H2 conversion factor (X-factor, adopted here as N(H2)/ICO = 2×1020 cm−2(K km s−1)−1),
most likely severely underestimates the total molecular gas mass in NGC 4214. An indication
for this is e.g. the very high CII/CO ratio measured in the central region (Cormier et al., 2010)
which shows that a large fraction of the CO is photo-dissociated due to the high radiation field
and low dust shielding. Even though the X-factor has been notoriously difficult to determine,
progress has been made in recent years mainly due to the possibility to derive dust masses
with an increasingly better precision. This allows, together with HI and CO measurements
and the assumption of a constant gas-to-dust mass ratio, to derive the ratio between total
molecular gas mass and CO emission. Israel (1997) has first used this method and derived
for NGC 4214 a 15-30 times higher X-factor than the Galactic value. Leroy et al. (2011) used
spatially resolved data for the dust masses, derived from fits to HERSCHEL and SPITZER
data, and the gas mass from HI and CO measurements for a small sample of nearby galaxies
(M 31, M 33, LMC, SMC and NGC 6822) . Assuming that the gas-to-dust ratio and the
X-factor are constant over the area considered they estimated both parameters by minimizing
the scatter in the data. They found evidence for a strong increase of the X-factor below metal-
licities of 12-log(O/H) = 8.2-8.4, most likely due to the dissociation of CO and the creation
of extended layers of CO-free H2. Leroy et al. (2011) find for NGC 6822, which has a similar
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metallicity as NGC 4214 (12+log(O/H) = 8.2) an X-factor of 4-5 times the Galactic value.
For the same galaxy, NGC 6822, and a similar method, Gratier et al. (2010) derived a higher
X-factor (20 times the Galactic value). Taking this range of estimates into account, we adopt
an X-factor 10 times the Galactic value as a reasonable estimate and derive for this case a
gas-to-dust mass ratio of 387.

If we assume that the gas-to-dust mass ratio scales linearly with metallicity (which means
that the fraction of metals incorporated in the dust is constant) we expect, based on the solar
value of about 150, a value of Gdust between 375 (for Z = 0.4 Z�) to 500 (for Z = 0.3 Z�).

Thus, the observed gas-to-dust ratio is very close to the expected value in the case of Z =

0.4 Z�, and a factor 1.3 lower for Z = 0.3 Z�. Even though we consider this discrepancy
small, it could indicate that there is a still larger amount of ”dark” molecular gas, not probed
by the CO. We would need a conversion factor 35 times the Galactic value in order to obtain
a gas-to-dust mass ratio of 500. An alternative possibility is that the dust properties in NGC
4214 are different with a higher dust extinction coefficient in the submillimeter wavelength
range. This could be produced e.g. by amorphous graphite as suggested by Galliano et al.
(2011) for the case of the LMC. Based on our data, we cannot distinguish between these two
possibilities.

4.5 The SED of NGC 4449

We followed the same procedure as in the case of NGC 4214.

The contribution of smaller HII regions not taken into account within our apertures was mea-
sured performing photometry aperture over the HST-Hα image of the 30 brighter secondary
HII regions and comparing their flux, 3.55×10−12(ergs cm−2 s−1), with the combined flux Hα
of the primary HII complexes, 16.91×10−12(ergs cm−2 s−1). We obtained that the contribution
of secondary HII regions is ∼ 20%.

4.5.1 Best fits for the SF regions

As in the case of NGC 4214, we obtained good fits for the SF complexes of NGC 4449 long-
wards of 10 µm. For the three SF regions, the metallicity was fixed to Z=0.4 Z�. The best-
fits were obtained for T= 4.5 Myr, C= 5.0, p0= 8 and fcov= 0.60 for NGC 4449 - EAST,
T= 4.0 Myr, C= 5.0, p0= 8 and fcov= 0.55 for NGC 4449 - NORTH and T= 4.0 Myr, C= 5.0,
p0= 8 and fcov= 0.55 for NGC 4449 - SOUTH. The age of NGC 4449 - EAST is higher than
the value obtained by Reines et al. (2008) for the two knots within the aperture, whereas for
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Figure 4.16: HST-ACS Hα image of NGC 4449 obtained with LINEextractor subtracting the
filter F550M (stellar continuum) from the filter F658N (Hα+ continuum). The filter F814W
was used as secondary stellar continuum to mask those pixels with relative error greater than
0.3 (see Section 2.2). The units of the colorbar are 10−18 × erg/cm2/s.

