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“While we are here, should we not investigate?”

Mr. Data - on finding himself in M33 (Star Trek: The Next Generation)



COVER: Background image: Fragment of the Orion nebula. Inset front: NGC 604. In-

sets back, from left to right: M33, M83 and M81. Image credits: Hubblesite (http://
hubblesite.org) / NASA / ESA / ESO.
The nebula NGC 604 is the largest star forming region in M33. This image in optical wave-

lengths shows emission by various metals (oxygen, nitrogen, sulfur) as well as ionized hy-

drogen. Atomic hydrogen (not shown) wraps around NGC 604 and provides important clues

as to the underlying total hydrogen densities, including molecular hydrogen. The resolution

of the HI and UV images, needed to analyze the process of photodissociation that goes on in

these regions, does not match the stunning detail of the optical image here. Therefore, we

have to step back and look at the larger scale structure of the cloud.

The background image of a small part of the Orion nebula in our own Galaxy similarly con-

veys the complex structure of the gas in a giant molecular cloud, where shock waves can be

seen as well as a very filamentary cloud structure. This complicates our analysis, which is

why nearby galaxies are more suitable for the search for large-scale photodissociation re-

gions presented here. This thesis, then, focuses on the nearby spiral galaxies M33, M81 and

M83 (shown here in various wavelengths).

PRINTED BY: Ipskamp Drukkers B.V., Enschede, the Netherlands
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1
Introduction

What fraction of atomic hydrogen in galaxies is produced by photodissociation? How
ubiquitous are large-scale photodissociation regions (PDRs) in galactic disks? What

are typical densities of these large-scale PDRs? These questions drive the research behind
this work and are bound to lead to intriguing new questions as well as, hopefully, provide
some answers.

From the name astrophysics, or ’the physics of stars’, we arrive naturally at the issue
of star formation. Throughout the centuries, it has become evident that there are vast
numbers of stars. Not only in our own Galaxy, but all galaxies contain stars — as far as we
know. We know that stars consists primarily of hydrogen. We can also see how stars are
being formed in dense molecular clouds. Detection of molecular hydrogen is therefore of
great interest, if one wants to find out more about the process of star formation.

This thesis builds on and refines a method to detect molecular hydrogen by way of
atomic hydrogen produced in photodissociation regions. By applying this method we gain
valuable insight into the general distribution of molecular hydrogen throughout galac-
tic disks, an important component in the process of star formation. Investigating nearby
galaxies avoids the line of sight confusion that complicates the identification of large-scale
PDRs in our own Galaxy. Nearby galaxies are still close enough to be able to (barely) resolve
the expected hints of the presence of PDRs. At the same time, the target galaxies have to
have detectable amounts of atomic hydrogen and the far-ultraviolet emission from young,
hot stars that mark candidate PDRs. The sample of targets includes M33, M81 and M83,
partially based on earlier, similar efforts.

After outlining the role of molecular hydrogen, I will go into the method that is central
to this work, followed by a general overview of related topics.

1.1 The vital role of molecular hydrogen

Molecular hydrogen (H2) is the basic building block of star formation. Its abundance in the
interstellar medium (ISM) is therefore of great interest. Since it has no permanent dipole
moment, it is a molecule that is hard to observe directly. H2 may be observed through
its quadrupole emissions in situations where the density or temperature is high. Another
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2 Introduction

way to detect H2 directly is by taking absorption measurements, restricting this method to
suitable line-of-sight occurrences.

Alternatively, molecular hydrogen can be detected indirectly. The most widely used
method is based on the observation of the millimeter rotational spectrum of carbon monox-
ide (CO) and uses an assumed direct relation between the density of molecular hydrogen
and the line strength of 12CO(1-0) emission. Conversion factors have been derived for
many nearby galaxies, including our own. This method using the so-called X-factor is usu-
ally applied with notes of caution acknowledging mounting concerns about its accuracy
(further detailed below, in §1.2).

Because of these concerns, exploring different avenues that can give insight into the
actual distributions of H2 in various environments is of definite importance. A new method
to estimate the density of H2 in giant molecular clouds (GMCs) throughout the local uni-
verse, using a combination of measurements — 21-cm radio HI, and satellite observations
of far-ultraviolet (FUV) emission — was proposed by Allen et al. (1997), based on the find-
ings of Allen et al. (1986).

My thesis work is an effort to expand and develop this alternative method that is based
on straightforward and unavoidable processes — namely the physics of photodissociation
regions (PDRs), and the measurement of atomic hydrogen and incident UV radiation that
produced it — to probe the underlying total hydrogen reservoir. This method is indepen-
dent of molecular excitation in the GMC, so we can expect to be able to detect more than
just the warm, dense gas.

1.2 Observing molecular hydrogen indirectly

1.2.1 Carbon monoxide

Many papers have been written about CO and its observable transitions, since its first de-
tection by Wilson et al. (1970). This brief summary of using CO as a tracer of H2, therefore,
does not claim to be complete.

Dickman (1978) was one of the first to attempt a quantitative connection between
molecular hydrogen and carbon monoxide (13CO), based on galactic interstellar dark clouds
and valid in dense cloud cores. Outside our Galaxy, 13CO becomes much harder to ob-
serve. A more convenient tracer is then the velocity-integrated J = 1 → 0 12CO line inten-
sity, ICO (Dickman et al., 1986).

Young and Scoville (1984) derived the H2 mass in M82 using a conversion that would
later become known as the ’X-factor’ (XCO ), based on the empirical correlation of H2 col-
umn densities to CO(1-0) line intensities for molecular clouds in our Galaxy (Young and
Scoville, 1982). It is assumed that XCO is reasonably constant throughout the Milky Way
and that the CO line intensity is determined primarily by collisions between H2 and CO
(Sanders et al., 1984). In our galaxy its value is 1.8×1020 cm−2 (K km s−1)−1, as determined
by Dame et al. (2001), who used far-infrared dust maps combined with HI data to predict
the presence of H2 quantitatively (see §1.2.2).

The principal analysis of the X-factor method comes from Dickman et al. (1986), and
references therein. It is argued that, even though the CO lines are generally heavily sat-
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urated, an ensemble of molecular clouds seen in CO would be a decent H2 mass tracer.
This depends on cloud overlap in the CO maps being a minor issue and on the clouds
being virialized. The recent work by Wall (2007) provides a review of the justifications of
using the integrated 12CO(1-0) line intensity, which by now includes the assumption that
clumps within the molecular clouds need to be virialized, not necessarily the whole cloud.
Significantly, he adds radiative transfer to the analysis, which puts the method on a firmer
footing physically, while still obtaining X-factors consistent to within a factor of 2 of ob-
served values.

Recent examples of the application of the X-factor include Casoli et al. (1998), who
used a constant X-factor to study a survey of 582 galaxies, and Fumagalli and Gavazzi
(2008), who used an X-factor based on the metallicity of each individual galaxy under con-
sideration.

As the attempts to solidify the argumentation for the use of the X-factor continue, di-
rect measurements of H2 will ultimately provide the most insight into the effectiveness of
the method. A result to note here comes from Burgh et al. (2007). They took direct H2

UV absorption measurements in our Galaxy and compared them to CO observations. This
allowed them to directly compare CO column densities to H2 column densities, finding a
highly variable ratio of the two. They stress the need to consider the physical state of indi-
vidual clouds. For example, the total gas mass would be underestimated in diffuse clouds
using the standard X-factor.

One of the problems with the X-factor is its dependence on the local metallicity. Fig-
ure 4 in Israel (1997) shows a clear dependence of a per-galaxy X-factor on the metallicity
[O]/[H ]. This is explained as an effect of photodissociation of the molecular gas, regulated
by the presence of dust. A better understanding of this dependency would obviously im-
prove the method, but that would also limit its applicability since metallicity measurement
for individual galaxies are scarce.

Another question is: How well does CO trace the cold gas? Loinard and Allen (1998)
found large, cold molecular clouds in M31 with kinetic temperatures close to that of the
cosmic microwave background. This can be explained by the absence of strong UV / cos-
mic ray fluxes, leaving the molecular clouds cold and smooth. An intense UV flux would
dissociate the gas, leaving clumpy high-density regions of CO emission as can be observed
in our own Galaxy. Hosokawa and Inutsuka (2007) detect 30 – 40 K HI/H2 as an HI self-
absorption feature, which correlates poorly with detected CO emission. This highlights
the need for additional ways to estimate the presence of molecular hydrogen, especially
when it is relatively cold.

Finally, another related method to find molecular gas is worth mentioning. A com-
bination of [CII] and [OI] lines can be used to get information about the molecular gas.
They are the two main PDR cooling lines and show a correlation with far-infrared emis-
sion. These lines are the product of photodissociation of CO. The use of these lines in the
context of PDRs is discussed extensively in Hollenbach and Tielens (1999). It can be noted
that for these lines to be observable, higher (above 100 K) temperatures and densities are
required (see e.g. Spaans, 1996).
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1.2.2 Dust emission

Dame et al. (2001) determined the value of the X-factor in the Milky Way using 100 µm
far-infrared dust emission maps and HI maps. This approach finds its origin in de Vries
et al. (1987), where

I100 = aN (H)+ I100(BG). (1.1)

BG indicates the background emission and N (H) = N (HI)+2N (H2), while the scaling fac-
tor a needs to be determined empirically.

It is assumed that the total gas column density in regions free of CO emission is given
solely by the HI content (and a constant background level). The infrared map is then cor-
rected by this atomic gas map to yield an effective molecular hydrogen content map. Fig-
ure 11 of Dame et al. (2001) gives the derived X-factor as a function of galactic latitude.
The method allows the ratio of 100 µm to HI emission to vary over large scales. This is
similar to the work by Desert et al. (1988), who conducted an all-sky search, and Reach
et al. (1998), who find that most of the molecular clouds in their results are relatively cold
(15-20 K).

Israel (1997) uses a slightly different approach, applied to the Large Magellanic Cloud
and small magellanic irregular galaxies. It is based on the same basic assumption: In re-
gions free of CO emission, the gas is purely atomic and directly observable through the HI

emission. They use the following formula to derive the H2 column density:

2N (H2) = [(N (HI)/σF I R )0 f (T )σF I R ]−N (HI), (1.2)

that contains the far-infrared surface brightness σF I R and a temperature-sensitive emis-
sivity correction f (T ). A constant dust-to-gas ratio is assumed, as well as a constant dust
temperature distribution. The resulting X-factor for these galaxies is shown to be a firm
lower limit and higher than the value of the X-factor for the Milky Way. A higher value
means that the inferred H2 column densities are also higher.

Interstellar dust particles can also be detected by their (sub-)millimeter wavelength
continuum emission (which includes CO line emission). There is a good correlation with
CO emission when the CO is bright. See for example Bot et al. (2007) and references
therein. In this case,

I (λ) = N (H)ǫH (λ)Bλ(Tdust ), (1.3)

where ǫH is the emissivity per hydrogen atom (dependent, for instance, on the dust-to-gas
mass ratio), and Tdust is the dust temperature. They suspect an X-factor different from the
value in our Galaxy particularly in low metallicity environments.

1.3 Atomic hydrogen in nearby spiral galaxies — Pro-
duced in PDRs?

After this short overview of the use of carbon monoxide and dust emission in determining
the molecular hydrogen content, we now turn to the subject of this thesis.

The element that is closely connected to H2 by its very nature is atomic hydrogen (HI),
making up the bulk of the readily visible matter in the universe. While it is generally as-
sumed to be mostly primordial in nature, there are strong indications that a large fraction
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of the HI in galaxies was formed in photodissocation regions (PDRs) under the influence
of radiation from hot, young stars (Allen et al., 1986).

The process of HI being turned into H2 and back into HI can be used to measure
the abundance of H2 in Giant Molecular Clouds (GMCs) through the measurement of HI

formed in PDRs on the surface of these GMCs. It is the application and refinement of this
method that is at the heart of this thesis. Theoretically, all the HI in a galactic disk can be
photodissociated, since there is enough dissociating radiation available, as well as enough
time for the H2 to form and to be dissociated again (Allen, 2004). The fraction of HI orig-
inating from PDRs is likely to be lower in practice, but still significant, and this atomic
hydrogen should leave its imprints on the larger-scale distribution of HI in galactic disks.

The concept of photodissociated atomic hydrogen, even at larger scale, is occasionally
considered. For example, we can point to Wilson and Scoville (1991), who discuss how a
relative offset of HI and CO in the southern spiral arm of M33 fits the view that the HI was
produced by photodissociation of H2. Densities of n between roughly 40 and 160 cm−3

are required to make their model agree with observations. This is the kind of relatively
low-density PDRs that we are looking for.

In this thesis, we will try to identify HI features and assume that these features are the
product of photodissociation.

1.3.1 Photodissociation regions — An alternative tracer of molecu-
lar hydrogen

The emergence of young, hot stars out of the massive clouds in the interstellar medium
(ISM) leads to the formation of PDRs. Energetic UV photons from O and B stars, around
1000 Å, can dissociate nearby molecular hydrogen into atomic hydrogen (Stecher and
Williams, 1967). Close to these stars, atomic hydrogen may be ionized, leading to the de-
tection of HII regions. Further out, the photodissociating photons create a layer of HI on
the surfaces of GMCs. The physics of PDRs was reviewed thoroughly by Hollenbach and
Tielens (1999). We follow them in referring to these regions as photodissociation regions
(others might prefer the term photon-dominated regions), since it is the aim of this work
to provide a basis for viewing large-scale HI emission as a product of photodissociation.

In our own galaxy, these PDRs have been observed in, for example, the well-studied
Orion Nebula. The size of such a region ranges from the sub-parsec scale to a few tens of
parsecs. However, larger PDRs also exist and can have sizes of the order of hundreds of
parsecs. In these regions the incident UV flux is noticeable and capable of dissociating H2.
An example of such a cloud in our own Galaxy was provided by Williams and Maddalena
(1996). At these scales the incident dissociating flux coming from the nearby OB stars still
dominates the UV field radiating on molecular hydrogen, and the resulting ’blanket’ of HI

on the surface of the associated GMCs is much thicker (Hollenbach and Tielens, 1999).
These structures can be detected, albeit not always completely resolved, out to a distance
of roughly 10 Mpc with present-day telescopes.

At the linear resolution scale that we are dealing with in nearby galaxies, which is of
the order of a few tens of parsec, the combined FUV flux from clusters of OB stars is still
significant. We can expect to be looking at diffuse, large, low-density GMCs, or unresolved
clusters of GMCs. Hollenbach et al. (1991) define low-density PDRs as lying in the param-
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Figure 1.1: Figure 1 from Field et al. (1966) shows the different transitions of the molecular hydrogen
molecule. It can dissociate from the upper levels.

eter space of 102 cm−3
≤ n ≤ 105 cm−3 and 1≤G0 ≤ 104, as opposed to their standard PDR

that has a higher incident flux and density. Their analysis is independent of the size of the
clouds, since they use the visual extinction Av as a measure of cloud depth instead. The
PDRs in this work have densities below this range of n and values of G0 of up to ∼10 at
most.

1.3.2 PDR Theory

The following is based primarily on Sternberg (1988) and Allen (2004).
Atomic hydrogen and molecular hydrogen can be treated as being in equilibrium,

which means that the H2 formation and destruction rates are matched. While the HI and
H2 are probably not actually in equilibrium, especially in denser regions (Bertoldi and
Draine, 1996), we will assume that the large-scale PDRs are close enough to equilibrium
for this analysis to be useful. It is also assumed that cosmic-ray destruction can be ne-
glected.

A molecular hydrogen molecule can absorb a UV photon in the range of 912 to 1108
Åfor photodissociation to take place, or from 13.6 eV to 11.1 eV respectively. 13.6 eV is the
ionization energy of HI, so higher energies are not available, while 11.1 eV is the lowest
possible energy to get the H2 into an excited electronic state (in lines of the Lyman and
Werner bands). From there, the molecule decays back down in to the ground electronic
states, but 10 – 15% of the time it will dissociate into two hydrogen atoms. An illustration
of this process, taken from Field et al. (1966), is included as Figure 1.1.

The interested reader is referred to Tielens (2005) for a full treatment of this subject.
The H2 destruction rate is

Rdi ss = Dχe−τg r,1000 fs (N2)n2
[

H2 molecules cm−3 s−1] , (1.4)
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where subscript 2 is shorthand to indicate molecular hydrogen. Likewise, subscript 1 will
indicate atomic hydrogen. D is the unattenuated photodissociation rate, χ is a measure of
the incident radiation field (see Equation 1.12) and τg r,1000 is the grain absorption at 1000
Å. fs is the absorption line self shielding function, and is dependent on the H2 column
density.

The H2 formation rate is

R f or m = γ2 ×n×n1
[

H2 molecules cm−3 s−1] , (1.5)

where n = n1 +2n2.
Then, with the continuum opacity τg r,1000 =σ(N1+2N2) (where σ is the effective grain

UV continuum absorption cross section), we can write

Rnd N1 = Dχ fs (N2)e−σ(N1+2N2)d N 2, (1.6)

where R was written for R f or m , while

γ2 = 3.0×10−18(δ/δ0)T 1/2yF (T ) [cm3 s−1], (1.7)

from Jura (1974). The quantity T 1/2yF (T ) can be approximated as constant, since it varies
only within a factor two of its assumed value (Hollenbach et al., 1971).

Jura (1975) estimated a formation rate of 3×10−17cm3 s−1. More recent estimates of
this value are given by e.g. Habart et al. (2004) and Wolfire et al. (2008).

Equation 1.6 is then integrated to yield

N1 =
1

σ
ln

[

DG

Rn
χ+1

]

[

cm−2] , (1.8)

where G is an expression of the effective grain absorption cross section (which includes
fs ) and is a constant for N2 →∞. G ∝ (σ/σ0)1/2. R is the H2 formation rate coefficient on
grain surfaces and R ∝ δ/δ0. σ∝ δ/δ0.

n is the total hydrogen volume density, which is the main quantity we are interested in
here. We will write N (HI) for N1.

The previous expression reduces to

N (HI) =
7.8×1020

δ/δ0
ln

[

90χ

n

(

δ

δ0

)

−1/2

+1

]

[

cm−2] , (1.9)

with numerical values from Madden et al. (1993), updated by Allen (2004) to include the
dependency on δ/δ0, the dust-to-gas ratio scaled to the solar neighborhood.

Rewriting to yield the total hydrogen volume density n gives

n = 90χ

(

δ

δ0

)

−1/2 [

exp

(

N (HI)(δ/δ0)

7.8×1020

)

−1

]

−1
[

cm−3] , (1.10)

and G0 = 0.85χ, from Hollenbach and Tielens (1999); see also Allen et al. (2004), who
derive this expression in their Appendix B. χ is defined in a way that is appropriate for an
incident flux from distributed sources from 2π steradians on a PDR surface, while G0 is an
equivalent one-dimensional flux. G0 is commonly used in PDR modeling.
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Equation 1.10 can therefore also be written as

n = 106G0

(

δ

δ0

)

−1/2 [

exp

(

N (HI)(δ/δ0)

7.8×1020

)

−1

]

−1
[

cm−3] . (1.11)

Remember that n = n1 + 2n2, the total hydrogen volume density. At the center of a
GMC all the hydrogen is expected to be in its molecular form, so there n2 = n/2.

We can measure the FUV flux (in units ergs cm−2 s−1 Å−1), at an effective wavelength
of 1528 Å for GALEX data. This is a good substitute for the actual dissociating flux at
1000 Å, since the interstellar radiation field is fairly constant around that wavelength range
(Draine, 1978). We then calculate the UV flux incident on the HI column by multiplying by
(D/ρ)2, which will give us χ:

χ=
FFUV

F0

(

Dg al

ρHI

)2

, (1.12)

where F0 = 2.64 × 10−6 ergs cm−2 s−1 Å−1, which is called the Habing flux after Habing
(1968). This is a measure of the fraction of ultraviolet radiation that reaches the HI patch
of which we measure NHI. ρHI is the separation between the central UV source and the
HI patch and is corrected for projection effects as much as possible. We assume a spher-
ical model, in which the candidate PDR is perfectly symmetric and where the HI patch is
located at the edge of a sphere of radius ρHI . Deprojection is achieved by considering the
position angle and declination of the host galaxy’s disk, which is assumed to be circular.

Equations 1.10 and 1.12 constitute the PDR model that can be applied to observations.
It can be seen that n scales linearly with G0 and that NHI is related to n exponentially. The
dependency on δ/δ0 is twofold. When δ/δ0 is close to 1, the relation can be approximated

by n ∝
δ
δ0

−3/2
. Lower dust-to-gas ratios will result in higher values of n. Physically, this

means that the same observed HI column density must be linked to a denser GMC if the
dust-to-gas ratio is lower.

1.3.3 Introducing the ’PDR method’

The application of the PDR model on actual observational data can be dubbed the ’PDR
method’, since it is an application based on the assumption of the presence of PDRs (’can-
didate PDRs’).

PDRs have been studied extensively in our own Galaxy (Hollenbach and Tielens, 1999).
The notion that the HI in spiral arms was a product of star formation was first presented in
the paper about M83 by Allen et al. (1986). The PDR method was subsequently proposed
and applied to M81 in a limited fashion by Allen et al. (1997). This was followed by a full
scale quantitative application of the method to M101 by Smith et al. (2000). The connec-
tion between HI and CO in photodissociation regions was treated by Allen et al. (2004).

I will now describe the application of the PDR method in some detail. A schematic
view of a typical region in which PDRs can be expected, inspired by Hollenbach and Tie-
lens (1999), is shown in Figure 1.2. An association of OB stars illuminates the remnants
of the molecular clouds from which it was formed. On the surface of these GMCs, atomic
hydrogen is formed in thin layers.
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Figure 1.2: A typical region with candidate PDRs. The OB star cluster radiates the surrounding
interstellar medium. Layers of atomic hydrogen are formed on the surface of GMCs. The separation
between the central star cluster and the HI layers is measured on the plane of the sky and is therefore
subject to projection effects.

The basic recipe consists of the following steps:

• Adopt dust-to-gas values. Individual values per candidate PDR are ideal.

• Identify the OB star clusters where candidate PDRs can be found. In principle these
are UV bright knots of emission.

• Photometry: Determine the FUV flux of the OB stars.

• Identify the associated HI patches on the surface of the GMCs and measure their
column density.

• Measure and deproject the separation between the central UV source(s) and the HI

patches.

• Compute the total hydrogen volume densities from the measured values.

This method can always be applied, but we will need to provide some support as to its
applicability (see §1.4).
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Adopting suitable dust-to-gas ratios

The photodissociation model is strongly dependent on the dust-to-gas ratio. This infor-
mation is generally unavailable, so it is derived instead from the metallicity [O]/[H] from
ionized oxygen lines (Issa et al., 1990). These metallicities are measured in HII regions.
We will assume at this time that they are also appropriate for the general area. Since the
dust-to-gas ratio is normalized to the solar value, a solar metallicity has to be adopted also
(Allende Prieto et al., 2001). The metallicity is thought to vary by a power-law as a func-
tion of galactocentric radius. Most of the metallicity gradient measurements are available
from Zaritsky et al. (1994). In the case of M81, Stauffer and Bothun (1984) and Garnett and
Shields (1987) were used. For M83, it was Gil de Paz et al. (2007b). Finally, for M33, the
results by Rosolowsky and Simon (2008) were used.

Identifying OB star clusters

Associations of O and B stars are selected on the basis of FUV imagery. In practice, all
UV sources have associated HI patches within a few hundred parsec. Most of the OB as-
sociations have HII regions (see e.g. Allen et al., 1997). In the case of M33, some regions
were selected based on the availability of supplemental data, like metallicity data or CO
detections nearby. It must be noted that completeness was not a goal, so the collection of
candidate PDRs obtained in this work is not necessarily statistically representative of all
large-scale PDRs in a given spiral galaxy. However, attention was focused on understand-
ing the selection effects influencing the results.

Determination of the incident FUV flux G0

The GALEX UV maps are made publicly available fully processed1. The images have pixel
values in counts / second / pixel. Integrated pixel values can be converted to fluxes in
ergs cm−2 s−1 Å−1.

The FUV flux is determined by taking concentric circles around the center of the source
(determined by fitting a gaussian function to the source). The aperture size (the radius of
the largest circle in which the flux is measured) in arcsec is determined by the first local
minimum in the value of the average intensity of the concentric circles. The background
level is measured at this radius. It is also assumed that this background level is represen-
tative of the one at the HI columns associated with this source, which is used to calculate
the background incident flux Gbg .

The actual G0 is the incident flux on a particular HI patch and can be calculated using
ρHI , the separation between the UV source and the HI patch.