NGC 4449 - NORTH and NGC 4449 - SOUTH the ages found by our modelling fall within
the constrained range. In the case of fcov, the values obtained for NGC 4449 - NORTH and
NGC 4449 - SOUTH fall slightly out of the range constrained, whereas the value obtained for
NGC 4449 - EAST is compatible with the estimate. Although we were not able to constrain
the parameters C and p0, the values obtained for the SF regions in NGC 4449 are similar to
the values found in the SF regions of NGC 4214, which have similar metallicity and age.

As we did in the case of NGC 4214, the IRAC 8 µm data point was excluded from our fitting
procedure due to the model underprediction at this band. Specifically, from our best-fit mod-
els we obtained that the observed fluxes are larger than the model values by a factor of 4.8, 5.8
and 7.2 for NGC 4449 - EAST, NGC 4449 - NORTH and NGC 4449 - SOUTH, respectively.
A complete discussion of the IRAC 8 µm discrepancy will be given in Sect. 4.6.
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Figure 4.17: Best-fit model to the EAST complex for Z=0.4 Z�. The values of the reduced
χ2 (neglecting the IRAC 8 µm point, drawn with an open circle) is 0.716.

Figure 4.18: Best-fit model to the NORTH complex for Z=0.4 Z�. The values of the reduced
χ2 (neglecting the IRAC 8 µm point, drawn with an open circle) is 1.205.

4.5.2 Best fit for the diffuse emission

As we did in the case of NGC 4214, we searched the library of the diffuse dust SEDs of
Popescu et al. (2011) for the best fit to the data in the MIR/submm range, leaving τ

f
B and

S FR′ as free parameters and keeping old fixed to the value 0.028. Figure 4.20 shows the best
fit obtained for our measured value hs = 1002 pc (solid red line), where we determined as
best-fit values τ f

B = 3 and SFR′ = 0.187 M� yr−1. Neither the data point at 8 µm micron nor
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Figure 4.19: Best-fit model to the SOUTH complex for Z=0.4 Z�. The values of the reduced
χ2 (neglecting the IRAC 8 µm point, drawn with an open circle) is 1.007.

at 1.2 mm, drawn with open circles, were taken into account in the χ2 fitting procedure.

The model fits the data points in general very well. As in the case of NGC 4214, the largest
discrepancies occur at the IRAC 8 µm band, where the model overpredicts the observations
by a factor of 1.6, and at the PLANCK 850 µm band, where the model underpredicts the
observations by . 30%.

As we did in the case of NGC 4214, we can compare the value of SFR′ = 0.187 M� yr−1

derived from the fit to the diffuse dust emission with the value derived from the spatially
integrated flux density in the UV, SFR′UV = 1.083 M� yr−1. The discrepancy in the case of
NGC 4449 is 5.79. A complete discussion of this discrepancy will be given in Section 4.6.

As we did for NGC 4214, we can use the value of S FR′ derived from the diffuse dust emis-
sion to make a different estimate of the clumpiness factor, F, and compare it with the corre-
sponding value already derived in Sect. 4.3. From the best fits to the SF regions, we obtain
Ldust = 781.5 × 106 L�, which gives SFRloc = 0.134 M� yr−1. With SFR′ = 0.187 M� yr−1,
we then obtain fesc= S FR′/(S FR′ + S FRloc) = 58% of the UV radiation of the SF region
is required to escape from the SF complexes in order to heat the diffuse dust. This es-
cape fraction corresponds to a fcov = F = 1 − 0.58 = 0.42, which is within the range
of the value F = 0.50 ± 0.20 derived in Section 4.3. From the best-fit value of S FR′

and F = 0.50 we can estimate the value of the total star formation rate of NGC 4214 as
S FR = S FR′/(1 − F) = 0.187/(1 − 0.50) = 0.374 M�yr−1.
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Figure 4.20: Fit to the diffuse emission of NGC 4449 keeping fixed old = 0.028 and leaving
τ

f
B and S FR′ as free parameters. The red solid line represents the best fit to the MIR/submm