G0 = 0.85 ·χ= 0.85 ·
FFUV

F0

(

Dg al

ρHI

)2

(1.13)

The ambient background radiation is calculated in a slightly different way. The mea-
sured background intensity is integrated over half the sky, since it is incident on what is
approximated by an infinite slab.

1http://galex.stsci.edu
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The background level is calculated as

χbg = Ibg /pi xel ·d
2
pi xel ·4.25×1010 [

arcsec2/sterad
]

·2π/F0, (1.14)

where dpi xel is the pixel separation of the UV image. The map units need to be converted
into a flux per steradian. Finally, χbg is normalized like χ.

χ/χbg is identical to G/Gbg . (Note that this quantity is independent of F0.) I will gen-
erally refer to this as the source contrast.

The source (to background) contrast ratio ranges from very small (1% of the back-
ground level) to several times the background level. A higher value can be considered a
stronger indication of the presence of a PDR, since the dissociating radiation stands out
more from the background.

’Patches’ of atomic hydrogen

Identifying atomic hydrogen produced in photodissociation regions, and particularly iden-
tifying the atomic hydrogen connected to the nearby OB stars, is complicated by the pres-
ence of a general HI background. Roger and Dewdney (1992), for example, discuss the
detectability of “HI zones” against low- and high density surroundings and note the need
for sufficient resolution.

Any local maximum of the atomic hydrogen column density could be considered pro-
duced by photodissociation under the influence of the nearby UV source. We tried to esti-
mate the fraction of the HI column produced by photodissociation by subtracting a back-
ground level. In the case of M81 and M83, a general background level was adopted. The
same approach was followed for M33, except that for the analysis at full resolution local
values were taken.

The morphology of the PDR remains unknown in the PDR method, but we assume that
we can deproject the galactic disk by its position angle and declination. This means in
practice that the separation ρHI between the UV source and every HI patch was corrected
for this. Unfortunately, no information on the actual orientation of the patch with respect
to the UV source is available, so potential projection effects into the plane of the galaxy
remain (see Chapter 2, Figure 2.4 for an illustration).

Calculating the total hydrogen volume density

After the previous steps, enough information is available to use with Equation 1.11. The
resulting values of n are “spot” measurements relating the observed atomic hydrogen
columns to the local total hydrogen reservoir. It should be stressed that one or more such
measurements are available for every OB association (one for each HI patch), which are
all independent probes of the underlying GMCs.

Error estimates

The uncertainties in this method remain relatively large due to various factors, like the un-
certainty in the dust-to-gas ratio. Qualitatively speaking, the UV photometry is relatively
accurate, as is the measurement of HI column densities (provided the HI columns are not
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optically thick). The separation between the OB star clusters and the candidate PDR HI

patches is subject to projection effects as it is measured on the plane on the sky.
The dust-to-gas ratio, based on metallicity measurements of HII regions, fluctuates

significantly from one region to another. The single metallicity gradient that we generally
used introduces uncertainties due to ignoring the local fluctuations.

The general formalism to estimate these errors is described in the appendix to Chapter
2. In the case of individual regions at full resolution in M33, the fractional uncertainty can
drop to around 0.2, but uncertainties can be as high as a factor two in the value of the total
hydrogen volume density. A fractional uncertainty of around 0.8 is common in the M81
and M83 results.

1.4 Connections to the PDR method

Several ways to put the PDR method on a firmer footing can be explored.
We can use the PDR model to predict the distribution of HI spatially. Assuming a cer-

tain total gas density, combined with the local metallicity, and the measured incident UV
flux, the PDR model can be used to calculate the HI column density. Since G0 is depen-
dent on the distance between the central OB cluster and the HI patches, a profile of the ex-
pected amount of atomic hydrogen with an increasing separation can be produced. This
approach is used in Chapter 4.

Another indication of recent star formation, and the presence of PDRs, comes from
PAH emission. See, e.g., Hollenbach and Tielens (1999). This property is used in Chapter
2, in which we search for the presence of PAH emission, as derived from 8 µm images of
M81.

The PDR method can be compared qualitatively to CO emission measurements. It is
expected that CO would generally trace the denser molecular clouds, as opposed to the
smooth, lower-density gas. This is explored in Chapter 4.

Finally, the PDR method can be used to study the star formation law, which will be
treated in Chapter 6. Schmidt (1963) proposed that the rate of star formation in our Galaxy
can be parametrized by the amount of available interstellar gas to a certain power n. Since
we determined hydrogen gas densities n, and because the far-UV flux is related to the local
star formation rate, we have a tool to study the star formation law.

1.5 Outline of this thesis

In short, this work focuses on atomic hydrogen, produced in photodissociation regions,
as a product of recent star formation. This property can be used to probe the underlying
GMCs, remaining after star formation, by calculating the total hydrogen available locally.
The PDR method was applied and expanded, and supporting evidence for its applicability
were pursued.

This thesis is structured chronologically, in the order of which the research was carried
out. Candidate PDRs in M81 and M83 were investigated first, after which M33 was studied
in more detail. Throughout this process, supporting evidence of the presence of large-
scale PDRs was sought.
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• Chapter 2 deals with the properties of candidate PDRs in M81 and how they are
found to have corresponding PAH emission.

• Chapter 3 contains the M83 PDR results, which are also compared to detections of
CO emission.

• Chapter 4 presents first results of the analysis of M33 candidate PDRs. In two of
these regions, it can be seen how the higher gas densities correspond to detections
of CO emission, and an attempt is made to model two example HI features using the
PDR model.

• Chapter 5 displays the full resolution M33 PDR results.

• Chapter 6 compares the M33 results to the M81 and M83 results and deals with the
connection to the star formation law.

• Chapter 7 summarizes the results of this thesis and offers a view towards future
work.
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Atomic hydrogen features near young star clusters in M81 are identified as the photodis-
sociated surfaces of giant molecular clouds (GMCs) from which the young stars have

recently formed. The HI column densities of these features show a weak trend, from un-
detectable values inside R = 3.7 kpc and increasing rapidly to values around 3×1021 cm−2

near R ≈ 7.5 kpc. This trend is similar to that of the radially averaged HI distribution in
this galaxy, and implies a constant area covering factor of ≈ 0.21 for GMCs throughout
M81. The incident UV fluxes G0 of our sample of candidate PDRs decrease radially.

A simple equilibrium model of the photodissociation-reformation process connects
the observed values of the incident UV flux, the HI column density, and the relative dust
content, permitting an independent estimate to be made of the total gas density in the
GMC. Within the GMC this gas will be predominantly molecular hydrogen. Volume den-
sities of 1 < n < 200 cm−3 are derived, with a geometric mean of 17 cm−3. These values
are similar to the densities of GMCs in the Galaxy, but somewhat lower than those found
earlier for M101 with similar methods. Low values of molecular density in the GMCs of
M81 will result in low levels of collisional excitation of the CO(1-0) transition, and are con-
sistent with the very low surface brightness of CO(1-0) emission observed in the disk of
M81.

2.1 Introduction

Giant molecular clouds (GMCs) in the interstellar medium (ISM) are generally accepted
as the birthplaces of new stars. The most massive of these new stars produce copious

15
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Figure 2.1: Dust-to-gas ratios as a function of R in M81, as derived from Garnett and Shields (1987)
(dashed line) and Stauffer and Bothun (1984) (solid line). δ0 is the value for the solar neighborhood
in the Galaxy. We use the Stauffer & Bothun data in this paper.

amounts of far ultraviolet (FUV) radiation, which will in turn photodissociate the molec-
ular gas of the parent GMCs, producing “blankets” of HI (and other atomic species) on
their surfaces. Allen et al. (1986) were the first to present evidence that major features in
the HI distribution of the nearby spiral galaxy M83 (NGC 5236), namely, the inner HI spi-
ral arms observed with the Very Large Array (VLA), were the result of photodissociation of
H2on galactic scales. Allen et al. (1997) confirmed that HI features existed in M81 (NGC
3031) on scales of ≈ 150 pc that were qualitatively consistent with the expected morphol-
ogy of large, low-density photodissociation regions (PDRs), and explicitly related those HI

features to nearby bright sources of far-UV (FUV) radiation found on images of the galaxy
from the Ultraviolet Imaging Telescope (UIT).

Smith et al. (2000) used a simple, but quantitative, model for the equilibrium physics
of photodissociation regions and applied it to VLA HI and UIT FUV observations of M101
(NGC 5457). Their work showed that this approach provides an entirely new method
for determining the volume density of molecular gas in star-forming GMCs of galaxies,
a method that is no longer dependent on the (often poorly known) excitation conditions
for line emission by specific molecular tracers.

In this paper we return to another spiral galaxy, M81, and carry out a quantitative anal-
ysis of the GMCs in this galaxy using the methods described by Smith et al. (2000). This
new analysis has been made possible by new data on M81 which was not available to Allen
et al. (1997); new, higher resolution, high-sensitivity VLA HI observations, and sensitive
new FUV imagery from the GALEX satellite. We have also sought an independent verifi-
cation that the very basis of our approach is valid, namely, that the HI in the immediate
vicinity of FUV concentrations is indeed produced in PDRs. To this end we have examined
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Figure 2.2: Locations of our 27 sources overlayed on the GALEX FUV image of M81.

the Spitzer/IRAC data on M81 for evidence of mid-IR emission by polycyclic aromatic hy-
drocarbons (PAHs), which are also thought to be tracers of PDRs.

M81 has been probed extensively for the molecular tracer CO. No global CO map of
M81 has been published to date, and the detected CO emission is found to be very weak
and spotty (see, e.g., Knapen et al. (2006) and references therein). Since PDRs also produce
CO emission (e.g. Allen et al., 2004), comparing the CO results to the results in this paper
is therefore of considerable interest.

The outline of this paper is as follows: §2.2 contains a description of the data we
used, followed by a brief theoretical description of PDRs in §2.3, and the application of
the method in §2.4. The results are presented in §2.5. The results are discussed and the
conclusions are briefly summarized in §2.6.

2.2 Data

The distance to M81 is taken to be 3.6 Mpc, after Freedman et al. (1994), with an inclination
of i = 58◦ and position angle P.A. = 157◦ (de Vaucouleurs et al., 1991). At this distance,
1′′ = 17.5 pc in the plane of the sky. The galactocentric radii in all the plots have been
normalized to R25, which is 12.66 kpc for M81 (Vila-Costas and Edmunds, 1992). For the
model we used (§2.3), we need HI data, FUV data and the dust-to-gas ratio scaled to the
local solar neighborhood value (δ/δ0).

A new, high-quality integrated HI column density map of M81 made with the VLA has
been made available by the THINGS team (Walter et al., 2005). It has an angular resolution
of 7.58′′ x 7.45′′, equivalent to about a 130 pc linear resolution. The pixel spacing is 1.5′′. An
azimuthally averaged radial profile of these data has been made available by Frank Bigiel
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(THINGS; 2007, private communication).
The ultraviolet data for M81 have been obtained from the publicly accessible GALEX

data archive. The angular resolution is 4′′ at a pixel spacing of 1.5′′. The astrometry has
been checked against a number of stars in the Guide Star Catalogue v2.3. The near-UV
image was used for this purpose, since not all of these stars are detected in the far-UV
image. The NUV and FUV images were verified to have the same astrometry. We use the
FUV image at λ̄ ≈ 150 nm as a “proxy” measure of the photons with λ . 100 nm that can
directly dissociate molecular hydrogen, as was done in e.g. Smith et al. (2000).

The dust-to-gas ratio (δ/δ0) is derived from the metallicity measure 12+ log(O/H). In
the case of M81, the slope of log δ/δ0 is taken as equal to the slope of 12+ log(O/H) (Issa
et al., 1990). In the solar neighborhood, 12+log(O/H) = 8.8, according to Mihalas and Bin-
ney (1981). At this value, δ/δ0 = 1 by definition. This is sufficient to derive the expression
we need for δ/δ0.

The 12+ log(O/H) data for M81 has been adopted from Stauffer and Bothun (1984),
but we also considered the results of Garnett and Shields (1987). The gradient they found
is likely to be on the high side (D. R. Garnett 2007, private communication). Figure 2.1
shows both δ/δ0 fits and illustrates the possible spread in the gradient of δ/δ0, similar to
the spread in 12+ log(O/H) that is implied from Figure 4 of Garnett and Shields (1987).
The fit to the Stauffer and Bothun (1984) data we used yields

log(δ/δ0) =−0.045R +0.198, (2.1)

where R is the relevant galactocentric radius in kpc for each region under consideration.
In order to identify PDRs from their PAH emission, we used M81 Spitzer data from the

SINGS public release (Kennicutt et al., 2003). In particular, we used their 3.6 µm and 8.0
µm data from the IRAC camera. To verify that these data lined up correctly with our other
data, we checked the astrometry against the same GSC stars as we used for the UV data
and found the astrometry to be accurate to within 1′′.

2.3 Theory

We use the data described in the previous section to derive the desired physical quantity n,
the total density of gas in the GMC; n = nHI +2nH2

(cm−3). The atomic hydrogen column
density, FUV flux and dust-to-gas ratio are the required parameters to calculate the total
hydrogen volume density.

Atomic hydrogen is slowly but continuously converted to molecular hydrogen in the
interstellar medium, a process that is catalyzed by dust grains. Molecular hydrogen is
rapidly photodissociated back into atomic hydrogen by UV photons. Simple models for
equilibrium concentrations of these components have been discussed by several authors,
e.g. Sternberg (1988), Wolfire et al. (1990) and Hollenbach et al. (1991).

Allen (2004) has reviewed the physics and compared the timescale for equilibrium with
other timescales in galactic disks. His equation (6), as derived from Sternberg (1988), ex-
plicitly includes the dependence on the dust-to-gas ratio, as well as improved values of the
coefficients as determined by Allen et al. (2004) in their equation (A2). The equation we
shall use from Allen (2004) is
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NHI =
7.8×1020

δ/δ0
ln

[

1+
106G0

n

(

δ

δ0

)

−1/2
]

[

cm−2] , (2.2)

where δ/δ0 is the dust-to-gas ratio scaled to the solar neighborhood value, NHI (in cm−2)
is the HI column produced by photodissociation, n = nHI +2nH2

(cm−3) is the total hy-
drogen volume density (this gas is mostly atomic on the surface of the GMC and mostly
molecular deep inside the cloud), and G0 is a dimensionless parameter measuring the
strength of the incident UV field. It is scaled to twice the equivalent Habing flux (at 1500
Å), which is appropriate for an FUV-opaque PDR illuminated over 2π sr (Hollenbach and
Tielens, 1999; Allen et al., 2004). The latter authors also discuss how the flux and its scaling
at 1500 Å relate to the 1000 Å flux, which is in the primary range of energies of dissociation
photons. The value of G0 is equivalent to 0.85 times the field strength defined in Draine
(1978) and used by Sternberg (1988). It does not include the ambient UV background radi-
ation, so it is calculated from a background subtracted UV flux. We evaluate G0 as follows:

G0 = FFUV

(

Dg al /ρHI

)2 /F0, (2.3)

where Dg al is the distance of M81 and ρHI is the distance between the UV source and the

location of the atomic hydrogen column. At 1500 Å F0 = 2×FH = 3.11×10−6 ergs cm−2 s−1 Å−1

(Allen et al., 2004; van Dishoeck and Black, 1988).
Equation 2.2 can be inverted in order to obtain the total hydrogen volume density n,

using NHI , G0 and δ/δ0. The resulting equation is

n =
106G0

(δ/δ0)1/2

{

exp

[

NHI (δ/δ0)

7.8×1020

]

−1

}−1

. (2.4)

Equation 2.4 is valid for PDRs with n < 104 cm−3.
The morphology of the regions identified by Allen et al. (1997) is that of HI patches in

the form of shells (or parts of shells) partially surrounding young star clusters. Although
this morphology appears to be ubiquitous in M81 and other galaxies, independent confir-
mation of these HI features as PDRs would be very desirable. Such a confirmation could
be provided by the presence of PAH emission. Although no quantitative relation between
PAH, UV, and HI emission at this scale is currently available, the detection of PAHs is
thought to be predominantly linked to UV emission (Uchida et al., 1998; Li and Draine,
2002).

2.4 Method

In this Section, we explain how the total hydrogen volume density in every candidate PDR
is determined by investigating the HI structures surrounding the central FUV source. We
hypothesize that this source (a cluster of young stars) creates a photon-dominated region,
in which molecular hydrogen is converted into atomic hydrogen. While the exact mor-
phology of these regions remains unclear, the distribution of HI suggests that large-scale
photodissociation is taking place. The presence of PAH emission in these regions rein-
forces this picture.
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Figure 2.3: Detail plots of four sources from Table 2.1. Their galactocentric radius is 4.1, 6.1, 7.8
and 9.6 kpc respectively. All sources are included in the electronic version. The HI is shown as
the underlying gray scale in every panel. The central panel also shows HI contours. The lowest
and highest contours are colored black and white respectively. The UV source (star) is marked in
every panel. Left panel: UV contours start at 6×10−18 ergs cm−2 s−1 Å−1, with each consecutive
contour 1.48 times the previous one. The HI gray scale is as in the middle panel, but at the original
pixel size of 1.5′′. Middle panel: HI gray scale following the contours, of which the starting contour
level and increment (previous level times increment) are given in Table 2.1. Right panel: Non-stellar
(PAH) contours at relative levels, starting at 1.25%, with each consecutive contour 1.58 times the
previous one. The HI gray scale is as in the middle panel, but at the original pixel size. Note the
HI surrounding the UV sources in ’blankets’, which becomes clearer after zooming out (Allen et al.,
1997). More overlay figures can be found in the appendix to this thesis.

We selected 27 sources based on their well-defined compact FUV emission, from faint
to bright. The sources were chosen to have a range of galactocentric radii, although we
suspect that all candidate PDRs should have similar total hydrogen densities regardless of
their location (Smith et al., 2000). It is significant that we found no sources of this type
within R/R25 ≈ 0.3 and brighter than our faintest source at 0.15× 10−15 ergs cm−2 s−1 Å−1.
There is one source at a smaller radius that has an FUV flux similar to our faintest source,
but it is extended and has a lower contrast than our faintest source. The locations of these
sources are shown in Figure 2.2 and given in Table 2.1.
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Figure 2.3 — continued.

Detailed plots of the sources are given in Figure 2.3. These sources vary in FUV flux
and galactocentric distance. Each source shows the general structure of a UV source sur-
rounded or bordered by HI with PAH emission nearby. At larger scales this is clearly visible;
see Allen et al. (1997), or Smith et al. (2000) for similar plots of M101.

The FUV source flux is determined first. We correct for galactic foreground extinction,
but not for internal extinction. We decided against applying an internal extinction cor-
rection, despite the availability of internal extinction data (Hill et al., 1995). It is assumed
that the height of M81’s gas disk is of the same order as the size of the PDRs to which our
method is most sensitive. Visser (1980) use a gas disk half height of up to 450 pc, which
is comparable to the size of our candidate PDRs. In that case the extinction from the HI

patch to the UV source is the same as the extinction of the UV source in M81’s disk towards
the line of sight of the observer. Under these circumstances, the corresponding extinction
corrections to the UV flux cancel each other out. Using the internal extinction correction
is therefore unnecessary.

The radius at which the UV emission blends into the background radiation level deter-
mines the size of the UV source on the image and the place to measure the background.
The total FUV flux within this radius is calculated, and the background flux is subtracted.
Typically, the net flux is 50% of the total FUV flux. For comparison, we calculate the con-
trast of the source above the background level, which we define as the incident UV flux
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Figure 2.4: Atomic hydrogen projection issues. Panel a: M81’s position angle and inclination are
used to deproject ρHI. Panel b: the exact vertical position of the HI patch along the line of sight is
unknown. Panel c: the measured HI column is assumed to be a sufficient measure of the HI column
needed for the PDR model, although the geometry of the HI layer is unknown.

on the HI patches, G (the unscaled G0), divided by the incident background UV flux, Gbg .
The latter is defined as the UV background surface brightness at the edge of the aperture
of the UV source, integrated over half the sky (a flux on a semi-infinite slab). Only the net
flux of the source is used to calculate G0, since the model does not include calculating HI

produced by the ambient UV background. The measured flux is in ergs cm−2 s−1 Å−1.

The distance ρHI from the UV source position to any surrounding patches (concentra-
tions) of HI is measured next, along with the column density of each such patch. A patch
of HI is identified as a local maximum in column density (see Figure 2.3, middle panels).
This procedure differs slightly from that of Smith et al. (2000), who took the first local max-
imum of the ring averaged HI column densities around UV sources as a probe of the true
HI column density. In fact, any local bright spot in atomic hydrogen is an equally valid
probe of a potential PDR. They are all likely to be direct views onto the surfaces of molec-
ular clouds surrounding the UV source. In that case, the HI local maxima are a measure of
the true local column density, and each measurement represents (part of) an HI cloud. For
this reason, we decided to use more than one measurement of the HI surrounding the UV
source. We subtract a general background level of HI emission that we assume either has
not been created by photodissociation, or has been created by the general UV background
radiation field acting on all GMCs in the area.

In addition to identifying individual HI concentrations, the maximum measured col-
umn densities per 1 kpc galactocentric bin are recorded and compared to the ring-averaged
values from M81’s radial profile. Dividing the maximum column densities per bin of indi-



2.4 Method 23

vidual HI clouds, converted to M⊙ pc−2, by the average surface density per 1 kpc bin from
M81’s radial profile yields a filling factor. In the framework of the derived PDR model, this
filling factor is an estimate of the extent to which GMCs fill M81’s disk.

In order to determine ρHI , we corrected for M81’s inclination and position angle as-
suming M81’s disk to be intrinsically circular (see Figure 2.4a). From this, the incident
flux G0 on each surrounding HI patch is computed using Equation 2.3. The relevant dust-
to-gas ratio at the galactocentric radius of each UV source is taken from Figure 2.1. The
extinction between M81 and the observer is taken to be 1.37 mag at 1500 Å, after Allen
et al. (1997) and Seaton (1979). The measured FUV flux is increased accordingly when cal-
culating G0. The incident flux G0, the HI column density, and the dust-to-gas ratio δ/δ0

finally yield a total hydrogen volume density for each patch according to Equation 2.4.
Note that this probe for molecular gas does not yield any information about the geometry
of the gas clouds, but deep inside the GMC all available hydrogen is likely to be in the form
of molecular hydrogen, so n = 2nH2 .

A PAH map was obtained by subtracting a scaled and smoothed version of the 3.6 µm
M81 image from the 8 µm M81 image, as described by Willner et al. (2004). This proce-
dure assumes that the 3.6 µm image contains purely stellar emission, while the 8 µm im-
age contains a mix of stellar and PAH emission. We determined the required scale factor
empirically, by comparing four regions of M81 encompassing most of our candidate PDRs.
Correlation maps of individual pixels were used to determine the slope of the appropriate
correlated component. Our four scale factors are consistent with the single one used by
Willner et al. (2004), being within the range of 0.7 – 1. Seven sources were not included in
these four regions; these sources have comparatively large galactocentric radii, and any 3.6
µm contribution is negligible. In these cases we therefore used the raw 8 µm image. The
relevance of the detected PAH emission around the candidate PDR was tested by checking
for the presence of PAH emission near the location of the UV source and determining the
separation between PAH emission peaks and HI patches.

To summarize, determining NHI, ρHI , FFUV and δ/δ0 yields n, derived using the pic-
ture of photodissociation. In addition, the presence of PAH emission reinforces the pho-
todissociation assumption.

Table 2.1: Locations and FUV fluxes of candidate PDRs.

Source R.A.(2000) DEC(2000) Radius FFUV
a Aperture b c

no. (h m s) (d m s) (kpc) (′′)
1 9 55 54.016 69 00 33.79 4.1 1.38 17 5.0 1.080
2 9 55 41.057 68 59 45.82 4.7 8.72 20 7.5 1.170
3 9 55 25.268 69 08 15.24 4.9 4.09 10 5.0 1.210
4 9 55 53.182 68 59 04.74 5.4 11.56 24 9.0 1.190
5 9 55 03.784 69 09 04.41 6.1 1.11 10 6.5 1.120
6 9 55 10.104 69 09 21.54 6.1 1.65 10 5.0 1.095
7 9 54 57.442 69 08 49.19 6.3 5.94 15 6.5 1.170

a 10−15 ergs cm−2 s−1 Å−1

b Contour start (1020 cm−2)
c Increment (1020 cm−2)
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Table 2.1: continued.