SED for the measured value of the scale-length hs = 1002 pc, obtained for τ f
B= 3.0, and

SFR′ = 0.187 M� yr−1. The dark grey dashed line corresponds to the sum of the best fit
models of the HII regions presented in Figs. 4.17, 4.18 and 4.19 and the grey-filled cir-
cles correspond to the sum of the photometric points of NGC 4449 - EAST, NGC 4449 -
NORTH and NGC 4449 - SOUTH regions. The light grey area represents the uncertainty
in the estimation of the total emission of the HII regions. The value of the reduced χ2 (ne-
glecting the IRAC 8 µm and MAMBO 1.2 mm points, drawn with open circles) is 0.52. The
MAMBO 1.2 mm photometric flux, reported by Böttner et al. (2003), it is considered a lower
limit of the emission at 1.2 mm.

4.5.3 Best fit for the total emission

On the MIR/FIR/submm part of Figure 4.21 we show the fit to the total dust emission, which
is the sum of the SEDs from the SF regions and the SED from the diffuse dust obtained in the
previous sections. The entire dust SED from 8 µm to 850 µm can be well fitted.

On the UV/optical/NIR part of Fig. 4.21 we show the observed UV-optical SED (purple-filled
circles). As we described in the case of NGC 4214, we followed the instructions of Popescu
et al. (2011) to attenuate the SEDs of the young and old stellar population.

In the case of NGC 4449, we derive SFR = 1.559 M� yr−1 from the UV/optical SED, which
is a factor of 4.17 higher than the value derived from the fitting of the dust SED (SFR =

0.374 M� yr−1). A complete discussion of this discrepancy will be given in Sect. 4.6.
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Figure 4.21: SED for the total emission of NGC 4449. On the MIR/FIR/submm part we
show the best-fit solution for the total emission (blue solid line) obtained as the sum of the
best fit models of the HII regions from Figs. 4.17, 4.18 and 4.19 and the best fit model to
the diffuse emission from Figure 4.20, obtained for τ f

B= 3.0 and SFR = 0.374 M� yr−1. On
the UV/optical/NIR part, the purple-filled circles represent the observational UV/optical data
and the orange-filled circles the observational IR data. The purple and orange dashed lines
correspond to the intrinsic emission of the young and the old stellar populations, respectively;
whereas the purple and orange solid lines correspond to the attenuated emission of the young
and the old stellar populations, respectively. The MAMBO 1.2 mm photometric flux, reported
by Böttner et al. (2003), it is considered a lower limit of the emission at 1.2 mm.

4.5.4 Gas-to-dust mass ratio

Walter et al. (2008) reported for NGC 4449 a total mass of neutral Hydrogen of MHI = 1.1 ×
109 M�. Böttner et al. (2003) found that the total luminosity of CO is 7.9 × 106 K km s−1 pc2.
For the Galactic CO-to-H2 conversion factor XCO = 2 × 1020 cm−2 (K km s−1)−1, or equiva-
lently, XCO = 3.2 M� pc−2 (K km s−1)−1, we obtain a mass of molecular Hydrogen of MH2

=

25 × 106 M�. Thus, the total mass of Hydrogen is MHI+H2
= 1.125 × 109 M�, and taking into

account a Helium fractions of 1.36, we obtain a total mass of gas of Mgas = 1.530 × 109 M�.

As we did in the case of NGC 4214, the total diffuse dust mass of NGC 4449 was calculated
using Eq. 44 of Popescu et al. (2011) (Mdiff

dust = τB × h2
s × 0.99212 pc−2M�). With our values

of hs = 1002 pc and τB = 3 we obtain Mdiff
dust = 3.0 × 106 M�, which is twice the mass of

the diffuse dust found in NGC 4214. The masses of dust of the SF complexes are MEAST
dust =

0.112×106 M�, MNORTH
dust = 0.164×106 M� and MSOUTH

dust = 0.286×106 M�. The total mass of
dust is thus Mtotal

dust = 3.562 × 106 M�, in good agreement with the value Mdust = 3.8 × 106 M�
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reported by Böttner et al. (2003).