Source R.A.(2000) DEC(2000) Radius FFUV
a Aperture b c

no. (h m s) (d m s) (kpc) (′′)
8 9 56 15.363 69 02 23.58 6.4 3.50 16 4.5 1.220
9 9 54 48.655 69 06 00.02 6.7 3.39 13 9.0 1.130

10 9 55 28.266 68 58 47.66 6.7 1.57 13 4.0 1.120
11 9 54 53.138 69 08 51.02 6.8 4.51 15 5.0 1.180
12 9 54 55.272 69 09 28.97 7.0 3.22 13 4.5 1.130
13 9 54 48.210 69 03 22.35 7.8 2.91 16 11.0 1.130
14 9 55 03.708 69 10 54.55 7.8 1.16 12 7.7 1.080
15 9 54 49.476 69 02 56.82 7.9 2.13 17 9.5 1.140
16 9 56 09.346 68 56 48.16 8.2 0.88 13 6.0 1.175
17 9 54 39.443 69 05 26.60 8.3 3.63 15 7.5 1.150
18 9 54 39.949 69 05 03.44 8.3 3.36 12 13.0 1.115
19 9 56 17.179 69 05 42.48 8.5 1.87 13 20.0 1.080
20 9 56 17.148 69 06 04.85 8.8 4.94 17 14.0 1.135
21 9 55 14.667 68 57 34.35 9.6 1.87 13 15.0 1.075
22 9 55 25.114 69 13 09.70 10.9 2.85 13 7.5 1.150
23 9 55 06.623 69 14 08.97 11.4 0.66 15 6.0 1.130
24 9 56 25.503 68 53 43.61 11.8 0.53 15 9.5 1.095
25 9 55 08.312 68 56 17.30 11.9 0.15 6 5.5 1.135
26 9 55 44.892 68 51 54.80 14.1 1.26 12 4.0 1.170
27 9 55 58.783 68 51 04.79 14.5 0.80 12 5.0 1.210

a 10−15 ergs cm−2 s−1 Å−1

b Contour start (1020 cm−2)
c Increment (1020 cm−2)

2.5 Results

In this Section, we present total hydrogen volume densities of the 27 candidate PDRs. Ta-
ble 2.1 lists the FUV fluxes of the central (cluster of) sources. Table 2.2 lists the corre-
sponding HI column density measurements, the resulting incident fluxes, and finally the
total hydrogen volume densities. First, we will discuss the HI measurements, followed
by the FUV results. These results, combined with the appropriate dust-to-gas ratio from
Equation 2.1, are then used to calculate n. At the end of this Section, we discuss the spatial
correlation between HI and PAHs in M81.

2.5.1 Atomic Hydrogen

Each region can have one or more HI measurements, as explained in the previous Section.
The resulting HI column densities and their distance to the central FUV source are listed
in Table 2.2.
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Figure 2.5: Individual (not ring-averaged) HI column densities from the THINGS M81 data. An ap-
proximate sensitivity limit is indicated. Atomic hydrogen columns may become optically thick at
≈ 5 × 1021 cm−2 (Allen et al., 2004).

Figure 2.5 shows the HI column densities of all HI patches from Table 2.2 as a function
of (normalized) galactocentric radius. The general background column density level is
of the order of 1 × 1020 cm−2 and has been subtracted from all measured values, for the
reasons mentioned above (§2.4). Very little HI radio emission is observed within a radius
of 3 kpc of the center of M81. The HI column densities rise with increasing galactocentric
radius from 0.3 to 0.6 × R25 (3.8 – 7.5 kpc), although there is significant scatter.

While the general morphology of our candidate PDRs is the same (FUV emission sur-
rounded by atomic hydrogen), the actual geometry of the GMCs cannot be discerned at
the available resolution. The HI structures are barely resolved, which makes it practically
impossible to deal with projection effects properly. This introduces inaccuracies in the
determination of ρHI (see Figure 2.9 below) and NHI .

We cannot include HI patches closer than about 20 pc (roughly the size of 1 pixel),
or right on top of a UV source, even though they could have a significant separation in
the vertical direction. The model cannot take a ρHI of 0. We had to reject only one HI

patch because it was too close to the UV source. The upper limit of ρHI (about 600 pc) is
somewhat arbitrary and depends on the maximum separation that could still conceivably
have HI connected to a certain UV source. In combination with the lowest measured FUV
flux, the resulting G0 would be 0.01.

We corrected for M81’s inclination and position angle (Figure 2.4a), assuming M81’s
disk to be perfectly circular in shape. This means we used ellipses to measure the depro-
jected separation between the FUV source and the associated HI patches. However, ρHI
is still sensitive to projection effects, as illustrated in Figure 2.4b. This figure shows how
the measured separation could be further deprojected if we knew the position of all HI
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patches in the z-direction of the disk of M81. Therefore, the measured separation ρHI is
close, but not exactly equal to, the real separation. This will lead to underestimating the
separation between the UV source and its associated HI patches. This in turn will mean
overestimating G0 and therefore overestimating n as well. At the same time, due to our
finite resolution, there is a lower limit to the separation we can observe. The lowest value
of ρHI we measured was 35 pc.

Table 2.2: HI measurements, incident fluxes and PAH correlation

Source ρH I NH I G0 G/Gbg n Error PAH-HI
no. (pc) (1021 cm−2) (cm−3) (%) < 6′′apart
1a 70 0.96 4.18 3.89 169 50 n

b 122 0.86 1.37 1.27 67 44 n
2a 209 2.91 2.93 1.41 5 88 y

b 297 2.88 1.46 0.70 9 87 y
3 175 2.77 1.98 0.47 8 85 y
4 52 4.83 62.12 15.20 27 140 y

5a 209 1.78 0.37 0.17 7 66 n
b 297 1.81 0.19 0.08 4 66 y

6a 122 0.72 1.62 0.29 163 48 y
b 227 0.57 0.47 0.08 64 44 n
c 279 1.18 0.31 0.05 14 54 y
7 52 2.88 31.93 8.70 192 96 y

8a 175 2.03 1.69 0.63 27 72 y
b 279 2.10 0.66 0.25 10 73 n
c 454 2.63 0.25 0.09 2 85 y

9a 52 2.70 18.23 6.58 151 93 y
b 122 2.56 3.35 1.21 32 85 y

10a 122 0.89 1.55 1.94 128 53 y
b 157 1.07 0.94 1.18 58 55 y
c 244 1.11 0.39 0.49 23 55 n

11 384 2.13 0.45 0.15 7 75 y
12a 140 1.28 2.43 0.99 117 60 y

b 314 1.28 0.48 0.19 23 59 y
13 192 3.02 1.16 0.46 10 98 n

14a 192 1.18 0.47 0.48 31 61 n
b 244 1.53 0.29 0.30 12 67 n
c 349 1.07 0.14 0.15 11 59 y

15a 227 3.27 0.61 0.25 4 104 y
b 279 3.09 0.40 0.17 3 99 y
c 332 3.45 0.29 0.12 2 107 y

16a 105 2.52 1.18 0.92 19 89 y
b 244 2.17 0.22 0.17 5 81 n

17 35 2.52 43.88 16.23 737 102 y
18 87 3.48 6.51 1.71 46 111 y
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Table 2.2: continued.

Source ρH I NH I G0 G/Gbg n Error PAH-HI
no. (pc) (1021 cm−2) (cm−3) (%) < 6′′apart
19 262 3.73 0.40 0.10 2 116 y
20 87 4.58 9.56 2.39 32 138 y

21a 105 2.60 2.52 1.36 59 97 y
b 367 2.74 0.21 0.11 4 98 n

22 506 3.20 0.16 0.05 3 113 y
23a 105 1.57 0.89 1.44 83 87 n

b 332 1.11 0.09 0.14 14 78 n
c 367 1.81 0.07 0.12 5 90 y

24a 157 1.81 0.32 1.02 25 92 n
b 192 2.12 0.21 0.68 13 97 n
c 332 2.44 0.07 0.23 3 103 n
d 332 2.12 0.07 0.23 4 97 n
e 436 2.28 0.04 0.13 2 100 n
f 541 2.04 0.03 0.09 2 96 n

25a 87 1.65 0.29 0.50 28 92 y
b 506 1.73 0.01 0.01 1 91 n

26a 192 1.28 0.50 0.87 107 100 n
b 297 1.85 0.21 0.36 27 109 n

27a 35 2.51 9.65 23.39 828 134 y
b 279 2.83 0.15 0.37 11 129 n
c 297 2.20 0.13 0.32 14 118 n
d 559 2.75 0.04 0.09 3 128 n

In addition, the HI column that is needed for Equation 2.4 is defined as seen along the
line of sight from the UV source to the HI layer (Figure 2.4c). The observer sees the HI

column from a different angle. Since the geometry of the HI layer is unknown, we assume
that the observed column is nevertheless a reasonable measure of the proper HI column.

The range of observable HI columns is indicated in Figure 2.5. With a signal-to-noise
ratio of S/N ≈ 4−5, only regions with column density above 1 × 1021 cm−2 can be reliably
distinguished as HI clouds. (NHI reaches this level in the region surrounding source 11.)
This limits the maximum observable total hydrogen volume density.

At a column density of about 5 × 1021 cm−2, the HI columns may become optically
thick (Allen et al., 2004). In our sample, two sources have HI columns approaching this
value. One of these sources has a relatively high UV flux. Neither source has an unusual
total hydrogen volume density.

Our method is biased towards low-density, large-scale HI regions. The HI from com-
pact high-density PDRs like the Orion Nebula in our Galaxy cannot be currently detected
at the distance of M81 because of the limited resolution of the HI map. The high-density
regions will be of small scale size generally, and thus will be difficult to discern from the
generally lumpy HI background. Beam smoothing will also reduce the measured value of
NHI in this case. Detectable quantities of HI can be produced through a combination of
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Figure 2.6: M81 filling factor as a function of galactocentric radius. The maximum HI column per
kpc bin, converted to M⊙ pc−2, is divided by the ring-averaged values of M81’s radial profile. The
average filling factor within R25 is 0.21. There are no data for R/R25 < 0.3.

a high G0 and high n or a low G0 and low n (recall Equation 2.2). The highest G0 we can
detect is limited by the maximum observed FUV flux and the minimum measured ρHI
(Equation 2.3). Taking the respective maximum and minimum values from our results
yields a maximum G0 of 140. The actual maximum G0 in our data set is 62. Obtaining a
combination of a high G0 and a low n is limited by the maximum HI column density that
is observed.

Next, we used the HI column densities to calculate the area filling factor of M81. It is
worth mentioning here that Figure 2.5 weakly reflects the same highs and lows that feature
in Braun (1997) (their Figure 6a) when they used ring-averaged values. The individual
HI patches, presumably indicating GMCs, follow the global trend in HI column densities.
However, the HI columns of individual GMCs show too much scatter to reproduce the two
peaks in Braun’s results. The filling factor in Figure 2.6 was derived from the individual
HI column measurements and the global radial distribution of HI in M81. Table 2.3 lists
the maximum measured HI columns per 1 kpc interval, the equivalent surface densities,
the corresponding surface densities of M81’s radial profile, and the resulting area filling
factor. The radial profile has a tilted ring correction, appropriate for an inclined disk. At
a local scale this correction is not appropriate, since the morphology of the individual HI

columns is unknown. Note that we have no sources between 0.95 and 1.11 × R25 (12 and
14 kpc, respectively). The average filling factor within R25 is 0.21.
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Figure 2.7: FUV source fluxes in 10−15 ergs cm−2 s−1 Å−1.

2.5.2 Far Ultraviolet Flux

Table 2.1 lists the locations and FUV fluxes of the central sources of our 27 selected regions.
The candidate PDRs were selected to have a range of FUV fluxes and galactocentric radii.
We did not find candidate PDRs in the inner region of M81 (R/R25 < 0.3) with an FUV flux
above 0.15× 10−15 ergs cm−2 s−1 Å−1. Qualitatively, neither detectable FUV emission nor
detectable HI columns are present there.

FFUV as shown in Figure 2.7 shows a weak correlation with galactocentric radius. No
values of the FUV flux of individual sources larger than 11.56× 10−15 ergs cm−2 s−1 Å−1

were found. At larger galactocentric radius, the UV sources become less bright. This could
be caused by fewer dissociating stars per cluster or a change in the stellar population (an
increasing number of B stars and a decreasing number of O stars). At the lower end of
the FUV flux values, the minimum measured FUV flux values (and G0; Figure 2.8) seem
to decrease with increasing galactocentric radius. This is potentially a confusion effect, if
the brighter sources raise the ambient UV flux, outshining the weaker sources. However, it
could also be the effect that is responsible for the decreasing maximum UV fluxes. At this
point we are unable to make that distinction.

Table 2.2 shows the ratio of the FUV flux to the FUV background level (G/Gbg ). A value
of 1 means that the FUV source appears to be equally as bright as the FUV background as
“seen” by the HI patch. Values range from a source flux of 1% of the background level to
over 23 times the background level.

Figure 2.8 shows the incident flux on all of our candidate PDRs. The values of G0 show
a tendency to decrease with increasing galactocentric radius. G0 varies over a range of 4
dex, while the FUV flux only varies over 1 dex and shows only a very weak trend (Figure
2.7). The same holds for the values of ρHI as plotted in Figure 2.9, ranging from 35 pc to
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Figure 2.8: Incident flux G0 on the HI patches chosen for study near the FUV sources.
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Figure 2.9: Distances ρHI from the UV sources to any surrounding patches of HI.
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almost 600 pc. Taken together, they are responsible for the trend in the values of G0.

2.5.3 Total Hydrogen Volume Density
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Figure 2.10: Derived total hydrogen volume densities of GMCs in M81
(

n = nHI +2nH2

)

.

Figure 2.10 shows the resulting total hydrogen volume density using the Stauffer and
Bothun (1984) dust-to-gas ratios (see Equation 2.1). Values range between 1 and 200 per
cm3, without a clear gradient. Using the Garnett and Shields (1987) dust-to-gas model (not
plotted), the resulting volume densities are in the same range, but with larger values in the
outer regions of M81 and smaller values in the inner parts. Even then a clear gradient is
absent. On average, the relative error of the resulting n in our method is 88%; see Appendix
2.A for a more complete error analysis.

Figure 2.11 illustrates the various observational selection effects by showing the range
of G0 and n that are observable with our method. The different limits are indicated by the
Roman numerals I through V. These limits arise as follows:

I. HI column density (sensitivity) lower limit of 1×1020 cm−2 at a characteristic δ/δ0

of 1.

II. HI upper limit of 5×1021 cm−2 at a characteristic δ/δ0 of 0.9, due to the HI column
becoming optically thick.

III. The lowest total hydrogen volume density that we can observe. It is determined by
the lowest observable column density divided by the diameter of the radio beam and
is roughly 0.5 cm−3. This limit is therefore a combination of a sensitivity limit and a
resolution limit.
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Figure 2.11: Various observational limits are shown in this plot of G0 against n. The numerals are
keyed to observational selection effects discussed in the text.

IV. The minimum G0 (0.01) we can reasonably use, as discussed above.

V. The maximum G0 of 140 that we can obtain, as discussed above.

At the top end we have a theoretical limit of roughly 1×105 cm−3, a combination of
the highest G0 and the lowest HI column density (not shown). These values will not be
observed due to points I and V above. Moreover, recall that Equation 2.4 is valid only
for values of n < 104 cm−3. More common values of G0 combined with low HI columns
yield values of up to 1000 cm−3. In short, the range of values in our results is bounded by
observational selection, and the apparent trend in Figure 2.11 must be considered a result
of that selection.

2.5.4 Polycyclic Aromatic Hydrocarbons

We now turn to the additional evidence supporting the idea that the regions we selected
are indeed PDRs. Morphologically, all sources are similar in that HI and PAHs can be
found in the neighborhood of the UV emission. This is apparent from the detailed plots
of the candidate PDRs in Figure 2.3. This apparent spatial connection at high resolution
between the atomic hydrogen and UV emission in M81 was previously reported in Allen
et al. (1997). Almost all of our sources show PAH emission nearby. At the largest galacto-
centric radii, the PAH emission becomes too faint to detect. Table 2.2 (last column) shows
whether the measured HI patches have PAH emission peaks within 6′′, or 100 pc. 31 out of
56 HI patches have PAH emission peaks within that range.

Our subtracted PAH map is contaminated by non-stellar non-PAH emission (hot dust).
In regions of high radiation intensity, one will observe non-stellar emission from HII re-
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gions in the 3.6 µm image, but at a separation of a few arcseconds the general view is that
the non-stellar emission is coming from PAHs (S.P. Willner 2007, private communication).
Despite the contaminations in the resulting image, we are only interested in a qualitative
comparison, where the presence of emission is more important than the actual amounts
that occur. PAHs are thought to be a tracer of recent star formation (Peeters et al., 2004).
In that case, the presence of PAH emission is a further confirmation that the physical con-
ditions typical of PDRs are indeed present.

With the exception of four sources at higher galactocentric radius that did not show
detectable PAH emission (in general, PAH emission levels drop with increasing galacto-
centric radius), all UV sources have accompanying PAH emission. Owing to differences
in excitation conditions, we did not expect PAH emission to appear at the exact location
of HI emission. The majority of HI patches, however, have associated PAH emission, sug-
gesting a close relation between the two. A closer investigation of this correlation appears
desirable, but is beyond the scope of this paper.

Table 2.3: HI surface density per radius interval and resulting filling factor.

Radius Max. HI column Equivalent ΣH I Radial ΣH I Filling Factor
(kpc) 1021 cm−2 (M⊙ pc−2) M⊙ pc−2

4-5 2.91 22.17 3.88 0.17
5-6 4.83 36.79 4.80 0.13
6-7 2.88 21.94 4.62 0.21
7-8 3.45 26.28 6.41 0.24
8-9 4.58 34.89 5.56 0.16

9-10 2.74 20.87 5.31 0.25
10-11 3.20 24.37 5.42 0.22
11-12 2.44 18.59 4.97 0.27
14-15 2.83 21.56 2.67 0.12

2.6 Discussion and Conclusions

The candidate PDRs in M81, which were selected on the basis of their FUV emission, seem
to fit the photodissociation model well. Our results show no systematically different prop-
erties of the parent GMCs in different parts of M81. The total hydrogen volume density is
roughly constant, even as the underlying HI, FUV, and dust-to-gas ratio vary.

The cloud densities we find are lower than the range of values (30 – 1000 cm−3) found
in M101 (Smith et al., 2000). The observed values of NHI of individual PDRs are similar
to those seen in M101. The observed HI columns in both galaxies abruptly increase at
the same normalized radius (0.3) and appear to decline somewhat beyond 0.7, assuming
an R25 of 30.3 kpc for M101 (Vila-Costas and Edmunds, 1992). The range of observed HI

columns is also the same. The downward trend in G0 also is consistent with Smith et al.
(2000), when no internal extinction correction is applied to their data. Figure 2.10 shows
that the densities of the GMCs in M81 do not appear to change with galactocentric radius,
consistent with the M101 results.
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Kaufman et al. (1999) modeled the expected CO intensity from a PDR for a range of
incident FUV fluxes and cloud densities. The range of our results would be consistent with
modeled CO intensities below 5×10−8 ergs cm−2 s−1 sr−1, or 1×10−8 ergs cm−2 s−1 sr−1 for
the vast majority of sources (6.4 K km s−1). Figure 1 in Allen et al. (2004) shows that for the
range of values in Figure 2.11, the modeled CO intensities are independent of n. The low
volume densities we find are consistent with a lack of CO emission in M81, as discussed
by Knapen et al. (2006), and which those authors attribute to insufficient excitation. We
note that the volume number densities of colliding H2 molecules in the GMCs of M81 is
1/2 of the values for n calculated here. The mean value we have found for n in the GMCs
of M81 translates into a mean number density for nH2 ≈ 10cm−3, well below the values
required for collisional excitation of CO molecules. In this case, the CO emission in M81 is
in general subthermal. Their reported upper limit for ICO is 1.03 K km s−1 for the regions
they investigated, near our source 18. The G0 and n that we find there are consistent with
that value of ICO (and somewhat higher), per Figure 1 in Allen et al. (2004), when beam
dilution is taken into account. The low CO emission in M81 is also explored in Casasola
et al. (2007), who again point to a lack of excitation of the molecular gas. They find no
molecular gas in the nucleus of M81. The absence of FUV sources to excite the gas is
consistent with that finding.

After accounting for observational and projection effects (see §2.5), we note that in
the nearby galaxies in general to which our method is applicable, it is most sensitive to a
combination of low G0 and low n.

In summary, our conclusions are:

I. We selected a number of discrete FUV sources in M81, which we consider to be po-
tential PDRs on the surfaces of the parent GMCs.

II. The total hydrogen volume densities of GMCs close to clusters of young stars in M81
are in the range of 1 < n < 200 cm−3, with a geometric mean of 17 cm−3. This is
approximately 10 times lower than GMCs in M101 studied with the same method.

III. The low GMC volume densities are consistent with a lack of CO emission in M81.

IV. M81’s GMCs have a filling factor of ≈ 0.21 within R25.

V. No candidate PDRs are found in M81 within R < 0.3R25.

VI. We have provided a thorough analysis of the observational selection effects on our
results and conclude that, while such effects are (necessarily) present in our results,
our main conclusions as to the range and values of the total volume densities of
GMCs in M81 are not affected.

VII. The presence of PAH emission in the neighborhood of our candidate PDRs lends
support to our view that the HI patches near FUV sources are indeed produced by
photodissociation. PAH emission occurs near almost all UV sources. PAH and HI

emission coincide in more than half of our sources.
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2.A Error analysis
To estimate the extent to which the different observables influence the result, we performed a basic
error analysis. It takes into account the precision of the determination of the UV flux F , the HI-to-
UV distance ρ, the dust-to gas ratio δ/δ0 and the HI column densities N . Note that in this case we
substitute G0 with its observables F and ρ.

Formula 2.4 for n can be written as

n =C
F

ρ2
(δ/δ0)−1/2 [

exp (Nδ/δ0)−1
]

−1 , (2.5)

where C is a constant that includes the extinction, the distance to M81, the scaling factor for the flux
and the other constant factors that went into the model. Also note that N ≡ NHI/

(

7.8×1020 cm−2)

.

σ2
n =
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∂n
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)2
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)2
σ2

N , (2.6)

the standard formula for propagation of uncertainties, where

∂n

∂F
=

n

F
(2.7)

∂n

∂ρ
= −2

n

ρ
(2.8)

∂n

∂δ
= −

1

2
(δ/δ0)−1 n −n

[

exp(Nδ/δ0)−1
]

−1
N exp (Nδ/δ0) (2.9)

∂n

∂N
= −n

[

exp (Nδ/δ0)−1
]

−1
δ/δ0 exp (Nδ/δ0) (2.10)

The square root of the result, σn , is the standard deviation, or the error. The dust-to-gas ratio
has a disproportionate influence on the error, since it occurs twice in the equation and is also the
parameter that is the least well known. The relative precision of the measurements of F and N is
roughly 1%. The separation has an uncertainty on the order of a half a pixel, or about 9 pc. Finally,
the scatter in the fit to the dust-to-gas ratio is about 0.2.

Taken together, these figures introduce relative errors to the result of about 88% of the measured
value of n on average, or approximately a factor of 2. This means that for example n = 1± 0.8 if
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σn
n = 80%. Negative values of n are unphysical. The spread in our resulting values of n seems to

reflect this and we expect the accuracy of our results to be similar.
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Using observed GALEX far-ultraviolet (FUV) fluxes and VLA images of the 21-cm HI column den-
sities, along with estimates of the local dust abundances, we measure the volume densities of a

sample of actively star-forming giant molecular clouds (GMCs) in the nearby spiral galaxy M83 on a
typical resolution scale of 170 pc.

Our approach is based on an equilibrium model for the cycle of molecular hydrogen formation
on dust grains and photodissociation under the influence of the FUV radiation on the cloud surfaces
of GMCs.

We find a range of total volume densities on the surface of GMCs in M83, namely 0.1 – 400 cm−3

inside R25, 0.5 – 50 cm−3 outside R25. Our data include a number of GMCs in the HI ring surrounding
this galaxy. Finally, we discuss the effects of observational selection, which may bias our results. (Ta-
bles 1 and 3 in this chapter are available in electronic form at the Centre de Données astronomiques
de Strasbourg1.)

3.1 Introduction

This paper aims to measure the total gas densities in a sample of giant molecular clouds (GMCs)
in the nearby spiral M83 (NGC 5236), using a method initially proposed by Allen et al. (1997). This
method is based on the simple (but unavoidable) fact that ultraviolet photons from young, newly-
formed stars will react back on the surrounding parent GMCs, dissociating the molecular gas on
their surfaces and turning the (virtually invisible) H2 into its easily-detected atomic form. The mo-
tivation for this approach was provided by the discovery by Allen et al. (1986) that the HI delineating
the spiral arms in a nearby galaxy showed a large-scale morphology that was more consistent with
photodissociation near the HII regions than it was with compression of the HI farther upstream in

1http://cdsarc.u-strasbg.fr
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the spiral shock. The presence of atomic hydrogen is then indicative of a photodissociation region
(PDR). The method was first applied in some detail to M101 by Smith et al. (2000) and more recently
to M81 by Heiner et al. (2008a).