From our modelling, we obtain Gdust = 430, slightly higher than the upper limit of the ex-
pected gas-to-dust ratio. If, as we assumed for NGC 4214, the CO-to-H2 conversion factor
is 10 times the Galactic value, the total mass of gas is Mgas = 1.840 × 109 M� and the gas-
to-dust ratio is then Gdust = 484. For the metallicity of NGC 4449, Z = 0.45 ± 0.07 Z�,
and the Galactic gas-to-dust ratio, G� = 150, the expected value of the gas-to-dust ratio is
Gexp

dust = 288 − 394.

4.6 Discussion

The analysis presented in the previous sections enables us to draw conclusions about the
physical properties of the dwarf galaxies under study. The way this can be achieved is by
confirming or rejecting the basic ingredients of the models used to fit the data, from the
consistency, between model predictions and data. Since our models are radiative transfer
models, they contain a wealth of information regarding the distribution of stars and dust in
galaxies, the clumpiness of the ISM, the dust opacity of the dust clouds, the contributions of
the different phases of the ISM, and the optical properties of the dust grains, including the
relative abundance of PAH molecules.

Although we can fit the FIR SED of these galaxies, the main discrepancy is that the UV
emission is underpredicted with respect to our corresponding predictions for attenuation of
UV light. We discuss possible causes for this discrepancy, as well as consequences for the
derived physical parameters of these galaxies. We also discuss the underprediction of the
8µm emission in the SF regions, and its implications.

4.6.1 Emission from PAHs at 8µm

We found that the observed emission at 8 µm is overpredicted for the diffuse emission, and
severely underpredicted for the emission from the HII regions. One reason for this could
be, as we discussed in Sect. 4.2.1, that part of the 8µm flux seen in the apertures, although
powered by UV light from the star cluster, is actually likely to originate in the diffuse dust
layer beyond the PDR+HII region considered by the Groves et al. (2008) model. Although it
is impossible to quantify the importance of this effect, we do not think that it is entirely re-
sponsible for the discrepancies, because most of the 8 µm emission is clearly associated with
the SF regions, as shown by the close correspondence between the 8 µm and Hα distribution
(e.g. in the shell structure in the NGC 4214 - NW region.)
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The model of Popescu et al. (2011) assumes Galactic dust properties and a fraction of PAHs
in dust which is appropriate for our Galaxy. The PAH fraction in NGC 4214 and NGC 4449
might be lower given the lower metallicity (e.g. a lower PAH fraction has been found in the
diffuse ISM in the SMC by Sandstrom et al. 2010). If this is the case, we can quantitatively
understand the discrepancy.

A possible reason for the excess of 8 µm emission in the HII regions may be that the model
of Groves et al. (2008) overpredicts the PAH destruction for these particular objects. In the
models of Groves et al. (2008) the PAH abundance is fixed to be proportional to the gas
metallicity. In addition to this, it includes a parameter which controls the destruction of the
PAHs in intense radiation fields. Thus, this model considers PAH destruction and assumes a
lower fraction of PAHs in dust in the SF regions.

Engelbracht et al. (2008) found a good correlation between the equivalent width at 8 µm,
EW(8 µm), and the ionization parameter for a set of starburst galaxies. The relation has also
been confirmed for HII regions in M101 (Gordon et al., 2008). NGC 4214 and NGC 4449
are part of the sample of galaxies used by Engelbracht et al. (2008). NGC 4214 deviates
significantly from this correlation: it exhibits an EW(8 µm) a factor of 3 higher than the one
corresponding to the ionization parameter1. However, in the case of NGC 4449, for which we
obtain a larger discrepancy at 8 µm, Engelbracht et al. (2008) did not report any anomalies.

A final possibility to explain the high 8 µm emission from the SF region is the ratio between
neutral and ionized PAHs. The model of Groves et al. (2008) uses templates fitted to the
starburst galaxies NGC 4676 and NGC 7252 with a corresponding ratio between neutral and
ionized PAHs. This ratio might not be entirely appropriate for the low-metallicity galaxies
NGC 4214 and NGC 4449. Ionized PAHs emit about a factor of 10 more energy in the 6-
9µm range than at 11-12 µm, whereas neutral PAHs emit about the same amount in both
ranges (Draine and Li, 2007). Thus, a higher ionized PAH fraction could boost the predicted
emission at 8 µm at the expense of the emission at 11-12 µm. If we assume as an extreme
case that the entire emission at 11-12 µm is transferred to the 8 µm band, we can increase the
emission for our model spectrum at 8 µm by a factor of ∼ 2. Thus, we could indeed improve
the agreement between data and model, although some discrepancy would remain, especially
for NGC 4449.

1The spectra used in this analysis are not restricted to the SF regions and thus might contain emis-
sion from the diffuse medium (Engelbracht et al. 2008 do not quantify this) and therefore we cannot
rigorously compare this result to our findings for the SF complexes. However, since the lines from the
ionized atoms and the PAH emission come to a large extent from HII regions and their PDRs (see our
Tabs. 1-3) the result of Engelbracht et al. (2008) suggests that the 8 µmemission in the SF regions in
NGC 4214 might indeed be high.
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4.6.2 The UV emission illuminating the diffuse dust

In Sections 4.4.3 and 4.5.3 we found that there is tension between the observed surface bright-
ness of the disk in the submm and the observed flux of the galaxy in the non-ionising UV in
the sense that, although the FIR SED can be fitted, the UV emission required to heat the
dust is only a fraction of ∼ 40% and ∼ 25% of the observed luminosity of NGC 4214 and
NGC 4449, respectively. Therefore, in order to match data and model we require that a large
fraction of the observed UV-optical luminosity does not contribute to the dust heating, and
instead leaves the galaxy unattenuated. Here we discuss the plausibility of such an escape
fraction and study further possibilities to explain the differences between model and data.

4.6.2.1 Escape of unattenuated UV radiation

In starburst galaxies, it has been previously observed that a fraction of the UV luminosity
can escape from the galaxies without heating the dust, mainly due to the porosity of the ISM
created by the energy input of massive stars and SNe which in the extreme case leads to
(super)bubbles and galactic winds. Oey et al. (2007) showed that starburst galaxies present a
low diffuse Hα emission consistent with an expected escape fraction of ionizing photons of
25% from the galaxy. Other studies show that the escape of ionizing radiation (and therefore
non-ionizing as well) could be much lower: Leitherer et al. (1995) pointed out that 3% of the
intrinsic LyC photons escape from a set of starburst galaxies; Grimes et al. (2009) found an
even lower (<1%) fraction for local starburst galaxies, and Siana et al. (2007) found a low
escape fraction for low (subsolar) metallicity starburst galaxies (<8%).

However, the detection of the escaping photons might be determined by the geometry and
orientation of the observations if holes and open channels are the medium that the radiation
uses to escape from the galaxy (Clarke and Oey 2002, Zastrow et al. 2011). Besides, the
escape fraction can be affected by the internal properties of galaxies, depending sensitively
on the covering factor of clumps, and the density of the clumped and interclumped medium
(Fernandez and Shull 2011).

Conditions that are favorable for an escape are likely to be given in starburst dwarf galax-
ies which generally show large bubbles and shell structures (Martin, 1998) – similar to what
we are seeing in the centres of NGC 4214 and NGC 4449 – that would make the ISM more
porous and prone to enable the UV radiation to escape. The simulations of Wise and Cen
(2009) showed that an escape fraction as high as 25-80% can be expected due to the irregular
morphology of the dwarf galaxies with a clumpy ISM. There are observational confirmations
of such an escape. Cormier et al. (2012) found evidence for a escape of 80% of the non-
ionizing UV-radiation from the low metallicity Haro 11 and Bergvall et al. (2006) an escape
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fraction of the Lyman continuum radiation of 4-10% in the same object. Zastrow et al. (2011)
have detected an ionized cone above a shell structure in the starburst galaxy NGC 5253 sug-
gesting that ionizing radiation could be escaping from this galaxy. In the presence of such
channels we would expect that not only ionizing, but also non-ionizing radiation escape from
the galaxies without being affected by dust.

The geometry of the central SF regions of NGC 4214, especially in the case of the NGC 4214 -
NW region, suggests that bubbles have been already created in this galaxy. We can make an
estimate of how much such a process could affect NGC 4214 by assuming that the entire UV
luminosity from these regions leaves the galaxy unattenuated. The UV luminosity of the two
main HII regions represent 20% of the total UV luminosity of NGC 4214. Therefore, about
20% of the total UV luminosity possibly does not contribute to the dust heating and should be
subtracted when converting into the S FR′ heating the dust in the disk. This fraction is close to
the lower limit of the observed discrepancy and thus might be able to explain a considerable
part of it.