The large, nearby spiral M83 has been a frequent target of searches for molecular gas using the
CO(1-0) spectral line, which is easily detectable in M83. However, such studies have only recently
begun to be carried out with sufficient linear (spatial) resolution to discern differences in the lo-
cation of molecular gas and the emissions from young, hot stars. For example, Lord and Kenney
(1991) describe the presence of molecular (CO) emission 300 pc downstream from M83’s eastern
spiral arm dust lane, detected with a 5′′ ×12′′ beam. Rand et al. (1999) find that the CO emission is
spatially separated from the dust lane as well as the young stars on scales of a few hundred parsec.
They suggest UV heating, cosmic-ray heating or a two-component molecular phase to explain this
morphology. Their observations show features that show similarity to the largest GMCs in the Milky
Way with masses on the order of several millions of solar masses. Wall et al. (1993) explore the CO
content in the central kiloparsec of M83 and infer a low-density component (nH2 . 103

−104 cm−3)
and a warm (above 50 K), high-density component (nH2 & 104

−105 cm−3). Crosthwaite et al. (2002)
study CO(1-0), CO(2-1) and neutral gas in M83, observing a strong truncation of the molecular disk
at 6′ accompanied by a warped atomic outer disk. Using the conventional assumptions about how
to convert CO surface brightness to H2 column density, they conclude that roughly 80% of the total
gas mass in M83 is H2. The HI 21-cm and CO surface brightness are found to be correlated, but with
a complex pattern of offsets. They speculate that the temperature of the CO gas is > 20K in the nu-
cleus and < 7K in the outer disk. Lundgren et al. (2004) give a full overview of previous observations
and present full CO (1-0) and CO (2-1) maps based on thousands of telescope pointings, but with a
modest spatial resolution of ∼ 1 kpc. They conclude that the molecular gas spiral arms mostly trace
the dust lanes. They expect the H2 mass to dominate that of HI within 7.3 kpc of the center. At their
linear resolution, CO and HI emissions are correlated strongly within the optical disk. Vogler et al.
(2005) look into various tracers of star formation, including Polycyclic Aromatic Hydrocarbon (PAH)
emission lines, another potential indicator of PDRs. Various combinations of these lines prove to be
good tracers of star forming regions in M83. They are found predominantly in the spiral arms. We
previously studied the occurrence of PAHs near PDRs in M81 (Heiner et al., 2008a) and confirmed
that they are found near the star-forming regions in almost all cases. Similar M83 data was not avail-
able at this time.

Thilker et al. (2005) find and discuss sites of recent star formation in the extreme outer disk
of M83, associated with the warped HI disk of M83, which raises questions about star formation
efficiency and modes of star formation. The nature of this outer disk is investigated further in Gil de
Paz et al. (2007b), who find evidence that individual young stars are responsible for the UV emission
in the outer regions. Zaritsky and Christlein (2007) find that these UV sources are quite common out
to 2×R25 . In this paper we include candidate PDRs outside the main optical disk of M83 in an effort
to probe the amount of available gas in this environment.

The suspected high densities of molecular gas in M83, the morphology of the gas in the spiral
arms, and the evidence of recent star formation in the outer regions, make this galaxy an excellent
target for a study of photodissociated atomic hydrogen and the volume densities of M83’s GMCs
using our method.

In §3.2, we explain our approach and the data we used. In §3.3 we present our results. We discuss
and summarize these results in §3.4.
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Figure 3.1: The location of the candidate PDRs are shown with the GALEX FUV image in the back-
ground. Not all FUV sources are visible on this image, but all sources are sources of FUV radiation.
The inner circle signifies a 1 kpc galactocentric radius, the outer one signifies R25.

3.2 Method

In this Section, we briefly describe the data and how we used it. The same method that we used
in Heiner et al. (2008a) has been applied here. For every candidate PDR, the far-UV flux, local HI

column densities, dust-to-gas ratio and separation between the UV source and the surrounding HI

features were determined to calculate the total hydrogen volume density.

The distance to M83 is taken to be 4.5 Mpc, as measured from Cepheids by Thim et al. (2003).
We used GALEX UV data of M83, where the FUV and near-UV (NUV) images were matched for astro-
metric accuracy. The images have an estimated angular resolution of 8′′, which is a bit poorer than
the generic GALEX resolution, since M83 is on the edge of the GALEX field of view due to pointing
constraints. We did not use the NUV image otherwise. We obtained the 21-cm HI data from the
THINGS team (Walter et al., 2008, AJ, submitted). The radio beam size is 10.4 × 5.6′′ . The data were
analyzed using the Groningen Image Processing System GIPSY (Ekers et al., 1973; van der Hulst et al.,
1992; Vogelaar and Terlouw, 2001).

Although spatial completeness was not our aim, we attempted to select our candidate PDRs to
be bright and isolated on the GALEX image and to have a uniform spread in galactocentric radius
as well as FUV flux, in a similar way as was done in Heiner et al. (2008a). First, GIPSY’s POINTS rou-
tine was used to automatically detect FUV sources with a signal-to-noise of 20 or more. The other
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input parameters were kept at their default value. This yielded 86 sources2. Using a histogram of
the distribution of the sources with galactocentric radius, we randomly removed a small number of
sources to even out the distribution. We also removed sources that matched detections in the HST
Guide Star Catalog v2.2, (see e.g. Lasker et al., 2008). We manually added some sources to improve
the spread in galactocentric radius, selected by eye. These sources stood out visually, but we did not
enforce a specific signal-to-noise ratio. Finally, these sources were automatically fitted with gaus-
sians. In some two or three cases this led to visible confusion from nearby FUV sources as can be
seen in the location plot (Figure 3.1). The final source count was 76. These sources are listed in Table
3.1.

We used the tilted ring model from Rogstad et al. (1974) to correct for a different position angle
and inclination at larger radii. This deprojection correction changes the actual galactocentric radii
of the candidate PDRs as well as the assumed deprojected separation between the UV source and its
associated HI patches. This information was used in combination with the metallicity data from Gil
de Paz et al. (2007b) to obtain the dust-to-gas ratio (see Issa et al., 1990). We used

logδ/δ0 =−0.051R +0.43, (3.1)

where δ/δ0 is the local dust-to-gas ratio scaled to the value in the solar neighborhood. We adopt a
solar metallicity of 8.69 (Allende Prieto et al., 2001). The galactocentric radius R is in kiloparsec. In
subsequent plots we normalize R with R25, which is 7.63 kpc (or≈ 6′) from Vila-Costas and Edmunds
(1992). We assume that this relation covers the full range of galactocentric radii we investigated. It
becomes clear from the literature that the metallicity in the outer regions of M83 is still uncertain and
results have only recently become available. For this reason we explore a number of alternatives. We
also considered, among others, Bresolin and Kennicutt (2002). The different alternatives are plotted
in Figure 3.2. We have adopted the most recent high metallicity fit in Gil de Paz et al. (2007b) as our
preferred model.

The (local background subtracted) FUV fluxes of the candidate PDRs were determined next.
For each such region, the distances from the central source to the nearest HI patches was deter-
mined. An HI patch is defined as a local maximum in the HI column density. A background level
of 2×1020 cm−2 was subtracted within 0.9R25 and 5×1019 cm−2 outside this radius. These values
are based on the general background level of HI emission surrounding M83. We also measured HI

background levels within the optical disk of M83 as well as considered minimum column density
values throughout M83. This is an attempt to isolate the HI formed by dissociating radiation. Since
the background level is close to the sensitivity limit, some measurements end up close to zero. The
resulting values of n are generally not very sensitive to varying the background HI column. Rewriting
Equation 3.2 to yield n (see Equation 4 in Heiner et al., 2008a) shows that n does not change much
as long as the subtracted background column remains substantially lower than the scaling factor of
7.8×1020 cm−2, as is the case here. We measured distances out to 22′′. Those distances were then
used together with the FUV flux to calculate the incident flux impinging on each HI patch. A 1500
Å foreground extinction correction of 0.52 mag based on Schlegel et al. (1998) and Gil de Paz et al.
(2007a) was applied to the FUV fluxes. Two example sources are plotted in Figure 3.3.

Finally, all these elements were used to calculate the total hydrogen volume density by inverting
Equation A2 from Allen et al. (2004) and including a variable dust-to-gas ratio (cf. Equation 6 in
Allen, 2004). The final equation to be inverted is:

NH I =
7.8×1020

δ/δ0
ln

[

1+
106G0

n

(

δ

δ0

)

−1/2
]

cm−2 (3.2)

2This translates into a typical rms noise in the FUV flux of 1%.
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Figure 3.2: Different possible dust-to-gas ratio models are plotted. There are three models suggested
by Gil de Paz et al. (2007b) and Gil de Paz (private communication, 2008), namely their high metal-
licity fit (our default one), their fit based on PDR modeling and a slope based on the high metallicity
fit inside R25 combined with a constant (low) metallicity in the outer regions. We also considered
the one based on Bresolin and Kennicutt (2002).

where NH I is the (background subtracted) atomic hydrogen column density (in cm−2), δ/δ0 is the
dust-to-gas ratio scaled to the solar neighborhood value, G0 is the incident flux measured at the HI

patch (the same G0 as used in e.g. Allen et al. (2004), Appendix B — see Heiner et al. (2008a) for
a more extended description of how this is measured) and n is the total hydrogen volume density,
where n = nH I + 2nH2 (cm−3). This gas is mostly atomic on the surface of the GMC and mostly
molecular deep inside the cloud.

3.3 Results

The measured FUV fluxes are presented first, followed by the associated HI column densities. The
derived incident fluxes G0 are presented next, followed by the resulting total hydrogen volume den-
sities. Finally, we deal with a number of selection effects.

The locations of our candidate PDRs are shown in Figure 3.1 and tabulated in Table 3.1. We
attempted to get a selection of sources representative in both their galactocentric radius as well as



42 The volume densities of giant molecular clouds in M83

Figure 3.3: Sources 4 (left panel) and 24 (right panel) are plotted as examples of candidate PDRs,
showing HI gray scales and FUV contours. The location of the central source is marked with a black
star, the locations of the HI patches are marked with white crosses. The FUV contours start at 7×

10−19 ergs cm−2 s−1 Å−1 and each consecutive level is 1.34 times the previous one. The HI gray scale
levels are constructed similarly (see Table 3.1). Both sources show a central source surrounded by
HI complexes, where the distribution is smoother in Source 24. The full set of sources is included in
the appendix of this thesis (without the white crosses).

their UV flux, as was mentioned previously. The table also includes the aperture of each FUV source
within which its flux was determined, the starting gray scale level in the detailed plots and the gray
scale level increment, where each subsequent level is the previous level multiplied by the increment.
While the starting gray scale level is usually 1×1019 cm−2, it is different for some sources to enhance
the gray scale contrast. (See Figure 3.3 for two sample plots; the full set is available in the electronic
edition of Heiner et al. (2008b)).

The disk of M83 is warped at larger galactocentric radii. This influences the deprojected galac-
tocentric radius that we used to determine the dust-to-gas ratio. The distance from the FUV sources
to the associated HI patches is also affected, since we use the position angle and declination to de-
project the separation ρHI (see Heiner et al. (2008a) for a more detailed description of the procedure
and projection issues). Table 3.2 shows the values we adopted from the tilted ring model of Rogstad
et al. (1974).

The background subtracted FUV flux of each source is plotted in Figure 3.4 and listed in Table
3.1. The background UV level was determined at the radius listed in the aperture column. A range of
fluxes can be seen, which seems to be decreasing towards the outer parts of M83. However, crowding
effects are a possible cause of this trend. This is indicated in Figure 3.4. In addition we have made
no attempt to obtain a statistically complete sample of sources. A detection limit is plotted based
on the noise level of the FUV data and the method we used to select our sources. These fluxes have
not been corrected for extinction. We did not select sources close to the central starburst (See e.g.
Boissier et al. (2005) for a description of the UV radial profiles found by GALEX).

In an attempt to capture as much information as possible per candidate PDR, we determined
the distance ρHI of every HI patch to its central UV source (Figure 3.5). This means that every FUV
source has a number of measurements associated with it, which appear in the plot as a number
of points at the same galactocentric radius. At an arbitrary distance of about 480 pc from the FUV
source (roughly 22′′) we stopped recording HI patches, since at that distance the association of these



3.3 Results 43

Table 3.1: Locations and FUV fluxes of candidate PDRs. The full table is available electronically.

Source No. R.A. (2000) DEC (2000) Radius FFUV
a Aperture b c

(kpc) ′′

1 13 37 01.346 -29 52 44.72 1.1 5.16 19 1 1.35
2 13 36 56.700 -29 51 54.00 1.3 2.08 16 1 1.33
3 13 37 03.402 -29 52 51.43 1.5 2.20 14 1 1.37
4 13 36 55.827 -29 52 13.58 1.5 2.56 18 1 1.30
5 13 36 59.158 -29 53 02.08 1.6 6.83 21 1 1.36
6 13 37 02.955 -29 50 48.84 1.6 12.24 14 1 1.37
7 13 37 04.572 -29 50 58.09 1.6 6.89 12 1 1.33
8 13 37 02.445 -29 53 05.43 1.7 1.18 10 1 1.35
9 13 37 08.120 -29 51 02.97 2.4 20.81 20 1 1.37

10 13 36 54.317 -29 53 10.26 2.5 21.61 17 1 1.35
a 10−15 ergs cm−2 s−1 Å−1

b Gray scale start (1019 cm−2) — can vary slightly for clarity of the image
c Increment

Figure 3.4: The FUV fluxes of the candidate PDRs are plotted here on a logarithmic scale. Outside of
R25 the source fluxes seem to flatten out. A detection limit has been included, as well as a possible
crowding limit. The angular resolution of the data is approximately 8′′.

patches to that particular UV source becomes highly unlikely. This cut-off is arbitrary, since it be-
comes progressively less likely for an HI patch to be associated with the central UV source. The
cut-off was chosen with the typical size of large-scale PDRs in mind (a few hundred parsec) and is
labeled ’confusion limit’ in the plot. Large-scale PDRs are expected to span a few hundred parsec
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at most and other UV associations will also be encountered. The separations are quantized since
we used 1′′ rings. In certain cases the candidate PDRs themselves are fairly close to each other. In
such a case an HI patch can be attributed to two UV sources, but without further morphological
information no distinction can be made. The minimum observable distance is determined by the
resolution of our data and is about 30 pc. This plot also shows the coverage in galactocentric radius,
which shows a few gaps where no FUV source was found (or selected) using the selection method
described earlier. The full results are tabulated in Table 3.3, where the different HI patches per FUV
source are labeled a, b, c, and so on. ρHI , NH I , the incident flux G0, the source contrast G/Gbg , the
total hydrogen volume density n, and the fractional errors are listed in this table.

In rare cases the HI column density is very low, where the measured column is close to the value
of the subtracted background. No columns higher than ≈ 2.5×1021 cm−2 were found. This is po-
tentially a beam smoothing effect, where we only resolve HI patches partially. We conclude this
from our work on M33 (Chapter 6). At higher linear resolution we observe higher HI columns, which
points to better resolution of the HI clouds in M33.

Table 3.2: Adopted tilted ring values from Rogstad et al. (1974).

Radius (′) p.a. (degrees) i (degrees)
0.5 45 24
1.0 45 24
1.5 45 24
2.0 45 24
2.5 46 24
3.0 46 24
3.5 46 24
4.0 46 25
4.5 46 26
5.0 49 27
5.5 52 28
6.0 59 30
6.5 67 32
7.0 75 34
7.5 83 36
8.0 91 37
8.5 99 39
9.0 106 40
9.5 113 42

10.0 120 43
10.5 127 45
11.0 133 46
11.5 139 47
12 145 49

12.5 150 50

The incident flux G0 (corrected for foreground extinction) on each individual HI patch is plot-
ted in Figure 3.6. A set of points in the vertical direction shows all resulting G0 for an individual
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Figure 3.5: The distances ρHI from the central UV source to individual HI patches are plotted here.
Each source can have multiple HI patches associated with it. As an example, 10 HI patches associ-
ated with one particular UV source are plotted as open circles here, at R/R25 ∼ 1 (Sources 61 a–j in
Table 3.3; three sources have an identical separation). At a separation larger than 22′′ no HI patches
are recorded anymore. In the outer parts fewer HI patches are detected, possibly because of sensi-
tivity issues. Some gaps in the radial coverage can be seen, where no sources were found with our
selection method.

UV source with multiple HI patches. The average G0 declines going outward, with no distinct break
at the edge of M83’s optical disk. A hint of an upturn at the location of M83’s HI ring is visible at
the extreme right end of the plot. As G0 is a combination of the FUV flux and the FUV source / HI

patch separation, it is also influenced by the possible crowding effects that are indicated in Figure
3.4. The minimum G0 (0.005) is due to the maximum ρHI that we measure, combined with the low-
est measured flux, and is therefore a sensitivity limit. The highest G0 (565) that we could obtain is
determined by the lowest measurable ρHI and the highest FUV flux. Both limits are plotted. The
open circles are incident fluxes with a source contrast of less than 0.5. This means that the incident
source flux has 50% of the strength of the ambient FUV field incident on the HI patch or less. The
HI corresponding to the closed circles can be assumed to have a higher chance of having been pro-
duced by photodissociating UV radiation, since the central UV source is dominant with respect to
the background radiation field. (The source contrast is higher.) However, the highest source con-
trasts occur when the separation between the central UV source and the associated HI patch is the
lowest — at close separation projection effects are more of a problem, which means a higher chance
of underestimating the separation and overestimating the incident flux. A high source contrast at an
HI patch therefore needs to be viewed with caution.

The (beam averaged) atomic hydrogen column density of each HI patch in our candidate PDRs
is plotted in Figure 3.7. A selection of local maxima are counted as HI patches. Near the center of
M83 there is little HI emission visible against the continuum source at the nucleus (e.g. Tilanus and
Allen, 1993). The maximum observed column density rises to a broad peak around 0.5 R25. The end
of M83’s disk is clearly visible where the maximum HI column densities drop, but HI is still detected.
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Figure 3.6: The incident flux G0 is plotted here. Some holes in the radial coverage are visible. The
fluxes within 0.2R25 seem to be lower. Generally, fluxes are dropping going outward. The maximum
of the method consists of the G0 that would have resulted from our maximum measured FUV flux,
combined with the lowest separation that can be resolved at the given resolution. Sources with a
source contrast of less than 0.5 are plotted as open circles.

Finally, there is a slight increase where M83’s HI ring is located.
An HI background value was subtracted as described previously, in an attempt to capture only

the HI produced by the incident FUV radiation from the FUV source nearby. The resulting values
of n are relatively insensitive to varying the background HI column. Background-subtracted values
below the sensitivity limit were discarded.

The calculated total hydrogen volume density is shown in Figure 3.8, based on the Gil de Paz
et al. (2007b) high metallicity assumption, which is our preferred dust model. Values span a range
of two orders of magnitude mostly, with values of a few thousand cm−3 in the inner parts of M83.
Outside M83’s optical disk the values of n are generally lower. In this plot, again, closed circles are
plotted for HI patches that show a source contrast higher than 0.5 (meaning the source is half as
bright as the UV background or stronger), and open circles for those with lower source contrast.
The former may be considered more reliable than the latter, since the UV source is considered to
be more clearly responsible for the dissociated HI. The FUV source contrasts G/Gbg are listed in
Table 3.3. The fractional errors in Table 3.3 are as calculated in the Heiner et al. (2008a) M81 results,
except that we used a relative error for the dust-to-gas ratio of 20% instead of a constant error. The
average fractional error is 0.7. Since photodissociation rates are highly sensitive to the local dust-to-
gas ratios, we looked at a number of recent results for M83.

Different alternative total hydrogen volume densities based on various dust models suggested
by Bresolin and Kennicutt (2002) and Gil de Paz et al. (2007b) are shown in Figure 3.9. The different
dust models can be found in Figure 3.2. The metallicity model based on Bresolin and Kennicutt
(2002) uses

logδ/δ0 =−0.021R +0.17. (3.3)

The slope of this model is relatively shallow. The dual metallicity model in the middle panel uses
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Figure 3.7: The (beam averaged) HI column densities are plotted here. Values range from around
the sensitivity limit at 1×1020 cm−2 to almost 2.5×1021 cm−2. Columns are highest within R25 and
a small upturn can be seen signifying M83’s HI ring at about 1.7 R25.

Equation 3.1, except that δ/δ0 = 0.15 for all PDRs outside of R25, assuming low and constant metal-
licities in the outer regions of M83 (Gil de Paz, private communication, 2008). The bottom panel
uses

logδ/δ0 =−0.100R +0.85. (3.4)

The slope of the metallicity is relatively steep in this case since a single slope is assumed, with high
metallicities inside the optical disk of M83 and low metallicities outside.

The top panel densities are similar to the ones in Figure 3.8, since the underlying dust models are
also very similar. The dual metallicity model in the middle panel yields densities in the outer regions
that appear to be unusually high. Finally, the densities in the bottom panel are extremely depressed
at small galactocentric radii, a result of the high dust content. Insufficient data are available to pick
one dust model over the other. We continue our analysis using the high metallicity model of Gil de
Paz et al. (2007b), as shown in Figure 3.8.

In order to further quantify the volume densities in Figure 3.8, so-called box-and-whisker plots
are shown in Figure 3.10. Since we did not aim to select a complete sample of candidate PDRs, we
are mostly interested in the range of volume densities. The galactocentric radius bins in this plot give
a good impression of the distribution of the volume densities. There is a wider spread of values in
the inner regions of M83, accompanied by higher density values. The values in the outer regions are
more concentrated and the maximum densities are lower. This is mostly due to the narrower spread
of HI column densities outside R25. Selection effects also limit the range of observed densities.

Our results are summarized in Figure 3.11, which is suitable to show the various limiting se-
lection effects. The candidate PDRs at a galactocentric radius larger than R25 are plotted as open
squares. The Roman numerals I through V indicate the different limits of our observations:

I. The HI column density upper limit of 5× 1021 cm−2 at a typical δ/δ0 of 1.8, due to the HI

column becoming optically thick. However, the actual upper limit of the HI is closer to 2.5×
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Figure 3.8: The total hydrogen volume density is plotted, assuming relatively high metallicity (our
preferred dust model, Equation 3.1) outside the optical disk. Closed circles indicate a source contrast
higher than 0.5, open circles indicate a lower source contrast. An approximate range of values of n

is indicated (dashed lines): 0.1 – 400 cm−3 inside R25, 0.5 – 50 cm−3 outside R25.

1021 cm−2 because of beam smoothing effects. These values occur around a typical δ/δ0 of
2.4 and are delineated by an extra dashed-dotted line.

II. The HI lower limit of 1×1020 cm−2 at a typical δ/δ0 of 1. This is a sensitivity limit.

III. The lowest volume density that we can observe as a consequence of the radio beam diameter
and the HI sensitivity limit. For M83, it is approximately 0.2 cm−3. Points may end up lower
because of high metallicities. Ideally, this limit would contain the GMC cloud size. Since this
is unknown, the beam diameter is a reasonable substitute.

IV. The minimum G0 (0.005) that we can use (at a source contrast as low as 1%).

V. The maximum G0 (565) that we can obtain from the data.

3.4 Discussion and Conclusions
In this Section, we compare our results to H2 densities based on CO measurements. Then we discuss
background issues, extinction and dust issues. We end with a summary of our findings.

3.4.1 CO results comparison
The study of Rand et al. (1999) is detailed enough to find typical sizes and masses of GMCs in the
eastern arm of M83. These results can be compared to ours with some additional assumptions.
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Figure 3.9: The total hydrogen volume density is plotted for three dust models derived from Bresolin
and Kennicutt (2002) and Gil de Paz et al. (2007b). The results based on the Bresolin and Kennicutt
(2002) dust model are similar to the one from Gil de Paz et al. (2007b) assuming a high metallicity
outside the optical disk (Figure 3.8). In the dual metallicity case, the hydrogen densities are relatively
high in the outer regions. The single slope fit based on PDR modeling by Gil de Paz et al. (2007b) is
steep because of relatively high metallicities near the center of M83 and low metallicities in the outer
regions. Densities are markedly lower in the center in this case.

Table 3.3: HI Measurements, Incident Fluxes and Volume Densities. The full table is available elec-
tronically.