4.6.2.2 A different geometry of dust and stars

In our modeling we have assumed that NGC 4214 and NGC 4449 are a scaled-down version
of the model spiral galaxy used in Popescu et al. (2011). However, the differences in the
geometry for the spiral and dwarf galaxies can affect the comparison of the data with the
model of Popescu et al. (2011).

The relative scale-heights and scale-lengths of the dust and the stars are derived from a sample
of edge-on spiral galaxies (Xilouris et al., 1999). However, the geometry of dwarf galaxies
is known to be different from that of larger spiral galaxies. In particular, their stellar disks
are thicker in comparison to their diameter (e.g. Hunter and Elmegreen, 2006). This is not
unexpected because the scale-height depends on the mass surface density, which determines
the gravitational potential in the vertical direction and the velocity dispersion. Both are gen-
erally similar in dwarf galaxies and in spiral galaxies, therefore the absolute value of the
vertical scale-height is expected to be similar, and, since they are smaller than spiral galaxies,
the ratio between scale-height and scale-length becomes larger. The gas scale-height is even
higher in absolute terms than in spiral galaxies (Brinks et al., 2002). Thus, we would expect
higher ratios between the vertical scale-heights and the radial scale-lengths than the one as-
sumed in the model. In NGC 4214 Maı́z-Apellániz et al. (1999) estimates the vertical stellar
scale-height to be about 200 pc, i.e. about 1/4 to 1/5 of the radial scale-length. This is at least
a factor of 3 higher than the ratio assumed in the Popescu et al. (2011) model. However, the
effects of a difference in the ratio between scale-height and scale-length are not expected to
be very large as long as the relative scale ratios between stars and dust are the same.
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Another possible, albeit speculative, difference between the model and the real geometry
could be a non-central position of the SF regions. Since these regions are dominating the
young SF activity in the galaxy and are very likely responsible for a large fraction of the UV
emission, their possible position above or below the galactic disk would have an important
impact on the dust heating, whereas in large galaxies such an asymmetry is unlikely due to
the high number of SF regions.

4.6.2.3 An extended dust component

If the dust is more extended compared to the stellar disk than what is assumed in the model,
such an extended dust component will be relatively cold and emit more in the submillimeter.
By including such a component we would therefore be able to use a higher value of S FR′

for the rest of the dust and decrease the discrepancy with the observed UV emission. Fur-
thermore, an extended, cold dust component could explain the missing flux at the long wave-
lengths. Popescu et al. (2002) have found indications of such an extended dust component
with ISO data in dwarf galaxies, however their data lacked the spatial resolution to directly
measure its spatial extent. In order to test whether there are indications for an extended dust
component, we derived the radial scale-lengths from SPIRE 250, 350 and 500µm bands. The
rather irregular distribution of the dust emission did not allow us to define elliptical isophotes
at all galactocentric radii, instead we derived the median values with the isophotal elliptic an-
nuli defined in the g-band image. By carrying out a least square-fit to the radial distribution
of these median values, we derived scale-lengths of 835, 920 and 1067 pc for NGC 4214 and
of 1042, 1073 and 1118 pc for NGC 4449 at the SPIRE 250, 350 and 500 µm bands (see Fig-
ure 4.22), respectively. The increase of the scale-lengths from shorter to longer wavelengths
is expected because of the decrease of the dust temperature towards the outer parts of the
galaxy. The longest wavelength (SPIRE 500 µm) best represents the scale-length of the dust
distribution but most likely still underestimates it.

The model of Popescu et al. (2011) adopts a dust scale-length of 1.406 × hs. In the case of
NGC 4214, with hs = 873 pc this would predict a dust scale-length of 1227 pc, whereas
in the case of NGC 4449, with hs = 1002 pc, the prediction is 1409 pc. Thus, in both
cases, the predicted value of the dust scale-length is higher than the measured scale-length
at SPIRE 500 µm band. Therefore, although we cannot exclude the presence of an extended
dust component because the dust scale-length can be longer than that at SPIRE 500 µm band,
we do not find any clear evidence for its presence.
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Figure 4.22: SPIRE 500 µm scale-length of NGC 4214 (top) and NGC 4449 (bottom). The fit
(solid line) was achieved using the isophotes in the radial range marked by the grey-shaded
area. The uncertainty in the slope is represented by the dark grey area and the dark grey
dashed lines.