Source No. ρHI (pc) NHI (1021 cm−2) G0 G/Gbg n (cm−3) Fractional error
1a 196 1.26 1.41 2.05 120 0.8
1b 349 2.77 0.45 0.65 12 0.7
1c 371 4.28 0.40 0.57 5 0.7
1d 436 6.99 0.29 0.41 1 0.9
1e 458 6.69 0.26 0.38 1 0.9
1f 458 9.40 0.26 0.38 0.3 1.2
2a 262 1.41 0.32 0.57 24 0.7
2b 262 2.62 0.32 0.57 10 0.7
2c 284 2.77 0.27 0.49 8 0.7
2d 371 2.47 0.16 0.28 5 0.7
2e 393 2.62 0.14 0.25 4 0.7
2f 393 2.92 0.14 0.25 4 0.7
2g 415 3.67 0.13 0.23 2 0.7
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Figure 3.10: Box-and-whisker plots for the total hydrogen volume densities in Figure 3.8 are dis-
played, where the data has been divided into four galactocentric radius bins. The boxes span the
lower to upper quartiles of the data (50% of the datapoints in the bin combined), with a line indi-
cating the median. The so-called ’whiskers’ show the range of the data (1.5 times the inner quartile
range of points), with outliers plotted individually (+). The approximate ranges in Figure 3.8 are in
good agreement with this. The maximum densities in the outer regions are lower than the ones in
the inner regions of M83 and the range of values is narrower.

Using a CO(1-0) map with kinematic information, they find CO masses and virial masses of approxi-
mately 1×106M⊙. For example, their source 9 (their Table 4) yields a mass derived from CO emission
of 7.3 ×106 M⊙ and 3.6 ×106 M⊙ for the virial masses, at a 50-80% uncertainty. This source corre-
sponds to our FUV source no. 13. Since our method does not yield any information on cloud sizes
(we only observe HI on the surface of GMCs), nor on kinetic temperatures in these clouds, we will
take typical values of our measured volume densities and compare densities using a typical GMC
radius of 75 pc for a spherical cloud. n = 2nH2 inside the GMC and a typical density near our source
no. 13 is 20 cm−3, or nH2 = 10 cm−3. 7.3 ×106 M⊙ is equivalent to about nH2 = 85 cm−3, which
is in reasonable agreement with our results considering the uncertainties in both results (70-80%).
More recent unpublished data (Lord, private communication, 2008) may be quantitatively different
and more detailed, but does not yield substantially different results at the resolution of the data that
were used in this paper.

One of the key differences between M81 and M83 is the abundance of CO emission. While CO
is extremely faint and hard to detect in M81 (e.g. Casasola et al., 2007), M83 displays bright CO fea-
tures. The method we used here to find hydrogen densities (and molecular hydrogen densities in
GMCs) does not yield any morphological information, since we are observing HI on the surface of
PDRs. We can note, however, that the size and scale we assume for our candidate PDRs (the range
of values of ρHI) is consistent with findings using CO. Since we did not find suitable candidate PDRs
in the inner kiloparsec of M83, we cannot compare our results with, for example, the results of Wall
et al. (1993), although the densities we find match their low-density component. As to the trunca-
tion of the molecular disk that was mentioned by Crosthwaite et al. (2002), we do see a difference
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Figure 3.11: Our results can be summarized in a plot of G0 against n. The numerals indicate obser-
vational selection effects discussed in the text. In this plot, the open squares indicate regions outside
of R25.

between the inner and outer disk of M83, but it does not seem to be that significant in our results.
No differences are seen in candidate PDRs in arm or inter-arm regions, insofar as the large scatter in
our results allows us to draw this conclusion. We do not find more than a handful of regions with the
densities indicated by Hosokawa and Inutsuka (2007), although the expected sizes of our candidate
PDRs are the same. Finally, the hydrogen densities presented here are similar to the M81 results but
extend to higher maximum values. This is consistent with the brighter CO emission in M83, since
the higher H2 densities will lead to a greater degree of excitation of the CO molecules. Alternatively,
this could also indicate a higher fraction of CO molecules in M83’s clouds (e.g. Casasola et al., 2007).

3.4.2 Background levels, extinction and dust

The FUV fluxes seem to be higher in the inner parts of M83 and decreasing (on average) going out-
ward, as is shown in Figure 3.4. These higher fluxes in the inner parts could be caused by brighter
sources, and/or a larger number of sources. Since the individual sources are unresolved, no firm
conclusions can be drawn here. Outside R25 the measured fluxes are roughly constant. At the same
time, the abundances of PDR-produced HI surrounding these FUV sources (Figure 3.7 — note that
these are individual measurements, not annular averages) seem to follow a similar trend, consistent
with its connection to the photodissociating UV radiation. The FUV source contrast does not vary
with galactocentric radius, so while both source and background radiation field decrease in intensity
towards the outer regions of M83, their relative strength does not change.

Another factor that could influence the FUV radiation is galactic foreground extinction. The
higher the applied foreground extinction, the higher the resulting total hydrogen volume density.
The 0.52 mag extinction (Schlegel et al., 1998) towards M83 is significantly less than the 1.37 mag we
used towards M81 in Heiner et al. (2008a). The Schlegel et al. (1998) extinction correction for M81
would be 0.58, significantly lowering the total hydrogen volume densities. We find a wider range
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of values in M83, including higher gas densities. We therefore expect M83 to harbor more gas than
M81. The M81 and M83 results are hard to compare directly because the extinction corrections were
based on different sources in the literature. We intend to compare the two galaxies, together with
similar M33 results, more quantitatively in a future paper, with consistent extinction corrections.

Our results are also sensitive to the dust-to-gas ratio. The slope of M83’s metallicity is relatively
shallow. Our preferred dust model assumes that metallicities in the outer parts of M83 remain high.
Lower metallicities would result in higher gas densities. Our results in these regions are therefore
most likely lower limits and much more gas could be present. The recent results by Gil de Paz et al.
(2007b) are ambiguous in the sense that the authors provide high metallicity and low metallicity re-
sults, depending on the adopted model. In the high metallicity scenario, the slope of M83’s metallic-
ity remains shallow out to a large galactocentric radius. The low metallicity scenario is accompanied
by a sharp drop in metallicity starting at approximately R25.

Smith et al. (2000) found a similar range of gas densities in M101 using basically the same method
with additional extinction corrections. Their candidate PDRs were all within M101’s R25, but the
FUV luminosities within that range are similar. As in our previous M81 results, no internal extinc-
tion correction was applied. If any such correction were applied, it should scale with the dust-to-gas
ratio. This means that the extinction would decrease, going outward. The FUV fluxes would be even
higher in the center of M83 (leading to higher total hydrogen volume densities), while the fluxes in
the outer regions of M83 would not be affected much.

3.4.3 Summary
In summary, we have investigated atomic hydrogen found in candidate PDRs in M83 and used the
physics of these PDRs to derive total hydrogen volume densities. We carefully considered the con-
tribution of observational selection effects on our results. We find a range of densities: 0.1 – 400
cm−3 inside R25, 0.5 – 50 cm−3 outside R25, based on measurements of HI believed to be produced
in large-scale PDRs in M83. The higher GMC volume densities which we find within R25 correlate
well with the presence of bright CO(1-0) emission there. This points to enhanced collisional exci-
tation as one reason for the CO emission in these GMCs. We note that this is also consistent with
our results in M81, where we find little evidence for high GMC volume densities, and for which the
CO(1-0) emission is faint.

Our measurements go out to a galactocentric radius of 13 kpc (deprojected). Our study used the
tilted ring model from Rogstad et al. (1974) to get proper galactocentric radii outside the M83 optical
disk. Our results are notably sensitive to the local dust-to-gas ratio, especially since the metallicity
in the outer regions remains uncertain.
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We present an approach for analysing the morphology and physical properties of HI features
near giant OB associations in M33, in the context of a model whereby the HI excess arises from

photodissociation of the molecular gas in remnants of the parent Giant Molecular Clouds (GMCs).
Examples are presented here in the environs of NGC604 and CPSDPZ204, two prominent HII regions
in M33. These are the first results of a detailed analysis of the environs of a large number of OB
associations in that galaxy. We present evidence for “diffusion” of the far-UV radiation from the OB
association through a clumpy remnant GMC, and show further that enhanced CO(1-0) emission
appears preferentially associated with GMCs of higher volume density.

4.1 Introduction

It is widely accepted that stars form from molecular gas in galaxies, and that the largest stars form in
Giant Molecular Clouds (GMCs). Such massive stars produce prodigious quantities of far-UV (FUV)
radiation, that will react back on the parent GMCs producing photodissociation regions (PDRs) on
the cloud surfaces. Highly luminous PDRs very near to OB associations are a rich source of atomic,
molecular, and solid grain spectral features, especially in the IR, and several prominent cases (e.g.
the Orion region) in the Galaxy have been extensively studied both theoretically and observationally
(see e.g. the review by Hollenbach and Tielens, 1999). Less well appreciated is that HI atoms are
also produced in such PDRs in quantities sufficient to be detectable in 21-cm radio emission (see
Allen et al. (2004) and references cited there), and that this can occur in situations of much more
modest volume densities and far-UV fluxes than is usually required to produce detectable IR line
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emission. Furthermore, such relatively low-density PDRs are physically large, rendering them more
easily detectable by radio astronomy.

We present the first results of a study of HI features in the the environs of OB associations in M33
(NGC 598) in terms of this PDR model. We explain the observations in a consistent, simple physical
context, using a method motivated by the initial discoveries of Allen et al. (1986). Those authors pre-
sented evidence that large-scale spiral arm features in the HI distribution of M83 (NGC 5236), offset
from the dust lanes, were produced by photodissociation of H2. Allen et al. (1997) provided a quali-
tative analysis of similar features in M81 (NGC 3031), consistent with the occurrence of large-scale,
low-density HI PDRs connected to nearby bright FUV sources. They also suggested a more quan-
titative approach that was first used on M101 (NGC 5457) by Smith et al. (2000), based on a simple
equilibrium model for the physics of HI production in PDRs. This provided a new method for deter-
mining densities of molecular gas in star-forming GMCs of galaxies, a method that is independent
of the excitation conditions for specific molecular tracers. Using a combination of GALEX and VLA
data, essentially the same technique was applied to M81 (Heiner et al., 2008a) and M83 (Heiner et al.,
2008b). While evidence for the presence of widespread molecular gas in both galaxies was found, we
concluded that the molecular gas in the GMCs in M81 is generally of lower volume density. This is in
agreement with the fact that the CO emission is generally fainter in M81 and hence likely to be less
excited (e.g. Knapen et al., 2006).

The closer proximity of M33 allows for a much more detailed analysis than was possible for M81
and M83, and we are therefore carrying out an extensive study of the HI in the immediate environs
of OB associations in this galaxy in the context of the photodissociation model for HI production. As
an example of what can be accomplished with this approach, we analyse the HI in the immediate
surroundings of two prominent OB associations in M33: CPSDP Z204 (Courtes et al., 1987) and NGC
604. In the former case we model the HI as a function of depth into a nearby GMC in terms of the
“diffusion” of the far-UV radiation propagating into a clumpy medium. In both cases we determine
gas densities in the surrounding GMCs and compare the results to the appearance of CO(1-0) emis-
sion nearby. Both regions have in common that local metallicity measurements and CO detections
are available from the literature (Engargiola et al., 2003; Rosolowsky and Simon, 2008). We find that
the higher density clouds as determined by our method are more likely to show CO emission nearby,
in agreement with our earlier M83 results.

Our method and data are described in §4.2. The NGC 604 and CPSDP Z204 findings are pre-
sented in §4.3 and summarized in §4.4.

4.2 Method and Data

We have used a simple model of photodissociation physics to derive total hydrogen volume densities
in candidate PDRs in M33, as we did in Heiner et al. (2008a) and Heiner et al. (2008b). Every HI

“patch” in the immediate environment of the OB association is considered a candidate PDR. The
data entering into the calculation are: the measured far-UV flux of the OB association; the distance
from the association to the HI patch; the column density of the HI patch; the local dust-to-gas ratio;
and, some simplifying assumptions about the actual 3D geometry of the region.

The following basic parameters of M33 were used: We assume a distance of 847 kpc (Saha
et al., 2006). A UV foreground Galactic extinction correction of 0.33 was applied, appropriate for
the GALEX FUV band, after Schlegel et al. (1998) and Gil de Paz et al. (2007a).

The photodissociation-reformationequilibrium balance is highly sensitive to the local dust con-
tent, as it influences both the effective absorption cross section of the dust grains and the H2 forma-
tion rate coefficient. The dust-to-gas ratio δ/δ0 is normalized to the solar neighborhood value. We
derive its value directly from the metallicity 12+ log(O/H) as measured in the ionized gas of the OB
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Figure 4.1: Left panel: CPSDP Z204 at full resolution. The FUV image is overlaid with a selection
of HI contours. These contours (not background-subtracted) are at 3 and 4 ×1021 cm−2 only, and
were chosen to emphasize the morphology of the HI peaks. The noise level is about 2 ×1020 cm−2.
Stars mark the locations where the FUV fluxes were measured. The orange boxes are the locations
of the measured HI patches. Two diamonds mark the locations of CO detections by Engargiola et al.
(2003), at a resolution of 13′′ (50 pc). Right panel: Finding chart of the same region with letters (UV
sources) and numbers (HI patches) corresponding to the results in Table 4.1. The CO detections are
the diamonds near sources b and e. (A color version of this figure can be found in the appendix to
this thesis.)

associations by Rosolowsky and Simon (2008) after Issa et al. (1990), and assuming a solar metallicity
of 8.69 (Allende Prieto et al., 2001), according to:

logδ/δ0 = (12+ log O/H)HII − (12+ log O/H)⊙. (4.1)

We adopted NGC 604’s metallicity from Esteban et al. (2002) and CPSDP Z204’s metallicity from
Rosolowsky and Simon (2008).

The PDR model we applied comes from Allen (2004) with improved coefficients provided by
Allen et al. (2004):

NHI =
7.8×1020

δ/δ0
ln

[

1+
106G0

n

(

δ

δ0

)

−1/2
]

cm−2, (4.2)

where NHI is the (background subtracted) atomic hydrogen column density (in cm−2), G0 is the
incident FUV flux measured at the affected HI patch and n = n(HI)+2n(H2) atoms cm−3 is the total
hydrogen volume density. This gas is likely to be mostly atomic on the surface of the GMC and mostly
molecular deep inside the cloud. Allen et al. (2004) (their Appendix B) provide a full treatment of how
G0 is defined and derived. Heaton (2009, accepted to ApJ) recently proposed an improvement to this
model by taking into account a more realistic self-shielding function of molecular hydrogen based
upon multiple transitions instead of a single one. In that case, our computed volume densities need
to be multiplied by a factor (δ/δ0)0.2, or 0.9 in the case of NGC 604 and 0.8 in the case of CPSDP
Z204, well within our estimated level of uncertainty.

We used the publicly accessible GALEX FUV image of M33, which has a linear resolution of about
16 pc (4′′). The 21-cm HI radio image of M33 was obtained from David Thilker (2007, private com-
munication) and has a linear resolution of 20 pc (5′′). Noise levels are typically 2×1020 cm−2. At
these spatial scales we expect to start seeing more frequently the signature PDR morphology in the
HI features found near FUV sources. The radio data were taken with the VLA and have had short-
spacing maps obtained with the GBT added in. They are therefore photometrically accurate (within
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Figure 4.2: The average HI column density distribution of CPSDP Z204 patches 1 (circles) and 2
(squares) — see the finding chart in Figure 4.1. The dashed-dotted line represents an infinite edge fit
to patch 1 smoothed by the telescope beam. The dotted line is the expected underlying distribution
for photodissociated HI produced on the surfaces of a clumpy GMC as the FUV radiation diffuses
into it, and the solid line is the result of smoothing that distribution with the telescope beam. The
dashed line is the fit to patch 2, assuming that this HI patch is 3′′ wide in the direction of this plot
and hence only slightly resolved by our 5′′ beam. See text for more details of the models.

the noise). We adopt a local HI background level for each region, based on measurements of the HI

column densities away from the candidate PDRs. The background levels are measured on a scale of
typically 100 pc, and can be as high as 1×1021 cm−2. The remaining column density after subtrac-
tion of the background is then assumed to be produced entirely by photodissociation.

To apply the PDR model, we have generally followed the methods previously used in M81 and
M83. However, owing to the higher linear resolution, some further improvements have been made.
The UV sources at the center of each region are identified (to the extent that they are resolved), their
fluxes measured, and used to calculate a cumulative incident flux G0 on the HI patch of current in-
terest. No internal extinction correction was applied, for reasons outlined in Heiner et al. (2008a).
We measured the distances between the central UV sources and a number of nearby HI ’patches’,
defined as a local maximum in the HI column density. These patches were generally selected based
on their prominence in the image and/or their connection to available CO detections. In these mea-
surements we limited the distance between any UV source and any HI patch to 200 pc, which is
smaller than the cut-off of 400 pc we used previously, but more appropriate to the scale of the can-
didate PDRs we expect to see at this level of detail. At these separations, the FUV flux contributed
by the young clusters of OB stars has also dropped to about 1% of the local ambient UV flux, and the
additional HI contributed by those clusters will be difficult to distinguish in the noise and confusion
of the general HI background. The final result of the calculation on each HI patch is an estimate of
the total hydrogen volume density n in the GMC associated with that patch.

4.3 Results

4.3.1 HI morphology in the environs of CPSDP Z204

The HII region CPSDP Z204 (galactocentric radius 1.63 kpc) was included in several surveys — most
notably the one from which it derives its name (Courtes et al., 1987), but it does not appear to have
been singled out for individual study before. We have modeled the morphology of two particular HI

patches near FUV sources using PDR physics and simple models of the geometry of the GMCs.
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Table 4.1: Measurements of CPSDP Z204

CPSDP Z204
δ/δ0 0.38

FUV fluxes (10−15 ergs cm−2 s−1 Å−1) 6.03a , 6.73b , 9.61c , 3.72d , 10.9e

Nbg (1021 cm−2) 1.0
NH I (1021 cm−2) 4.61:abcd , 4.42:e , 3.63:abcd ,

(background-subtracted) 3.44:abcde , 3.25:abcd

G0 (cumulative) 0.871 , 0.652 , 0.453 , 7.204, 3.975

G/Gbg range 0.02−0.181 , 0.572 , 0.01−0.093 ,
0.13−1.654 , 0.05−0.515

n (derived, in cm−3) 181, 152, 163, 2954 , 1805

Fractional error range 0.26−0.36
A description of this table can be found in §4.3.1

We identified four FUV sources which define the center of Z204, and one additional source a
bit further away to the northwest as shown in Figure 4.1. We also located five HI local maxima.
The FUV fluxes are generally about ten times fainter than in NGC 604. CO emission detected by
Engargiola et al. (2003) can be seen in two locations, at a resolution of 13′′ or about 50 pc. The results
of our measurements of CPSDP Z204 are listed in Table 4.1. The letters and numbers in the finding
chart correspond with the superscripts of values in the table. The resulting total hydrogen volume
densities range from 15 to 295 cm−3. One of the CO detections, close to source b, is accompanied
by two HI patches (nos. 4 and 5) that yield the highest volume densities in the area. The other CO
detection, close to source e, does not correspond to a particular HI patch at the highest column
densities, but its presence indicates that there is molecular gas in the area.

The HI patches in the area are consistent with being the photodissociated edges of GMCs, either
unresolved or partially resolved, and illuminated by the central cluster of OB stars. To test this as-
sumption we have modeled two patches numbered 1 and 2 in the finding chart of 4.1. The average
HI column densities of these patches were measured along the line through the center of the patch
in the direction to the nearest cluster of UV sources. The column densities were averaged in thin
slabs of 1′′×12′′ oriented perpendicular to that line. Distances were deprojected in the case of patch
1 by a factor of 0.6 in order to obtain the separation ρHI in the plane of the galaxy. The resulting
average column densities are shown in Figure 4.2.

The density profile of patch 2 (squares) is the easiest to model. The patch seems unresolved
along the line of sight from the UV source, and barely resolved in the perpendicular direction. We
fitted the data to model of a simple rectangular HI patch of constant column density, convolved with
our 5′′ (radio) beam. The best result is achieved with a 3′′ × 9′′ patch with an intrinsic column density
of 7×1021 cm−2, not including a background level of 1.6×1021 cm−2. The volume density inferred
for the GMC underlying this patch is 15 cm−3 using the observed column density enhancement of
about 3×1021 cm−2 from Figure 4.2, but this decreases to 4 cm−3 after correcting the column density
for beam smoothing. Note further that the brightness temperature associated with such a level of HI

column density suggests that the HI is quite possibly optically thick, in which case the real column
density may be significantly higher. The extra “lump” of HI gas at about 100 pc distance from the
FUV source might be an indication that the GMC is somewhat “porous” to the UV radiation, which
has penetrated through holes in the GMC and produced more atomic hydrogen further from the
FUV source. A more elaborate version of this model will now be described for patch 1.
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Figure 4.3: Left panel: NGC 604 CO(1-0) image, reproduction from Tosaki et al. (2007). The mor-
phology of the warm dense molecular gas is clearly visible. Their CO(3-2) emission shows a similar
morphology, tracing high excitation areas. The cross marks the center of NGC 604. Right panel (same
scale): FUV (blue) and HI (red) qualitative image at arbitrary scale (not background-subtracted),
showing the distribution of atomic gas and young stars. The four boxes indicate the locations of se-
lect HI patches. The lighter ones are close to the CO emission peaks. (A color version of this image
can be found in the appendix to this thesis.)

Patch 1 looks resolved in Figure 4.2, but cannot be explained by a simple rectangular source as
we have done for patch 2; the HI distribution drops off too slowly on the right side, beyond about 100
pc (circles). The approximately exponential decrease at larger distances from the FUV source suggest
a model GMC which is porous to FUV radiation, with many unresolved molecular clumps embedded
in a lower-density medium (see e.g. Falgarone and Phillips, 1996). These molecular clumps will all
have photodissociated HI on their surfaces; it is this HI which we observe. The effective FUV optical
depth of such a medium is much lower than that expected for uniform gas.

We calculate first the FUV flux incident on the GMC at about 90 pc using the FUV luminosity of
the OB associations and the distance to the GMC. Beyond that point the FUV flux drops not only as
the square of the distance, but also with an extra internal “extinction”, proportional to e−κr . In this
case an opacity of κ= 0.024 pc−1 (optically thin) gives a reasonable fit. According to Hollenbach and
Tielens (1999), a clumpy medium that is essentially empty in the interclump regions has an effective
κe = p0κ0. The filling factor is approximately p0 = 0.003 for GMCs that have densities comparable
to what we are finding, which means that κ0 would be ≈ 8; this is consistent with the properties of
small, dense molecular clumps such as those found in the Orion Nebula.

The final step in our model is to smooth this source distribution with the 5′′ beam, resulting in
the solid line shown in Figure 4.2. We note that this model provides a good fit to the data (circles).

4.3.2 NGC 604

NGC 604 is the largest and most luminous HII region in M33 and a site of active star formation, situ-
ated at a galactocentric radius of 3.47 kpc. It consists of several clusters of O and B stars (Churchwell
and Goss, 1999), which are partially resolved in the GALEX image of NGC 604. The region is known
to contain molecular clouds of various sizes in a clumpy medium (Lebouteiller et al., 2006; Wilson
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Table 4.2: Detailed measurements of NGC 604

Rg al (kpc) 3.47
δ/δ0 0.63
FUV sources (J2000) 1h 34m 32.418s 30◦47′05.24′′a ,

1h 34m 33.302s 30◦47′07.28′′b ,
1h 34m 33.193s 30◦46′58.65′′c ,
1h 34m 31.982s 30◦46′53.02′′d ,
1h 34m 31.643s 30◦47′19.86′′e ,
1h 34m 32.437s 30◦47′05.24′′†

FUV fluxes (10−15 ergs cm−2 s−1 Å−1) 406a , 15.3b , 22.6c , 3.47d , 8.54e , 914†

Nbg (1021 cm−2) 0.97
NH I (1021 cm−2) 4.191:abcd , 2.632:ade , 2.983:abcd , 4.644:abcd ,

1.93†

G0 (cumulative) 7.401 , 6.062 , 10.533 , 6.934 , 15.21†

G/Gbg range 0.01 − 4.451 ; < 0.01 − 4.012; 0.01 − 6.273 ;
< 0.01−4.454 ; 6.49†

n (derived, in cm−3) 341, 1092 , 1393 , 224, 539†

Fractional error range 0.30−0.44, 0.26†

A description of this table can be found in §4.3.2.

and Scoville, 1992). Finally, Wilson and Scoville (1992) pointed out that M33 HI data implies that
NGC 604 has a relatively large mass fraction of atomic hydrogen, which may be the result of pho-
todissociation.