4.6.2.4 Different dust properties

Until now we have mainly discussed different geometrical scenarios for explaining the dis-
crepancies we find in the UV. There is however another possibility, that the submm mass
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absorption coefficient of grains, as specified by the Weingartner and Draine (2001) model
and as used in the radiation transfer model of Popescu et al. (2011), underestimates the true
mass absorption coefficient of the grains in the submm, leading to a lower dust surface den-
sities and a lower disk opacity in the UV for the observed submm brightness of the diffuse
disk. This is a solution that unfortunately is largely degenerate with the assumed geometry
of stars and dust. Because of this, and the lack of independent constraints on the existence of
such a dust model, we cannot draw any conclusion on this issue.

4.6.2.5 Physical implications

In the previous subsections we discussed a few possibilities that might have caused the dis-
crepancy in the predicted level of UV emission. Probably the most likely scenario is that
dynamical effects associated with a recent burst of SF activity responsible for the central SF
complexes has punched holes through the diffuse dust layer, through which the UV photons
leaving the SF regions can escape the galaxy without interacting with the diffuse dust. This
would be a natural outcome of a non-steady state behaviour of SF activity in dwarf galaxies,
in which we may be observing NGC 4214 and NGC 4449 in a post starburst phase, where
the star clusters are no longer fully cocooned by dust, but to the contrary have evolved to the
point where SN and wind activity have cleared the dust in the ISM above the location of the
starburst.

The existence of different grain properties is also plausible, though difficult to distinguish
from the other scenarios. This would increase the inferred gas-to-dust mass ratios compared
to the radiation transfer model predictions, bringing it closer to the values expected from the
observed metallicity of NGC 4214 and NGC 4449.





CHAPTER 5
Conclusions and Future Work

”Extraordinary claims require extraordinary evidence”

– Carl Edward Sagan (Cosmos)

We carried out a study of the interstellar dust in starbursting dwarf galaxies from both the
perspective of the extinction and the emission of dust grains. We chose this kind of objects
because they are simple systems driven by a few star forming regions that dominate the
emission and because their dust properties have been a matter of debate over the last decade.
In order to be able to study separately the different components of the ISM, we chose the two
nearby galaxies NGC 4214 and NGC 4449.

For our study of the extinction we made use of the HST-WFC3 observations of NGC 4214,
which cover a broad spectral range from the near-ultraviolet to the near-infrared, including
the Hydrogen recombination lines Hβ, Hα and Pβ. We used these three line-emission maps
to compute the dust extinction in the central photo-ionised regions of NGC 4214.

To derive the extinction we assumed that the dust is distributed in a foreground screen far
from the emitting gas. Regarding the dust geometry, we tested two different extinction laws,
the first with RV = 3.10 (typical of dust in the diffuse ISM) and the second with RV = 5.45
(more appropriated for dust in molecular clouds). Our main conclusions from this study are
listed in the following:

• Extinction maps calculated with different line-ratios show similar structures but they
predict different values of the extinction. Specifically, in those regions that present
low values of the extinction, the correlation between the different extinction maps is
linear. On the other hand, regions with a high extinction show a clear deviation from
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the linearity.

• For all of the derived maps, these correlations are closer to linearity for RV = 5.45,
which indicates the presence of dust as in molecular clouds in our line of sight.

• In general, we found that APβ/Hα > APβ/Hβ > AHα/Hβ. This trend can only be under-
stood if scattering is playing an important role in bringing back photons to our line of
sight. This indicates that part of the dust that produces the extinction is located close
to the ionised gas.

• Based on our high resolution maps, we believe that the most plausible geometrical
scenario is that dust is distributed in dense clumps located close to the emitting gas.

In summary, we found that a fraction of the dust that produces the extinction in our line of
sight must be dust within molecular clouds most likely distributed in dense clumps located
close to the source of radiation, which physically would correspond to a fragmented PDR.