The molecular cloud structures implied by CO emission were studied in detail by Maíz-Apellániz
et al. (2004) with multi-wavelength observations of the spatial structure of NGC 604. They infer the
presence of large-optical-depth molecular clouds. A molecular cloud of particularly high density
was detected through its high CO(3-2/CO(1-0) ratio by Tosaki et al. (2007), where gas densities of
n(H2) ∼ 103

−104 cm−3 are inferred. This location, to the south-east of the dominant UV emission,
coincides with detections by Engargiola et al. (2003).

An alternative H2 estimate was provided by Israel (1997), who used HI combined with infrared
emission measurements. They find an H2 column density of 2.6× 1021 cm−2 in a 0.5 kpc2 area.
Radiatively excited H2 was previously detected in NGC 604 by Israel et al. (1989).

H2 absorption caused by diffuse molecular gas was measured by Bluhm et al. (2003) and then
by Wakker (2006). The latter finds H2 column densities of 1015 cm−2, requiring the clouds detected
this way to be at sub-parsec scale.

We now estimate molecular gas densities in NGC 604 using our model, and compare our results
with those obtained from CO maps.

A detailed view of NGC 604 in FUV and HI 21-cm radio emission is shown in the right panel of
Figure 4.3. The FUV emission (blue) is spread across the region, but it is strongest at the HII region
defining NGC 604. The atomic hydrogen (red) follows one of M33’s spiral arms, and appears to “wrap
around” to the east of NGC 604, forming a large HI structure of typical size 200 pc similar to those
structures first identified in M81 by Allen et al. (1997). The HI to the west of the arm drops below the
detection limit, but it is present at faint levels in lower resolution maps. A color version of this image
can be found near the back of this thesis. Five resolved OB associations were identified and their
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FUV fluxes measured. Four representative HI patches were selected as candidate PDRs, two of them
based on the detection of CO close to their locations. Table 4.2 lists the measurements of candidate
PDRs, taken in a similar fashion as in CPSDP Z204. The corresponding image and finding chart can
be found near the back of the thesis, Figure 22.

The resulting total hydrogen densities of the underlying GMCs vary from about 20 to 140 cm−3,
with the highest values corresponding to the two locations near the CO detections by Engargiola
et al. (2003). We have also analyzed the HI “envelope” around NGC 604 as if we had observed it’s
HI with a typical resolution of ∼ 100 – 200 pc, analogous to our earlier work on M101, M81 and
M83 (marked with a † in Table 4.2). At this linear resolution, the (smoothed) HI column densities
are lower, leading to higher GMC volume densities of typically 500 cm−3 estimated with a simple
application of the PDR model. However, the more detailed analyses we have provided in this paper
show that the true mean densities are likely to be significantly lower when a clumpy source geometry
and the effects of finite telescope resolution are included.

4.4 Conclusions
I. Using VLA observations of the 21-cm HI line and GALEX observations of the FUV emission,

along with a simple model for the photodissociation of molecular hydrogen on the surfaces
of GMCs, we have estimated total hydrogen volume densities in the GMCs surrounding the
two OB associations NGC 604 and CPSDP Z204 in M33.

II. We find values for the molecular gas densities in the parent GMCs near these OB associations
ranging from 15 to 540 cm−3. Regions with higher gas densities (& 100 cm−3) appear to be
correlated with the presence of CO(1-0) emission.

III. We explain the morphology of two HI patches in the environs of CPSDP Z204 using straight-
forward assumptions about the underlying geometry of the molecular gas. One patch appears
to be a slightly-resolved GMC. The other source was largely resolved; it can be modeled as a
clumpy molecular medium which is very porous, and therefore significantly more transpar-
ent to FUV emission than would otherwise be expected. In our model, the HI we are observing
is produced by photodissociation of H2 on the surfaces of these molecular clumps.

Our approach views the HI found in the environs of star-forming regions of galaxies to be a prod-

uct of the star formation process, not a precursor to it. The ability to model the morphology of HI

features in the environs of OB associations and to predict the appearance of CO emission as an ex-
citation effect related to higher volume densities in the parent GMCs are two results of this paper
which lend further support to this approach.
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5
A selection of candidate

PDRs in M33

The full resolution results for a selection of candidate PDRs in M33 are presented and discussed
in this Chapter.

5.1 Introduction

The nearby galaxy M33 is an excellent target for studies of star formation and molecular clouds due
to its proximity and wealth of data already available. Our study of atomic hydrogen produced on
the surface of giant molecular clouds (GMCs) in regions of recent star formation is therefore based
on strong clues about the presence of molecular clouds, as well as the existence of detailed data
permitting, for example, detailed calculations of the UV radiation field expected to lead to photodis-
sociation of molecular hydrogen.

For example, Wilson et al. (1997) studied the temperatures of molecular clouds in M33. They
found molecular clouds not associated with an HII region to have temperatures of 10 – 20K, clouds
with HII regions to have temperatures between 15 and 100K, and clouds associated to giant HII re-
gions to have temperatures above that. Madore et al. (1974) linked neutral hydrogen observation
with HII regions and concluded that the thickness of the hydrogen gas layer is larger in the disk than
it is in the center of M33.

Star forming regions in M33 show structure on multiple scales (Bastian et al., 2007). The ob-
served OB associations occur on all scales from their resolution limit of about 20 pc to kpc scales,
possibly formed due to spiral density waves (Regan and Wilson, 1993). Simulations by Dobbs et al.
(2006) suggest that molecular gas could survive between spiral arms, so we can expect to see molec-
ular clouds all throughout the disk of M33. Wilson and Scoville (1991) reported that the HI emission
in M33 appears most strongly downstream of the molecular gas and they discuss the possibility that
this atomic hydrogen was formed by photodissociation. They find the relative offset of HI and CO
peaks inconsistent with the atomic hydrogen forming molecular clouds in the spiral arms. They
contend that enough photodissociating radiation is present to produce the atomic hydrogen fea-
tures near molecular clouds.

M33 seems to be a bit peculiar among its peers, since a study of a star formation threshold in
32 nearby spiral galaxies by Martin and Kennicutt (2001) finds M33 not to pass this threshold, but
still have a comparatively high star formation rate. This issue was investigated in more detail by
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Gardan et al. (2007), who find molecular clouds at relatively large galactocentric radii despite low
metallicities. They conclude that star formation in M33 must be more efficient than it is in other
local universe spiral galaxies. Observations by Barker and Sarajedini (2008) suggest that the infall of
gas is responsible for star formation in the outer disk of M33.

For all these reasons, M33 is a good target for investigating atomic hydrogen produced in pho-
todissociation regions (PDRs), throughout its disk and on different scales. Photodissociation of
molecular hydrogen is inevitable under influence of far-UV light, and the dissociating radiation from
clusters of O and B stars can be expected to produce atomic hydrogen up to a few hundred parsec
away, a large enough linear scale to resolve in M33.

Allen et al. (1986) noticed that the HI in M83 showed a large-scale morphology indicative of HI

produced in large-scale PDRs. This study was followed by Allen et al. (1997), for M81, Smith et al.
(2000), for M101, Heiner et al. (2008a), an expanded study of M81, and Heiner et al. (2008b), for M83.

We report our initial findings here with high resolution far-UV and HI maps of candidate PDRs
in M33, combined with local metallicity measurements where available. This information is suffi-
cient to infer total hydrogen volume densities. We investigate the smallest scales afforded by the
resolution of our data (about 25 pc). We also look at possible larger scale PDR structures.

We will explain the method and the data we used in §5.2. Our results are given in §5.3 and
summarized in §5.4.

5.2 Method and Data

The results in this paper are based on archival data from GALEX (publicly available), VLA data with
GBT short spacing added in (Thilker & Braun, 2007, private communication) and metallicity data
from Magrini et al. (2007) and Rosolowsky and Simon (2008). We assume M33 to be situated at
a distance of 847 kpc (Saha et al., 2006) for the purpose of measuring distances within M33. To
deproject distances, we adopt a position angle of 23◦ and an inclination of 56◦ for its disk, from
Zaritsky et al. (1989). Its R25 is 28.77′ , or 7.1 kpc (Vila-Costas and Edmunds, 1992), which we used
to normalize our galactocentric radius measurements. A uniform foreground extinction of 0.33 mag
is taken, using E(B-V) from Schlegel et al. (1998) and the expression for AFUV from Gil de Paz et al.
(2007a).

The GALEX FUV image of M33 has an angular resolution of 4′′, or about 16 parsec. The VLA/GBT
21-cm map has an angular resolution of 5′′. We are assuming direct proportionality between the
metallicity 12+ log(O/H) and the dust-to-gas ratio δ/δ0, after Issa et al. (1990). Then we can convert
the metallicity to δ/δ0 using

log(δ/δ0) = (12+ log(O/H))−8.69, (5.1)

where 8.69 is the solar metallicity from Allende Prieto et al. (2001). This was possible in the case of
regions CPSDP 0087g and Z204, BCLMP 0256 as well as NGC 595 and 604.

When no local metallicity data is available, we use the single metallicity gradient fit from Rosolowsky
and Simon (2008), which becomes:

log(δ/δ0) =−0.027R −0.33. (5.2)

This was used in the case of regions BCLMP 0269, 0288, 0650, 0695, and our Region 42 (using the
numbering used in Chapter 6).

The first result of a full resolution analysis of candidate PDRs in M33 were introduced in Chapter
4. We use the same PDR model we used in Heiner et al. (2008a) to connect the (background sub-
tracted) atomic hydrogen column density NHI , in cm−2, the incident flux G0, and n = nHI +2nH2
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in cm−3, which is
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7.8×1020
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]

cm−2 (5.3)

from Allen (2004).
The full resolution images allow for some slight improvement to the PDR method. Resolved UV

sources are measured independently (although they are still expected to harbor a certain amount of
O, B stars each) and their incident flux G0 on individual HI patches is summed to derive a cumulative
G0. We did not consider whether one UV source blocks another in the direction of an HI patch, since
we could not deproject the three dimensional structure of these OB clusters. It can however be
assumed that this is not a big issue if the extinction close to these sources is low.

Where available, locally measured metallicity values were used (Equation 5.1). Otherwise, we
use the single metallicity gradient equation for M33 (Equation 5.2). We did not aim for a complete
sample of candidate PDRs in M33, but rather we selected those regions that stood out in their FUV
emission and had a morphology that seemed to indicate the presence of large-scale PDRs. The latter
merely means that we preferred regions with a relatively simple apparent HI morphology, but that we
selected regions with a progressively more (seemingly) complex HI structure. When a larger, resolved
HI structure appeared to be present, we measured its average column density and calculated a global
total hydrogen volume density. This is similar to the method used in M81 and M83, except that here
the structures are resolved. We explicitly assume that a large-scale PDR with a shell of HI is observed,
with a radius of up to a few hundred parsec.

Additionally, we included regions that had either individual CO detections associated to it, from
Engargiola et al. (2003), or individual metallicity measurements. Almost all these candidate PDRs,
primarily selected by FUV emission, turned out to be known HII regions. The ones starting with
BCLMP derive their names from Boulesteix et al. (1974). The ones starting with CPSDP come from
Courtes et al. (1987). Our sample includes one region that has no name at this time, which we will
call “Region 42”, consistent with the results presented in Chapter 6.

5.3 Results

We will now give a short description of each region, which will be accompanied by an overlay plot, a
finding chart and a data table. The color figures can be found near the back of this thesis, accompa-
nied by their corresponding table. Finally, the results are gathered in a couple of consolidated plots.
An overview plot of the location of the regions that were investigated is shown in Figure 5.1.

CPSDP 0087g

We measured fluxes in a string of UV sources, that seems to be surrounded by HI emission. (Figure
18, Table 1.) The HI morphology is clumpy and is mostly located to the east of the UV sources.

This region has CO detections, that are not directly coinciding with measured HI patches. CO
detection close to one of the UV sources is likely to arise from high temperatures. The metallicity in
this region is relatively high, higher than, for example, CPSDP Z204 nearby. This depresses the total
hydrogen volume densities in the PDR model.

CPSDP Z204

CPSDP Z204 is about 1.6 kpc away from the center of M33 and is shown in Figure 19 and Table 2.
It was described in more detail in Chapter 4 and shows a morphology of HI patches surrounding a
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Figure 5.1: Ten candidate PDRs in M33 that were singled out for closer investigation.

complex of UV sources, making these HI clumps candidate PDRs. The detection of CO is a further
confirmation of the presence of GMCs in the area.

NGC 595

NGC 595 is M33’s second brightest HII regions and has been studied extensively. Wilson and Scoville
(1992) studied the molecular content of this region and found it to have less molecular gas mass
than NGC 604 by about an order of magnitude (half a million solar masses). They noted a significant
atomic mass component and point to photodissociation as the likely cause of this HI. The finding
chart in Figure 20 shows that HI patch no. 1, that was selected because it has CO associated to it, has
a density of 105 cm−3(Table 3). However, patch no. 2 is associated with CO emission as well, but has
a lower density (only 12 cm−3). The CO emission here may be the result of a higher temperature of
the gas rather than a higher density of the GMCs. A larger scale measurements (green polygon in the
overlay), yields a slightly higher density of 45 cm−3.

BCLMP 0695

No clear large-scale structure can be discerned in this HII region, although the distribution of atomic
hydrogen seems to suggest some filamentary structures. The UV fluxes are comparable to the lower
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fluxes in NGC 595, and the number of sources points to a lot of recent star formation (Figure 21). The
UV sources surround the single detection of CO in this region, and so do the HI patches. The closest
ones are no. 1 (23 cm−3) and no. 4 (116 cm−3). We would also expect CO emission at no. 2, since it
has a density of 195 cm−3, but it is also close enough to the UV source that any CO would have been
broken up. In that case it would be of interest to look for ionized carbon atoms.

NGC 604

NGC 604 is the largest and most luminous HII region in M33. It was featured in Chapter 4. Our
measurements of NGC 604 were presented in Chapter 4, in Table 4.2. A detailed view of NGC 604
is shown in Figure 22. The central cluster of OB stars is situated on the edge of an HI arm. We
attempted to get a global measurement using an average HI column density measured on the HI

arm. HI column densities to the west of NGC 604 drop to below the sensitivity limit, although a
diffuse component shows on single dish GBT data (Thilker, 2008, private communication). Since
the UV emission does not particularly follow the HI arm, this faint HI emission deserves further
attention.

BCLMP 0288

Region BCLMP 0288 only features a morphology that suggests a large-scale PDR, which makes it an
interesting target in its own right. The central cluster is embedded in HI emission that doesn’t show
discernable structure on a smaller scale. The highest HI columns go around BCLMP 0228 on the
eastern side and we used an average along that ridge for our measurements (Figure 24, Table 5).

BCLMP 0256

This HII region contains three individual metallicity measurements from Rosolowsky and Simon
(2008). We adopted the nearest measurement to each HI patch, as can be seen in Table 6. A partial
HI ridge surrounding BCLMP 0256 on the basis of surrounding HI patches is shown, among others,
in Figure 25. Additional UV sources were measured towards the west, where the extra metallicity
measurements were available.

BCLMP 0650

The region BCLMP 0650 (Figure 26) shows a rich morphology of a large-scale PDR and intermediate
size PDRs, of which we have analyzed 5. While the large-scale HI shell is not very dominant, we
still attempted to measure its average column density in a rectangular area, finding a total hydrogen
density of 18 cm−3.

BCLMP 0269

This region features a lot of recent star formation, scattered over a relatively large area. The distri-
bution of the atomic hydrogen surrounding the young star clusters is reminiscent of a large-scale
shell. The average HI column density of this shell is measured along a straight line in Figure 27). The
region includes a CO measurement by Rosolowsky et al. (2003), that we connect to an intermediate
size PDR. We also include a similarly sized PDR on the eastern part of BCLMP 0269, which looks like
our typical candidate PDR.
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Region 42
Our Region 42 lies far from the center of M33, at about 8.6 kpc (Figure 28). It features a single UV
complex at its center, surrounded by various HI patches that can be used to probe the underlying
GMCs in this candidate PDR. These patches are expected to indicate medium scale PDRs. The total
hydrogen volume densities found in this way range from 6 cm−3 to about 220 cm−3. Additionally,
we attempted to probe the large-scale PDR by averaging the HI column densities along an arc of HI

surrounding the central FUV source. This measurements yields a total hydrogen volume density of
n = 70 cm−3. As in M81 and M83, our method points to the presence of GMCs in the outer regions
of these galaxies.

5.3.1 Combined plots
The measurements of the regions with candidate PDRs presented here are consolidated in Figure
5.2.

The HI plot is a sampling of HI peaks that decline with galactocentric radius. Close to the center
of M33 the values are high enough to raise worries about the HI being optically thick. The values of
G0 decline as well and generally span a range of 0.1 to 10. The total hydrogen volume densities are
remarkably constant in range and values, ranging from approximately 10 to 300 cm−3. The values
in the region closest to the center, CPSDP 0087g, are lower. We noted previously that this region
has a particularly high dust content, depressing the densities that we obtain. The high dust content
may also indicate heavy internal extinction for which we did not correct. Finally, the plot with G0
and n does not show a clear correlation, although if an actual correlation were present, it would be
more pronounced without the CPSDP 0087g sources. As an additional indication of the likelihood of
the HI patches being produced by photodissociation, we looked at the source contrast G/Gbg . The
open circles in Figure 5.2 indicate a corresponding source contrast of less than 0.5. These HI patches
generally correspond to a lower value of n, and a lower value of G0.

In Chapter 6, we will show what the results would look like if M33 was at a distance comparable
to that of M81 and M83. Those results will then be compared to the results shown here.

5.4 Conclusions
We presented measurements of candidate PDRs in 10 regions in M33, at the level of individual HI

patches as well as at a larger scale, where we tried to identify the larger scale HI structures. The rich
level of detail calls for some improvement in the PDR method. We presented detailed views of the
UV and HI structure of these regions. 6 out of 10 of the regions had CO measurements from the lit-
erature, which are found close to the HI patches. The corresponding volume densities are generally
around 100 cm−3 or more, with a few exceptions. M33 shows a consistent range of hydrogen volume
densities throughout its disk, roughly 10 to 300 cm−3.
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Figure 5.2: The results of the 9 out of 10 regions that have detailed results (not the larger scale
measurements) are shown here: the HI column densities, the incident flux G0, the total hydrogen
volume densities and a plot of n vs. G0. The open circles indicate HI patches with a source contrast
below 0.5.





6
Cloud comparisons and

the Star Formation Law in

M33

Molecular gas in the disks of galaxies, a vital element in the process of star formation, is expected
to be concentrated in giant molecular clouds. When these clouds are illuminated by OB star

clusters, photodissociation regions form where detectable amounts of atomic hydrogen will appear.
In this Chapter we present the cloud densities of GMCs in M33, traced by the atomic hydrogen on
the surface of these clouds, at a resolution that is directly comparable to our earlier M81 and M83
results. Additionally, we use our results to investigate the Schmidt star formation law in M33.

6.1 Introduction
The study of molecular clouds is relevant to the process of star formation, as it is a generally accepted
notion that stars form out of clouds of molecular hydrogen. Molecular hydrogen is hard to observe
directly due to its lack of a dipole moment. In nearby galaxies, the most common indirect means
of detecting it is carbon monoxide. We offer an alternative method, based on the physics of pho-
todissociation regions (PDRs). First featured in Allen et al. (1997), then in Smith et al. (2000), Heiner
et al. (2008a) and Heiner et al. (2008b), it determines total hydrogen volume densities near regions
of recent star formation. These regions stand out in far-ultraviolet (FUV) radiation caused by OB as-
sociations. The energetic photons from these young stars will photodissociate molecular hydrogen
in nearby giant molecular clouds (GMCs), leading to detectable amounts of atomic hydrogen at the
21-cm line. We suspect that these dissociating photons penetrate the interstellar medium out to a
distance of up to several hundred parsecs. The total hydrogen volume density can be translated to a
molecular hydrogen density by assuming that all the gas will be in molecular form inside the GMCs.

Chapters 2 and 3 dealt with total hydrogen volume densities of candidate PDRs in M81 and M83.
The linear resolution of the available data in the case of M81 and M83 is more or less equivalent, at a
distance of 3.6 and 4.5 Mpc respectively. M33 is considerably closer, and therefore offers a superior
linear resolution. The results of the analysis of the full resolution data were presented in Chapters
4 and 5. We can use the difference in resolution to learn more about the accuracy of our method to
deal with candidate PDRs. By deliberately reducing the resolution of the M33 images, a dataset is
produced that has a resolution comparable to that of M81 and M83.
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Another unique opportunity to use these results comes from treating the M33 FUV image as an
indicator of the star formation rate. The resulting total hydrogen volume densities obtained with
the lower resolution M33 data can then be used to study the star formation law in M33 at a linear
resolution of about 100 pc.

Studies of Galactic star formation have a long history. Notably, Schmidt (1959) proposed that
the rate of star formation in our Galaxy can be parametrized by the density of available interstellar
gas to a certain power n. He derived the star formation rate from star counts and assumed that the
total gas content can be represented by the density of atomic hydrogen. He concluded that n is
approximately 2.

This idea has been applied to other galaxies since then, but in a different form. It has become
customary to relate a star formation rate (SFR) per surface area to a total gas surface density (e.g.
Buat et al., 1989), which is equivalent as long as the scale height of the galaxy for which this relation
is determined is constant. It then takes the form of ΣSF R ∝ Σ

α
g as , where α is the power-law slope.

These developments are summarized in Kennicutt (1998), where it is concluded that α equals 1.4,
although a wide range of values have been reported (Kennicutt, 1997). The star formation law in this
form, often referred to as the Kennicutt-Schmidt Law, has been found to hold for many galaxies.

We now have the opportunity to return to the original star formation law. The total gas density
can be represented by the combined amounts of atomic hydrogen and molecular hydrogen. The
latter is usually derived directly from observations of carbon monoxide (CO). The star formation
rate on a galactic scale can be derived in various ways (e.g. Iglesias-Páramo et al., 2006; Salim et al.,
2007; Bigiel et al., 2008), most commonly by using a calibrated combination of UV- and Hα emission.

The validity of the star formation law was investigated on a more local scale in images of several
galaxies on a pixel-by-pixel basis by Bigiel et al. (2008). They conclude that its slope does not change
down to their resolution limit of 500 parsec for a number of galaxies, although the scatter increases.
In terms of sensitivity, the gas density can be detected out to large galactocentric radii, where atomic
hydrogen is thought to dominate. The relation shows a break in these HI dominated regions, where
the power-law slope changes. A star formation threshold was noted by Kennicutt (1989), where the
star formation rate becomes markedly lower at lower gas densities. However, it was found that iso-
lated star formation does occur at large galactocentric radii, which is evidenced by the presence of
extended UV emission in spiral galaxies (e.g. Thilker et al., 2005). This has cast some doubt on the
presence of this threshold.

In this Chapter we will present M33 reduced resolution data (§6.3.1), and compare the reduced
resolution data and results of M33 to similar M81 and M83 results (§6.3.3), as well as compare them
to the M33 full resolution results (§6.3.4). This enables us to compare candidate PDRs across these
galaxies, as well as investigate the performance of the method at different linear resolutions. We
use the reduced resolution results to investigate the star formation law in M33 (§6.3.2). We will also
briefly comment on possible comparisons to the M101 results by Smith et al. (2000) in §6.4.1.

6.2 Data and Method

Determining the total hydrogen volume density in candidate PDRs requires measurements of the
local radiation field, which we estimate from FUV photometry derived from the publicly available
GALEX M33 image. It also requires identifying potential GMCs, traced by ’patches’ of atomic hy-
drogen. The 21-cm 20′′ M33 image was provided by David Thilker and Rob Braun (2007, private
communication). The linear resolution is then about 80 pc. Coming from the VLA and the GBT, it
has short spacing information added in. The photodissocation rate is regulated by the dust content,
through obscuration of FUV radiation and catalyzation of the atomic hydrogen. The dust-to-gas
ratio δ/δ0 which is normalized to the solar neighborhood value, is derived from the metallicity as
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Figure 6.1: Example candidate PDR region (NGC 604). Gray scale levels (FUV counts per second
per pixel) are 0.25, 0.5, 0.75, 1, 2.5, 5, 7.5, 10, 25, 50. The fitted center of the UV emission is marked
with a white star. The HI contour levels are (in 1021 cm−2) 0.5, 1, 1.5, 2, 2.5. Measured HI patches are
indicated with black crosses. The dashed ellipse is an example of how ρHI was measured - namely
deprojected using M33’s position angle and inclination. Its major axis has a radius of about 280
parsec.

measured by Rosolowsky and Simon (2008) after Issa et al. (1990), using a solar metallicity from Al-
lende Prieto et al. (2001). The foreground extinction that was used to correct the far-UV flux was 0.33
mag, based on Schlegel et al. (1998) and Gil de Paz et al. (2007a). As before,
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cm−2. (6.1)

The M81 results were recalculated to match certain parameters used in M83 and M33 for consis-
tency, like the solar metallicty and the foreground extinction. A solar metallicity of 8.68 was adopted
(Allende Prieto et al., 2001), and the M81 foreground extinction was taken to be 0.63 mag, where 1.37
mag was used in Chapter 2. As a result of this, all total hydrogen volume densities derived for M81
used here are a factor 2 lower than calculated in Chapter 2.