For our study of the dust emission we have the SED of NGC 4214 and NGC 4449 from the
UV to radio wavelengths. We used two radiation transfer models to study separately the
emission from the star forming regions and from the diffuse dust. The large amount and
quality of ancillary data, as well as the results from previous studies, allowed us to constrain
a major part of the input parameters of the models. Our main conclusion are:

• In general, we achieved a good agreement between data and models, both for the diffuse
dust emission and the dust in HII+PDR regions.

• We found that the emission from PAHs is severely underestimated in the SF regions.
Possible reasons for this discrepancy are that the model assumptions (PAH abundance
and destruction) are not completely adequate for the cases of NGC 4214 and NGC 4449
or that these galaxies have an unusually high emission at 8 µm for their metallicities
and radiation field, which in the case of NGC 4214 is supported by other studies.

• For both galaxies, we could fit the diffuse dust SED satisfactorily, and we derived global
gas-to-dust mass ratios compatible with their expected values from their metallicities.

• We did not find strong evidence of the submm excess usually found in dwarf galaxies.

• Our results does not show clear evidence of the need of different dust properties as it
was proposed by several authors.

• We inferred that the UV radiation field needed to power the observed dust emission is
only a fraction (∼ 40% for NGC 4214 and ∼ 25% for NGC 4449) of the UV radiation
field observed. We discussed different explanations for this discrepancy and conclude
that the most plausible one is that a large fraction of the UV radiation escapes from the
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galaxy unattenuated.

This is the first time a full radiation transfer analysis constrained by the observed SEDs of
spatially separated components has been done for dwarf galaxies. Corresponding radiation
transfer studies of resolved star-forming dwarf galaxies but with different inclinations and
evolutionary states to NGC 4214 and NGC 4449 may allow to explore in more detail the
question of the submm excess and the escape of UV radiation.

Due to their close location, the Magellanic Clouds are excellent targets for understanding
the dust properties of dwarf irregular galaxies. The Large and the Small Magellanic Clouds
(located at a distance of 50 and 62 kpc, respectively) span many degrees on the sky due to
their proximity to the Milky Way. In Figures 5.1 and 5.2 the size of the LMC and SMC,
respectively, can be compared with the size of NGC 4214 and NGC 4449. It is clear from
these figures the advantage of the Magellanic Clouds, even the smaller HII regions within
these two galaxies have similar sizes to the whole disk of NGC 4214 and NGC 4449!

Figure 5.1: Image of LMC from a RGB combination of MIPS 160 µm, MIPS 70 µm and
MIPS 24 µm bands from the SAGE survey. The small circle at the right bottom corner has a
diameter of 6′, i.e., the same diameter of NGC 4214 and NGC 4449.
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Figure 5.2: Image of SMC from a RGB combination of MIPS 160 µm, MIPS 70 µm and
MIPS 24 µm bands from the SAGE survey. The small circle at the left bottom corner has a
diameter of 6′, i.e., the same diameter of NGC 4214 and NGC 4449.

Both Magellanic Clouds were mapped by the program ”Surveying the Agents of Galaxy
Evolution” (SAGE) with all Spitzer IRAC and MIPS bands. Their mosaics of the LMC
(∼ 7 × 7 degrees) and of the SMC (∼ 9 × 5 degrees) cover the whole disk of both galaxies.
This data is already public.

The SAGE program is currently being extended with the program ”Herschel Inventory of The
Agents of Galaxy Evolution” (HERITAGE), which is mapping the Magellanic Clouds with
Herschel PACS and SPIRE data from April 2012.

In Figure 5.3 we show the intensity maps from Planck presented in Planck Collaboration et al.
(2011a). Whereas for NGC 4214 and NGC 4449 the resolution achieved by Planck does not
allow to resolve the SF regions, in the case of the Magellanic Clouds it allows to perform a
detailed separation. Besides, unlike NGC 4214 and NGC 4449, Planck successfully detected
LMC and SMC in all their bands, which will allow us to perform a detailed study in the
submm range. This data is not public yet.

In summary, the proximity of the Magellanic Clouds will allow us to perform a clearer sep-
aration between HII regions and the diffuse medium and to carry out a much more detailed
study of the submm SED than the performed in the present work.
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Figure 5.3: PLANCK 350 µm (top), PLANCK 3 000 µm (middle) and PLANCK 10 000 µm
(bottom) view of the LMC (left) and of the SMC (right). Image extracted from Planck Col-
laboration et al. (2011a).
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