Analysis of the overall HI distribution across the disk of M33 led us to adopt a background HI

column density of 1.2×1020 cm−2 inside 1.1 R25 and 0.5×1020 cm−2 outside of this radius. We mea-
sured the distances between the central UV source and nearby HI ’patches’, which are defined as a
local maximum in the HI column density, and recorded their column densities out to a separation of
400 pc, the approximate maximum size of the candidate PDRs. We censored background-subtracted
column densities below 0.5×1020 cm−2. As an example of the resolution of the data and the scale of
the candidate PDRs, we present NGC 604 in Figure 6.1. The HI contours illustrate the morphology of
atomic hydrogen surrounding the central concentration of O and B stars in NGC 604, the brightest
HII region in M33.

The second part of this Chapter deals with the star formation rate in M33. Schmidt proposed that
the star formation rate is proportional to the total gas density (Schmidt, 1959, 1963). Of the various
ways that have been explored to derive the local star formation rate, we use the far-UV emission
from OB star complexes. We can use the far-UV luminosity directly, with the caveat that detailed
extinction corrections may be required that we did not take into account. Any global extinction
would only change all luminosities equally and would not influence any derived power law slope of
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Figure 6.2: Candidate PDR locations are indicated with boxes on this GALEX FUV image (smoothed
to 30′′). The candidate PDRs were selected on the basis of their FUV emission.

the relation that we are after, namely

SFR ∝ nα, (6.2)

where n is the total gas density. The star formation rate is directly proportional to the luminosity at
the GALEX far-UV wavelength, see Kennicutt (1998) and Madau et al. (1998). Since the vast majority
of the gas is in the form of atomic or molecular hydrogen, the total hydrogen volume density that
we calculate using the photodissociation view should be appropriate to use here. Studying the star
formation law is therefore a direct application of the method.

6.3 Results

6.3.1 M33 at equivalent resolution
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Table 6.1: Locations and FUV fluxes of candidate PDRs (example, full table available electronically
upon request

Radius FFUV
a Aperture

Source no. R.A. (2000) Decl. (2000) (kpc) (arcsec)
1 1 33 51.371 30 38 52.01 0.23 305.35 96
2 1 33 51.052 30 41 1.18 0.40 26.08 36
3 1 33 40.271 30 35 34.72 1.16 137.22 72
4 1 34 1.540 30 37 43.83 1.27 71.03 60
5 1 34 8.658 30 39 15.42 1.63 96.25 72
6 1 33 34.135 30 33 53.24 1.71 151.01 72
7 1 33 33.401 30 41 37.88 1.88 188.70 156
8 1 33 58.709 30 34 14.98 1.92 518.50 156
9 1 34 10.340 30 46 39.52 2.06 195.81 108

10 1 34 19.129 30 44 37.26 2.35 20.08 48
a 10−15 ergs cm−2 s−1 Å−1

Our results are shown in Figure 6.3 and in Table 6.2. A full set of overlay plots of the regions marked
in Figure 6.2 can be found in the appendix to this thesis. The locations of these sources can be found
in Table 6.1.

The FUV fluxes of the central sources in our candidate PDRs are displayed in Figure 6.3a, and
listed in Table 6.1. A gradual decline in maximum values can be seen going outwards. A similar
decline can be seen in the minimum values, but we suspect that crowding effects are possible here,
leading us to miss the fainter sources. We are assuming that the maximum values are real and not
a selection effect, whereas a sensitivity limit has been reached at larger galactocentric radius. The
fluxes show the same spread as we reported for M83 (Heiner et al., 2008b) - namely 2 dex or less
at any given galactocentric radius. Since associations of O and B stars are measured, the number
of those stars per cluster could decrease with radius, causing the general decline. On an absolute
scale the difference in flux values is caused only by the different distances of M83 and M33 (the
luminosities of the UV sources are in the same range).

Figure 6.3b shows the HI column densities of the patches found near each of the UV sources. The
patches are local maxima in the column densities that are assumed to be caused by HI produced in
a PDR. Each UV source can have multiple HI patches associated to it. The measured HI columns
are fairly flat out to a radius of 0.8 R25 (with some spread), after which they start to decline. The
maximum measured column densities are affected by beam smoothing and related to the linear
resolution.

Using the measured separation between the central UV source in each candidate PDR and its
associated HI patches (ρHI , Figure 6.3c), the incident flux G0 on every patch is calculated, and plot-
ted in Figure 6.3d. The distribution of G0 values is mostly flat out to a radius of 0.8 R25, and after that
the values start to decline due to the decreasing measured FUV fluxes. The distribution of measured
separations ρHI does not change with galactocentric radius and shows no preferred value.

Finally we calculate the total hydrogen volume densities n, which are plotted in Figure 6.3e,
using Equation 6.1. Values range from 1 to 500 cm−3 with values going up to 2500 cm−3 and do
not change significantly with galactocentric radius. This corresponds to H2 densities of up to 250
cm−3 in GMCs across M33. A hint of an upturn at large galactocentric radius may be caused by
overestimating the dust content and is not significant.
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Table 6.2: Results (example, full table available electronically upon request)

Source no. ρHI (pc) NHI (1021 cm−2) G0 G/Gbg n (cm−3) a

1a 121 1.91 6.53 8.01 487 0.60
1b 161 2.02 3.67 4.51 249 0.59
1c 403 2.17 0.59 0.72 35 0.58
2a 40 2.11 5.02 8.18 323 0.97
2b 202 2.37 0.20 0.33 10 0.61
2c 363 1.57 0.06 0.10 6 0.52
2d 363 2.17 0.06 0.10 4 0.58
3a 242 1.82 0.73 0.81 67 0.54
3b 242 1.51 0.73 0.81 89 0.51
3c 403 1.99 0.26 0.29 21 0.55

a Fractional error

6.3.2 An initial study of the star formation law

The previous results can also be used to study the star formation law (see Kennicutt (1998) for a
thorough review). Based on the work by Schmidt (1959) and Schmidt (1963), the guiding principle
is that more gas leads to the formation of more stars. Since most of the far-UV radiation comes from
O and B stars that are at most a few tens of millions of years old, it is a good indication of the recent
star formation rate.

For every candidate PDR in M33 that we studied at a 20′′ resolution we obtained a total hydrogen
volume density, which can be treated as the total gas density. It can therefore be expected that plot-
ting the UV luminosity against the total hydrogen volume density will resemble the star formation
law.

Indeed, the resulting plot (Figure 6.4) shows a rough correlation. The circles correspond to re-
gions inside R25, whereas the triangles are candidate PDRs outside of R25. The dash dotted line
depicts LUV ∝ n. Approximate selection limits are indicated: I is the HI column density upper limit
of 5×1021 cm−2 at a characteristic dust-to-gas ratio. Higher column densities are not observed due
to the 21-cm line becoming optically thick. II is the HI column density lower limit of 6×1019 cm−2

and is therefore a sensitivity limit of our data. Points can lie beyond these limits due to (for example)
different dust-to-gas ratios than the typical value that was adopted (0.33 and 0.25 respectively).

While limit II does not seem to cut off the dataset significantly, limit I is likely to have a serious
influence. To explore these selection effects, we divided the data in (log) luminosity ranges. Then we
binned the (log) n. The results are shown in Figure 6.5. For every luminosity interval the (log) density
with the highest occurrence was selected, assuming a log-normal distribution. We are assuming that
the selection effects truncate the distribution of total hydrogen volume densities. This is therefore
a primitive way to correct for these selection effects. The resulting fit to the data is shown as a solid
line in Figure 6.4 and is equivalent to LUV ∝n2. This value is in agreement with the value proposed
by Schmidt, who based his estimate on star counts in the Solar neighborhood.

6.3.3 Comparison to M81 and M83

The M81 and M83 results were shown in Chapters 2 and 3 respectively. We generated boxplots for
M81 and reproduced boxplots for M83 for comparison to the M33 results at equivalent resolution.
These are shown in Figure 6.6. In a box-and-whisker plot, or boxplot, the boxes span the lower to
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Figure 6.3: Combined results are plotted here as a function of the normalized galactocentric radius.
(a) FUV fluxes of the candidate PDRs, not corrected for extinction. (b) HI column densities associ-
ated with the central UV sources. (c) ρHI , the separation between the central UV source and each HI

patch. (d) Incident flux G0 on each HI patch. (e) Total hydrogen volume densities n = nHI +2nH2
.

Dashed lines mark the range of 1 to 500 cm−3.
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Figure 6.4: The far-UV luminosity of our candidate PDRs is plotted against the total hydrogen vol-
ume density. The selection effects are indicated with dashed lines: I is the HI column density upper
limit, II is the HI column density lower limit. The dash dotted line marks LUV ∝ n. The solid line
marks LUV ∝ n2.

upper quartiles of the data (50% of the datapoints combined), with a line indicating the median
value. The so-called ’whiskers’ show the range of the data (1.5 times the inner quartile range of
points), with outliers plotted individually (+).

The first observation that can be made, is that there seems to be no fundamental difference be-
tween the three galaxies. In all cases we find a range of values that does not change significantly with
galactocentric radius. The lowest cloud densities that we find should not constitute an actual physi-
cal limit, since these values are either due to a large separation ρHI (where it becomes questionable
whether the HI is really connected to the central UV source), or possibly pushing the method to the
limits of its applicability.

The largest cloud densities are a better indication, since the responsible HI patches are gener-
ally closer to the central UV source and their connection is therefore more convincing. The largest
densities in M81 are lower than those of M33 and M83. We already speculated in Chapter 3 that this
consistent with the fainter levels of CO emission in M81. In the case of M83 they appear to be lower
outside the optical disk, but this feature does not show in M33.

6.3.4 Comparison to M33 full resolution results

When higher resolution data is available, it can be expected that the morphology of the candidate
PDRs close to OB star clusters becomes clearer. It might also become more obvious which of the HI

patches are actually shells of HI on the surface of molecular clouds. On the other hand, assuming
that the HI patches were properly selected, the HI column density is only subject to beam smooth-
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Figure 6.5: The frequency of occurrence of log(n) in each range of the (log) far-UV luminosity is
plotted here. The bin with the highest frequency is dark gray. The bins to the right are light gray,
while the bins to the left are white. Selection effects cut off the distribution mostly on the left side.

ing effects. This may be offset by a more accurate determination of the separation between the HI

patch and the central UV source. At our current level of uncertainty (up to a factor 2) this may not
noticeably influence the results.

Figure 6.7 shows the reduced resolution and the full resolution HI column densities. Higher
column densities are measured in the full resolution data because of beam smoothing. The range
of measured values is different since we carried out a more targeted search of HI peaks in the full
resolution data while at the same time looking specifically for HI peaks near CO emission where
such detections were available. Apart from a number of higher HI column densities, most of the
measured values from the full resolution HI map are similar to the ones from the reduced resolution
map, indicating that the HI shells may still not be resolved.

The total hydrogen volume densities at both resolutions (5′′ and 20′′) are displayed in Figure 6.8.
Indeed, we see no difference in the range of values. At best, there is a hint of a more narrow range of
values at full resolution. The estimated relative uncertainties in the full resolution results are gener-
ally of the order of 0.3, better than the reduced resolution results. Still, the same conclusions can be
drawn from both results: the range of values and the invariability of the results with galactocentric
radius.
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6.4 Discussion and Conclusions

6.4.1 M101
The results presented and summarized here are in many ways similar to those presented by Smith
et al. (2000), who found total hydrogen volume densities in the range of 30 to 1000 cm−3. They
used UIT data, while newer GALEX data has better sensitivity and the UV flux normalization can be
expected to be slightly different due to the respective UIT and GALEX filter function. The method
that was applied to M101 used a different way of measuring the HI column density, since averages of
concentric ellipses around the central UV sources were used instead of individual HI patch measure-
ments. While averaging the column densities is expected to yield a lower overall column densities,
they did not subtract a local or global HI background level. These two differences may balance each
other out. Another difference is their assumptions about an internal extinction correction, which we
have chosen not to apply due to geometrical considerations (Heiner et al., 2008a).

6.4.2 Star formation law
Much can still be done to improve the star formation law results presented here. Firstly, a more
thorough statistical analysis of the selection effects and the resulting censored dataset is required.
Corrections can be applied in a similar fashion as the so-called Malmquist bias is treated analytically
in studies of initial mass functions of galaxies. Another way to deal with the selection effects is a
Bayesian approach, where Monte Carlo simulations are used to complete the dataset in a robust
statistical manner.

Secondly, the input data can be refined. A calibration of the UV flux to the actual star formation
rate can be carried out (Madau et al., 1998). In that case it is found that the star formation rate is
directly proportional to the far-UV luminosity at 1500 Å. Apart from refining the PDR method in
general to get more accurate total hydrogen volume densities, an important issue is applying the
correct extinction corrections to the UV flux.

6.4.3 Conclusions
We presented total hydrogen volume densities of candidate PDRs across three nearby spiral galaxies,
M33, M81 and M83. These PDRs occur throughout the optical disks of these galaxies and beyond.
UV emission can be matched to the presence of atomic hydrogen out to the detection limit of 21-cm
images.

The densities in candidate PDRs of M81 and M83 are in the same range, although the spread in
the M83 results is higher, indicating the presence of higher density GMCs in M83. The M33 densities
go up to the same level as in M83, although the spread is narrower.

The results do not appear to be affected by resolution effects, lending credibility to the M81 and
M83 results.

Initial efforts show a correlation between the far-UV luminosity and the total hydrogen volume
density that follows the star formation law with a power law slope between 1 and 2.
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Figure 6.6: Boxplots showing the range of total hydrogen volume densities in the galaxies M33,
M81 and M83 respectively (from left to right). The bins have been chosen per galaxy to divide the
available range of galactocentric radii in four parts. The M83 results, previously published in Heiner
et al. (2008b), show a greater spread in values within R25 than the other results. The M33 results are
narrower in spread and tend to be higher in total hydrogen volume densities.
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Figure 6.7: Left panel: HI column densities measured from the reduced resolution data. Right panel:
full resolution HI column densities taken from Chapter 5. The differences in these values arise due
to slightly different selection criteria as well as beam smoothing effects.

Figure 6.8: Left panel: total hydrogen volume densities derived from the reduced resolution data.
Right panel: full resolution total hydrogen volume densities from Chapter 5. While the number of
regions in the full resolution results is lower, there is no visible difference between the range of values
in the two panels.



7
Conclusions and outlook

The previous chapters detailed the results of this work. Now the conclusions of this thesis will be
summarized briefly. A discussion of future directions for this work follows.

7.1 The ’PDR method’

The study of photodissociation regions is a field of research in itself. However, when looking at large-
scale PDRs and using their fundamental observable properties to obtain samplings of the underlying
total (hydrogen) gas content, it becomes appropriate to label this approach the PDR method. This
was proposed by Allen et al. (1997), then adopted by Smith et al. (2000) and now explored in detail
in this work, applied to M33, M81 and M83.

The method was improved by introducing measurements of individual potential HI patches,
as opposed to radial averages. These patches are local maxima in the HI column density image,
assuming that these patches would indeed stand out from the general HI emission. Instead of as-
suming that the full HI column is produced by photodissociation, we attempted to estimate the local
background level and subtracted it. Either a galaxy-wide background was assumed, or a local back-
ground. A galaxy-wide background is likely to be a lower limit because of possible local enhance-
ments of the HI background level. On the other hand, a local background could be an upper limit
since it is oftentimes harder to determine where the background level starts. In general, it remains
uncertain what fraction of the observed HI emission is produced in PDRs. Even the local background
could be produced by (diffuse) UV radiation. By subtracting a background, we try to connect a spe-
cific HI patch with a specific cluster of O and B stars. If a certain fraction of that HI patch was not
produced by photodissociation, the HI column density in the method is overestimated.

Apart from the atomic hydrogen fraction, there is also the issue of beam smoothing and fill-
ing. Additional information is needed to derive what the beam filling fraction of the cloud is in the
observer beam. Unresolved clouds will also appear smoothed and as having an underestimated col-
umn density. This seems to be an issue with the M83 HI data. As long as this effect is comparable
in magnitude to the matter of the HI background level, it will not be the biggest contributor to the
uncertainties in the results. A related but independent issue is the presence of optically thick HI

columns. In that case the direct conversion from brightness temperature to HI column density is in-
accurate. Lining up M83, M81 and M33 in order of distance, apparent HI column densities increase.
We suspect that this is mostly due to beam smoothing. In the case of M33 we found indications that
the HI might have true HI column densities that would put them in the optically thick regime. This
means that the HI column density is generally underestimated.

81
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An initial attempt was made to model the HI distribution of a resolved patch (in CPSDP Z204),
which showed an HI column density profile following a curve that is consistent with the HI being
produced by photodissociation. While a total hydrogen density needed to be assumed for this pre-
diction, it is the shape of the curve that potentially provides information about the structure of the
underlying interstellar medium. In this case, we found evidence that the underlying medium is
strongly clumped. This fits the view of far-UV radiation penetrating far into the giant molecular
clouds.

Support for the presence of PDR-produced HI can also come from the detection of nearby PAH
emission, as we showed in the case of M81. The PAH emission there accompanied the HI patches in
almost all instances. PAH emission is believed to be an indication of recent star formation, pointing
to the presence of GMCs as well as the likelihood of the presence of HI produced on the surfaces of
those clouds.

An accurate derivation of the total hydrogen volume density is also dependent on the proper
determination of the incident UV flux. By resolving the cluster of O and B stars at the heart of the
candidate PDR, a more detailed calculation of the incident flux becomes possible. It enables a bet-
ter calculation of what incident UV flux and what amount of HI are connected. Even so, treating
the cluster as a single source of UV flux radiating uniformly is a good approximation. Resolving
the central sources introduces the same projection issues that appear in the determination of the
separation between the UV and HI, where the actual three-dimensional location of the HI patch is
concerned. Another concern is the possible obscuration of one UV source by another one. Since the
space-filling factor of an individual star is comparatively low, this is mostly an issue with the internal
extinction in the OB star cluster. The incident flux G0 is directly proportional to the total hydrogen
volume density, so more flux means more hydrogen, assuming a constant value of NHI .

Extinction in general is an important factor in the PDR model, through the incident UV flux
G0. While Smith et al. (2000) chose an internal extinction correction, we did not apply one for geo-
metrical reasons (see Chapter 2). Assuming a spherically symmetric PDR, and ignoring foreground
extinction (which we did correct for separately), the internal extinction towards the observer equals
the internal extinction from the central source to the HI patch. However, if more information about
the three-dimensional structure of a candidate PDR is available, it would be appropriate to consider
an internal extinction correction. If the symmetry assumption of the PDR does not hold, the extinc-
tion can be both under- as well as overestimated. The foreground extinction serves to correct the
UV flux that was attenuated in the direction of the observer, but not in the direction of the HI patch.
A bigger foreground extinction means that the incident flux at the HI patch is corrected for an un-
derestimation. On the other hand, more internal extinction means that the incident flux at the HI is
overestimated. The net G0 will then be lower, as will be n.

The total hydrogen volume density is heavily dependent on the dust-to-gas ratio. In this work,
we extended the use of the method to larger galactocentric radii. Metallicity information at those
distances from the center of a galaxy is still rare. At this time, it is uncertain whether the metallic-
ity drops off or whether it proceeds to drop off gradually (Gil de Paz et al., 2007b). The trend that
emerges appears to be one where the total hydrogen density remains flat out to large galactocentric
radii.

The estimated uncertainties in the resulting volume densities were described in Chapter 2. The
uncertainty in the dust-to-gas ratio generally has the biggest impact. We assume that the dust-to-gas
ratio is directly proportional to the metallicity (Issa et al., 1990), which in turn has its own variations.
The characterization of a galaxy with a single metallicity slope is a generalization that cannot hold on
smaller scales (see Rosolowsky and Simon, 2008, in the case of M33) but is adequate for our purpose
in M81 and M83 as it captures the general trend of the metallicity on a larger scale. Even when
local values are available, it remains to be seen if the metallicities measured from ionized lines are
appropriate for the PDRs that we claim to be seeing. The fraction of the measured atomic hydrogen
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column that is actually produced by photodissociation, and is not a part of the local background, is
another uncertainty that is described further in the Future Work section below.

The range of total hydrogen volume densities that is found with the PDR method is indicative
of the properties of the GMCs in the galaxies under investigation, as well as the regime where the
PDR method can be used (after considering the selection effects). In certain cases, densities up to
a few thousand hydrogen particles cm−3 can be detected. This requires a combination of a high
incident flux and a small separation. In other words, the smaller and denser PDRs can be seen when
the conditions are favorable. Typical densities that are observed, though, are in the range of 1 – 100
cm−3. These are the densities that correspond to the GMCs that are thought to be the remnants of
the parent clouds from which the observed OB associations formed, spanning a scale of up to several
hundreds of parsec in size. We speculate that they consist of an ensemble of more compact, denser
GMCs with a low volume filling factor, but a smoother low-density medium cannot be excluded. The
presence of CO emission where the measured densities are the highest is a good indicator that the
method is being applied correctly.

As a direct application of the PDR method we made an initial attempt to study the star formation
law in M33. While it has become customary to compare the star formation surface density to the gas
surface density, we have the opportunity to compare the gas volume density from the PDR method
to the star formation rate indicated by the UV luminosity. As we saw in Chapter 6, the power law
index of the star formation law as we obtained it probably lies between 1 and 2 depending on a
proper correction of the data censoring. The uncertainties in our results are too great to get a more
accurate result at this time and the result is therefore more of a proof of concept.

7.2 Future work

The results of this thesis evoke a number of questions. How can the PDR method be improved?
How can the approach become more credible? What are the results of applying it to other suitable
galaxies? I will first describe possible improvements to the method and to what other galaxies the
method may be applied. Then I will detail my plans to determine the fraction of atomic hydrogen
produced in PDRs and how to find out more about the temperature structure of the parent GMCs,
which is an attempt to put the PDR method on a firmer footing.

7.2.1 Improvements to the PDR method

The dust-to-gas ratio is the dominant component of uncertainty in the results presented here. De-
pending on the quality of the data that are available, a galaxy can have a global metallicity mea-
surement, a metallicity slope (it is either flat or declining going outward), or data are available on
individual regions in a galaxy. In the latter case it has become clear that the metallicity fluctuates
significantly from region to region. The PDR method is very sensitive to this. Ideally, individual
cloud measurements would be used, but since these vary from cloud to cloud, this is not expected
to reduce the scatter in the range of cloud densities that will be found.

At the level of metallicity slopes, limited information is available. I have taken observations that
will lead to the determination of the slopes of a number of nearby galaxies, namely NGCs 1291,
1744, 1792; UGCA106, and HIPASS J0145-43. This will enable the application of the PDR method on
a somewhat more global scale to these galaxies, when combined with HI and far-UV observations.

Another necessary improvement to the method is a better treatment of the attenuation of the
dissociating radiation field. We suspect that the interstellar medium near the OB associations is
very clumpy (see Chapter 4), which allows the UV radiation to penetrate further (Városi and Dwek,
1999). Internal extinction information (between the UV source and the GMCs) is sparse, but has
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been applied by Smith et al. (2000). For reasons of geometry we decided not to apply such a correc-
tion to our galaxies (see Chapter 2), but a more detailed analysis needs to take this into account. In
general, a three-dimensional approach to individual candidate PDRs would be helpful, but will be
challenging at the distances of the galaxies where the PDR method is advantageous to use.

7.2.2 Application of the PDR method to other galaxies
We have applied the PDR method to three (nearly) face-on spiral galaxies, where far-UV images were
available at a resolution of around 100 parsec as well as comparable HI maps. A metallicity gradient
for these galaxies was required. Since this is the scale at which we suspect the dissociating radiation
field is still capable of producing HI that creates visible structures, it is more or less the minimal
linear resolution necessary to apply the PDR method. A poorer resolution would still be suitable
for a global analysis of the radial profile of atomic hydrogen, to get an idea of how much of it is
produced by photodissociation at the galactic scale. Because of geometrical issues and projection
effects, face-on galaxies are preferable for the method. Foreground extinction as well as internal
extinction information will help to compare the results to those obtained in other galaxies.

In principle, the PDR method as described in this thesis can be readily applied to a number of
galaxies, like M51 and the Magellanic clouds. This would provide more insight into the differences
between the GMCs in the various spiral galaxies. It would also be interesting to attempt the appli-
cation of the PDR method to elliptical galaxies to the extent that they have detectable amounts of
atomic hydrogen gas.

In short, a checklist for the application of the PDR method would look as follows:

• The galaxy is (nearly) face-on.

• Far-UV and HI images are available at a linear resolution of around 100 parsec.

• Metallicity gradient information is available or individual measurements throughout the disk.

7.2.3 HI profiles and detection of PDRs
The project I propose to carry out consists of two stages. First I will investigate the connection be-
tween HI and FUV emission in M33 and M83 at a very detailed scale (less than 100 pc), using high
resolution archival VLA/GBT and GALEX data. Other galaxies could be targeted if data at sufficient
resolution is available. A certain fraction of the observed HI is expected to be produced by photodis-
sociation. Then, I will use the PDR method to derive total gas densities and use those together with
star formation rates derived from the FUV emission to elucidate the star formation law.

The level of detail provided by GALEX UV images (e.g. Gil de Paz et al., 2007a) and 21-cm VLA
HI maps by THINGS (Walter et al., 2005) and Thilker & Braun (2007, private communication: M33)
provide the opportunity to discover if the distribution of atomic hydrogen is consistent with the PDR
view, and to what extent. The linear resolution of the M33 data is on the order of 20 pc. The M33
results so far show HI features which appear to be on top of a general background level of atomic
hydrogen produced by nearby prominent UV sources. The diffuse UV emission, however, permeates
the interstellar medium, and this radiation can also keep some of the hydrogen in its atomic form.

With the high resolution data I will be able to perform a well-informed selection of areas in
spiral arm regions and in between these arms that are expected to contain photodissociated HI.
This atomic hydrogen can then be directly connected to the UV emission through photodissocia-
tion physics. Knowing the range of sizes and densities of large-scale PDRs from my previous work
and assuming a certain filling factor for the plane distribution of GMCs (as was calculated for ex-
ample in the case of M81; Heiner et al., 2008a), the amount of observed HI can be predicted with
the PDR method. This would be a strong indication that the PDR model is valid and, at the same
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time, determine how much of the HI present is accounted for by photodissociation. Other impor-
tant clues can come from the literature, like CO data (e.g. Rosolowsky et al., 2007), PAH/dust maps
from Spitzer, and metallicity information (Rosolowsky and Simon, 2008).

To further strengthen this project I anticipate taking advantage of the EVLA’s improved resolu-
tion and sensitivity capabilities as they become available. For example, NGC 604, the brightest HII

region in M33, lies on the edge of an HI spiral arm. To the west the HI column densities drop be-
low the noise level, although single dish GBT data does show diffuse emission there (Thilker, 2008,
private communication). Since UV emission is present in that area, albeit relatively faint, the distri-
bution of HI will be indicative of how well the PDR method works. Other promising regions can be
selected based on the results of my thesis.

The densities from the PDR method can be used together with the star formation rate repre-
sented by the UV emission, to produce a Schmidt Law plot (see Chapter 6).

The total hydrogen volume densities obtained by the PDR method provide a measure of the
total gas content independent of the use of CO and are not limited to the areas where CO is detected.
They can therefore be used to probe the star formation law in the HI dominated regions and provide
important clues as to the possibly changing nature of the star formation law in that regime.

The second part of my proposed research, therefore, is to improve the M33 results by, among
others, better fitting, taking into account the known selection effects using Bayesian fitting or Monte
Carlo simulations. Markov Chain Monte Carlo (MCMC) simulations appear particularly promising
to deal effectively with selection effects. The UV emission can be converted to a star formation rate
with extra corrections for internal extinction. The results from the first part of the project will be
added in to further improve the results.

7.2.4 Temperature and densities of GMCs

After building on the method using atomic hydrogen formed in large-scale photodissociation re-
gions, and expanding on it, we found total hydrogen densities that essentially span a constant range
of values across the disk of the spiral galaxies that we investigated. We suspect that the physical prop-
erties of most of the gas in GMCs throughout these disks are basically the same, namely predomi-
nantly low density (a few times 10 cm−3) and low temperature (around 10 K). A census of CO(1-0)
emission across M33 by Engargiola et al. (2003) finds molecular clouds distributed all across the Hα

disk, for example.
Apart from a need to explore the metallicity gradients of nearby galaxies and to take a fresh

look at the M101 results of Smith et al. (2000), the results lead to new questions about large-scale
photodissocation regions, like how do they connect to the presence of carbon monoxide? What
is their morphology and their temperature structure? We find that previous detections of CO(1-0)
emission generally coincide with higher total hydrogen volume densities derived with our method.
CO should be detectable if the GMCs are either dense enough or warm enough, even out to larger
galactocentric radii. In fact, Braine and Herpin (2004) find molecular hydrogen beyond the optical
edge of the spiral galaxy NGC 4414. We need temperature measurements of the molecular gas in our
candidate PDRs. To do this, we need measurements of higher transition lines of CO, like CO(2-1)
or CO(3-2), combined with structural information (see, for example, the work of Loinard and Allen
(1998) on M31), or modeling.

Such data on the galaxies that I have been studying is limited. Unless the molecular clouds are
warm, the ratio of any higher line to CO(1-0) will be smaller than 1. The CO(1-0) in M81 is barely
detectable (Knapen et al., 2006). For M83, Lundgren et al. (2004) give a useful table of previous
observations. With their own observations (CO(1-0) and CO(2-1)), they detect giant molecular asso-
ciations in several locations along the spiral arms of M83. Their resolution, however, is limited to the
scale of those GMAs, namely 500 pc approximately. Other studies focus exclusively on the nucleus of
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Figure 7.1: Panel from Wilson et al. (1997), Figure 1, showing their detection of 12CO J=2-1 and 3-2,
and 13CO(2-1) in NGC 604, the brightest HII region in M33.

M83, for example Petitpas and Wilson (1998), where high excitation, high temperature CO emission
is detected. They suggest that this CO is formed in PDRs in the nucleus. Muraoka et al. (2007) find
molecular gas near the end of M83’s bar, at about 450 pc resolution, in their CO(3-2) maps. Israel
and Baas (2001) produced data of various CO transitions (12CO J=2-1, 3-2, 4-3 and 13CO(3-2)) and
were able to perform temperature modeling on the largest scales. As to M33, Thornley and Wilson
(1994) reported the first CO(3-2) detections and find very dense molecular gas (up to 3000 cm−3).
Wilson et al. (1997) detect seven GMCs in M33, in 12CO J=3-2 and 2-1 and 13CO(2-1) spectroscopy.
Using large velocity gradient modeling, they derive temperatures (down to 10K) and densities (40
cm−3 and up). A CO(2-1) map of the northern half of M33 was published by Gardan et al. (2007),
in which they managed to find more clouds in that region than Engargiola et al. (2003) did in their
CO(1-0) maps. They also report finding possible traces of diffuse emission from clouds smaller than
their beam size (their resolution was 11′′). Their estimated H2 mass agrees with the estimates from
Rosolowsky et al. (2007), who conducted a high-resolution CO(1-0) survey of the inner 5.5 kpc of
M33. Finally, their work raises questions about star formation efficiency at low metallicities.

The Sub-Millimeter Array (SMA) is just the right instrument to learn more about the temperature
and spatial structure of the GMCs in nearby galaxies. According to its online archives, it has targeted
M33 only once and has not targeted M83. The CO intensities of CO(2-1) and CO(3-2) that Wilson
et al. (1997) detect in a handful of M33 molecular clouds are well within reach of the SMA (Figure
7.1). We used the SMA online beam calculator to estimate the noise levels for comparison, finding
them well within the needed sensitivity limit. The abundance of clouds to observe was illustrated by
the 11′′ map of a part of M33 by Gardan et al. (2007).

I propose to have an in-depth look at a number of the candidate PDRs that were identified in
M33 and M83 in search of further evidence of the existence of GMCs in those regions, by mapping
them with the Sub-Millimeter Array in the CO(2-1) and CO(3-2) lines. Using the Compact Array
setup, a suitable sensitivity is achieved combined with an angular resolution of 2-3′′, superior to
the previous observations mentioned above. I will focus on some of the more dense regions that I
have identified using the photodissociation method, while trying to target regions both in the inner
and outer parts of these galaxies and taking into account the local metallicity. For example, CO(3-2)
measurements could complement the available CO(2-1) partial map of M33 (Gardan et al., 2007).
In M83, large-scale giant molecular associations have already been detected, including the global
locations of molecular arms (Lundgren et al., 2004), but the detailed structure or GMCs in M83 is
unknown. 12′′ is the best resolution currently available. I will focus on the outer regions of M83,
since the nucleus and the bar have been well studied.
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By carrying out this project, valuable insight into the temperature and density structure of these
clouds will be gained, as well as more information on their sizes and morphology. I intend to match
the larger hydrogen densities found near candidate PDRs to molecular gas. This will provide a valu-
able benchmark to the idea of HI formed in photodissociation regions. The results can then be
connected to other properties, such as the local star formation rate.

Finally, it can be noted that the Atacama Large Millimeter Array (ALMA), is currently under con-
struction. Once completed, it will provide an order of magnitude increase in resolution and it will
also be much more sensitive. Once in service, it can be expected to be particularly well suited to
study the lower density molecular clouds, and to resolve the GMCs in M33.

7.3 Executive summary to this thesis
In short, our conclusions are as follows:

• The PDR method was improved.

• Ranges of hydrogen densities were found in M33, M81 and M83 that show no radial variation.

• Detailed investigation of candidate PDRs shows HI emission consistent with the PDR view

• HI emission was statistically linked to PAH emission in M81

• There is a strong suggestion of CO being linked to detection of high cloud densities in M33.

Future work topics could include:

• Application of the PDR method to other galaxies.

• Connecting the metallicity with HI and H2 appearance.

• The fraction of the observed HI that is produced in PDRs.

• The modeling of HI features using the PDR assumptions.

• Temperature and densities of GMCs in nearby galaxies through a full analysis of CO transition
lines.
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Layperson’s summary

The standard building block from which stars are made is molecular hydrogen (H2), or hydrogen
gas. This gas can be found in the very sparse space between the stars, but it is hard to see because

it does not emit much radiation by itself. One can still find it in our own Milky Way, with strong
telescopes that can look in the infrared, but this does not work so well in other galaxies. Looking at
other gases, or particles, that are strongly connected to hydrogen gas is better in that case. In this
thesis, one such way of doing this is expanded and improved upon.

About hydrogen

It is thought that, of the ’normal’ (or baryonic) matter in the universe, atomic hydrogen (HI) is the
most common element. It is a simple atom that consists of a proton and an electron. If you put two
of these atoms together, you end up with hydrogen gas. Putting the atoms together goes the fastest
if there are dust particles around: They help in bringing the atoms together on their surface. It can
be done without dust, but then the process takes a lot longer. Atomic hydrogen is relatively easy to
see in the universe. It radiates at the 21-cm radio wavelength. I worked mainly with observations of
atomic hydrogen by the Very Large Array radio telescope.

Hydrogen gas can also be destroyed again, after which it goes back to its atomic form. This
requires a lot of energy. This energy comes mainly in the form of light particles (photons) from the
heaviest stars. These heavy stars burn up fast: They live only a few million to a few tens of millions
of years. We can see the energetic light particles in ultraviolet light. In this thesis, I use images
of galaxies taken in ultraviolet light, made with a satellite named GALEX, which stands for “Galaxy
Evolution Explorer”. These images mainly show young, brightly shining stars.

Big gas clouds can be found between those stars that consist mainly of hydrogen gas. When these
clouds are located close to the bright stars, the molecular hydrogen will be transformed into atomic
hydrogen. We call this a photodissociation region (PDR): A region where molecules are broken up

by the light that shines on them. These PDRs play the main part in my thesis. In our own Galaxy
it is mostly the relatively small PDRs that have been studied well. These regions are compact, and
they contain a lot of hydrogen gas. However, I am interested in the larger PDRs, that can span up to
a few hundred lightyears. These PDRs are sparse: Only a few to a few hundred particles per cubic
centimeter can be found there.

If one knows what happens in such a PDR, as accurately as possible, one can derive how much
hydrogen gas can be found there. Since molecular hydrogen is broken up continuously,while atomic
hydrogen gets combined into molecular hydrogen, the process is in a state of balance. The amount
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of light shining onto a PDR is measurable, and so is the amount of atomic gas. Also, the amounts of
dust can be estimated, which helps in the making of hydrogen gas. I call this approach to calculate
the density of the hydrogen gas the ’PDR method’.

Application of the method

Carrying out the required measurements that I just described is not all that straightforward, and nei-
ther is interpreting the images properly. It involves dealing with many details, like determining what
part of the visible atomic gas belongs to the PDR that is being investigated. That is why this thesis

is important: To understand the PDR method better, to see if and where this method is valid, to

apply this method to a number of galaxies, and to interpret the results properly. The recipe: Find
groups of young, hot stars. Then, look at the atomic hydrogen, and determine how far away from
these stars it is. Also calculate how much dust is present. Finally, with these measurements, one can
calculate the total hydrogen density.

The PDR method is an alternative way to determine the presence of hydrogen gas. The most
commonly used method uses another molecule, carbon monoxide (CO). This molecule is relatively
easy to see, not just nearby but also further away. It is thought that the presence of H2 is directly
linked to the presence of CO. The PDR method is independent of this assumption and can be used
in situations where the use of CO does not work so well.

Results

Firstly, I applied the PDR method to the galaxy M81, which is almost 12 million lightyears away from
us. It is an interesting galaxy, among others because it displays almost no radiation from carbon
monoxide. The hydrogen gas densities, found with the PDR method, were relatively low. I also
used infrared images made by the Spitzer space telescope that show more complicated, organic
molecules. The presence of these molecules (polycyclic aromatic hydrocarbons, or PAHs) are an
important clue that the regions we expect to be PDRs really are PDRs. Indeed, we find PAHs close to
almost every PDR.

The properties of M83 are slightly different. In contrast to M81, this galaxy shows a lot of carbon
monoxide. In the central areas of M83 we find clouds with higher densities than those in M81, but
the outer areas also show PDRs with respectable densities. Apparently carbon monoxide does not
radiate when the gas densities are relatively low. M83 is situated almost 15 million lightyears away.

Finally, I studied M33 extensively. This galaxy is relatively close, about 3 million lightyears away,
so we can see a lot more details than we can in M81 and M83. In order to see if and how the results
are dependent on the distance of a galaxy, I pretended that M33 was (approximately) as far away
as M81 and M83. To do this, the quality of the images of M33 have to be made poorer on purpose.
Then, if we look at the properties of the PDRs at full quality, it turns out that the results are not
fundamentally different, although the accuracy of the results improves.

An important contribution to the PDR method in my thesis is the way in which the extra details
that can be seen in M33, and not M81 and M83, are being dealt with. For example, the gas clouds are
not just a single dot on the picture, but they are a bit larger, and partially resolved. That way we can
try to predict how much atomic gas we would expect from the PDR method. This can be compared
to what we see on the picture, and the method seems to work well.

The spatial distribution of the atomic gas is very important to show that the gas is really coming
from PDRs. This makes the PDR method more credible and raises our confidence in its results.
There are also indications that the strongest concentrations of hydrogen gas occur where we also
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see carbon monoxide. That is a good clue, but not solid evidence, that the PDR method works. It
also means that the amounts of molecular hydrogen may be underestimated if carbon monoxide is
used as the sole indicator, which it commonly is.

The measured densities of hydrogen gas in M33 are accurate enough for testing the so-called
Schmidt star formation law. This law assumes that the rate at which stars are formed is directly
coupled to the presence of hydrogen gas. This rate can be determined, among others, from the
levels of ultraviolet light. Using the results from this thesis, we can see how well the star formation
law works at low gas densities. There are a lot of influences that need to be taken into account, but
sometimes we can use statistical methods to understand these effects better. This is a very promising
application of the PDR method.

In summary, this thesis contains an extensive investigation of the densities of hydrogen gas
clouds in three galaxies, using the ’PDR method’. The type of clouds that is observed through this
method generally has a low density, but clouds with higher densities can also be seen. The PDR
method has now been developed further, and there are indications that it works well. The method
can also be used to study the star formation law.

Towards the future
This work offers enough inspiration to continue. It is important to find out more about the presence
of dust in PDRs to make the method more accurate. At this time, the dust levels in many galaxies are
not known at a high enough spatial resolution. Something that definitely deserves more attention,
is how well the levels of predicted atomic hydrogen fit reality. The method can gain credibility this
way. The method can obviously be applied to other galaxies. For example, M101 (better data became
available since it was first studied using the PDR method), or M51 (which has the advantage of the
availability of a lot of data).

Finally, we can try to understand molecular clouds better by looking at their temperatures. To
do this, it is necessary to look at the different wavelengths at which carbon monoxide radiates. That
is already sufficient to say more about these clouds. I am particularly interested in the existence of
this type of clouds in the outer regions of galaxies.
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De standaard bouwsteen waarvan sterren worden gemaakt is moleculair waterstof (H2), oftewel
waterstofgas. Dit gas is te vinden in de zeer ijle ruimte tussen de sterren, maar het is lastig om

te zien, omdat het uit zichzelf weinig straling uitzendt. Met sterke telescopen die infrarood licht
kunnen zien kun je het nog vinden in onze eigen Melkweg, maar in andere melkwegstelsels gaat
het al niet meer zo goed. Dan is het beter om te kijken naar andere gassen, of deeltjes, die sterk
afhankelijk zijn van waterstofgas. In dit proefschrift wordt zo’n manier uitgewerkt en verbeterd.

Over waterstof

Van de ’normale’ materie in het heelal, wat men baryonische materie noemt, wordt gedacht dat
atomair waterstof (HI) het meest voorkomt. Het is dan ook een simpel atoom, bestaand uit een
proton en een electron. Als je twee van die atomen bij elkaar doet, dan krijg je waterstofgas. Dat gaat
het snelste als er ook stofdeeltjes in de buurt zijn: die brengen dan namelijk de atomen bij elkaar.
Het kan ook zonder, maar dan duurt het een stuk langer. Atomair waterstof is goed te zien in het
heelal. Het zendt straling uit op de 21-cm radiogolflengte. Ik heb vooral gewerkt met opnames van
atomair waterstof van de Very Large Array, een radiotelescoop waarvan de naam iets als “Zeer Grote
Opstelling” betekent.

Waterstofgas kan ook weer kapotgemaakt worden, zodat het weer atomair waterstof wordt. Daar
is veel energie voor nodig. Die energie komt vooral in de vorm van lichtdeeltjes (fotonen) van de
zwaarste sterren. Deze zware sterren zijn snel uitgebrand: binnen een paar miljoen jaar, tot enkele
tientallen miljoenen jaren, zijn ze alweer weg. De energieke lichtdeeltjes kunnen we zien in ultravio-
let licht. In dit proefschrift gebruik ik foto’s van melkwegstelsels genomen in het ultraviolet, gemaakt
met een satelliet genaamd GALEX, wat staat voor “Melkwegstelsel Evolutie Onderzoeker”. Op deze
foto’s zie je voornamelijk jonge, fel schijnende sterren.

Tussen de sterren zijn grote gaswolken te vinden, die vooral bestaan uit waterstofgas. Als die
wolken vlakbij de felle sterren zijn, dan wordt het waterstofgas omgezet in atomair waterstof. We

noemen het dan een photodissociation region (PDR), een gebied waar moleculen opgebroken

worden door het licht dat erop schijnt. Deze PDRs spelen de hoofdrol in mijn proefschrift. In
onze Melkweg zijn het vooral de relatief kleine PDRs die goed bestudeerd zijn. Deze gebieden zijn
compact en hebben veel waterstofgas. Ik ben geïnteresseerd in de grotere PDRs, die een doorsnee
kunnen hebben tot honderden lichtjaren. Deze PDRs zijn ijler: er zijn maar een paar tot een paar
honderd deeltjes te vinden per vierkante centimeter.

Als je zo nauwkeurig mogelijk weet wat er gebeurt in zo’n PDR, dan kun je afleiden hoeveel
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waterstofgas daar te vinden is. Aangezien moleculair waterstof voortdurend wordt kapotgemaakt,
terwijl atomair waterstof steeds samengevoegd wordt tot moleculair waterstof, is er sprake van een
evenwichtssituatie. Hoeveel licht er schijnt op een PDR is meetbaar, net als de hoeveelheid atomair
gas. Ook kun je schatten hoeveel stof er aanwezig is, dat helpt bij het maken van waterstofgas. Ik
noem dit voor het gemak de ’PDR methode’.

Toepassing van de methode

Het is niet zo eenvoudig om deze metingen nauwkeurig genoeg te doen, en om de foto’s op de juiste
manier te begrijpen. Er komen details bij kijken, zoals bepalen welk deel van het zichtbare atomaire
gas hoort bij de PDR waarnaar gekeken wordt. Daarom is dit proefschrift belangrijk: om de PDR

methode beter te begrijpen, te zien of en waar de methode geldig is, om de methode toe te passen

in de praktijk op een paar melkwegstelsels, en om de resultaten te interpreteren. Het recept is:
zoek eerst naar groepjes jonge, hete sterren. Kijk dan naar het atomaire waterstof, en bepaal hoever
het van de sterren af staat. Bereken ook hoeveel stof er is. Tenslotte kun je dan uitrekenen hoeveel
waterstof er is.

De PDR methode is een alternatieve manier om de hoeveelheid waterstofgas te bepalen. De
meest populaire methode maakt gebruik van een ander molecuul, namelijk koolmonoxide (CO).
Het is relatief eenvoudig te zien, ook verder weg het heelal in. Er wordt namelijk gedacht dat de
hoeveelheid H2rechtstreeks afgeleid kan worden van de hoeveelheid CO. De PDR methode is onaf-
hankelijk hiervan, en kan toegepast worden in situaties waar het gebruiken van CO mogelijk niet zo
goed werkt.

Resultaten

Allereerst heb ik de PDR methode toegepast op het melkwegstelsel M81, dat bijna 12 miljoen licht-
jaren van ons verwijderd is. Het is een interessant stelsel, onder andere omdat er bijna geen straling
van koolmonoxide te zien is. De hoeveelheid waterstofgas, gevonden met de PDR methode, was dan
ook niet zo groot. Ik heb ook gebruik gemaakt van infrarood foto’s van de Spitzer ruimtetelescoop,
waarop meer gecompliceerde organische moleculen zichtbaar zijn. De aanwezigheid van deze mo-
leculen (polycyclisch aromatische koolwaterstoffen, PAHs, om precies te zijn) zijn een belangrijke
aanwijzing dat de gebieden waarvan we denken dat het PDRs zijn, dat ook echt zijn. Inderdaad zie
je vlakbij nagenoeg elke PDR ook PAHs.

In M83 zijn de omstandigheden iets anders. In tegenstelling tot M81 zien we in dit stelsel juist
veel koolmonoxide. In de centrale gebieden van M83 komen wolken voor met hogere dichtheden
dan in M81, maar ook in de buitengebieden komen nog PDRs voor met respectabele dichtheden.
Kennelijk zie je geen straling van koolmonoxide als de dichtheden betrekkelijk laag zijn. M83 is
bijna 15 miljoen lichtjaar ver.

Tenslotte heb ik uitgebreid gekeken naar M33. Dit melkwegstelsel is relatief dichtbij, zo’n 3 mil-
joen lichtjaar, waardoor we veel meer details kunnen zien dan bij M81 en M83. Om te kijken of de
resultaten erg afhangen van hoe ver een melkwegstelsel is heb ik gedaan alsof M33 even ver weg
is als (ongeveer) M81 en M83. Om dit te doen moeten de plaatjes van M33 opzettelijk een slechtere
kwaliteit krijgen. Als we daarna kijken naar de eigenschappen van de PDRs op de volledige resolutie,
blijkt dat de resultaten niet wezenlijk verschillen. Wel wordt de onnauwkeurigheid minder.

Een belangrijke bijdrage aan de PDR methode in mijn proefschrift is de manier waarop omge-
gaan wordt met de extra details in M33 die je niet in M81 en M83 kunt zien. De gaswolken zijn
bijvoorbeeld niet meer een enkel vlekje op de foto, maar zijn net iets groter en (gedeeltelijk) opge-
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lost, waardoor we kunnen proberen om te voorspellen hoeveel atomair gas we zouden verwachten
met de PDR methode. Dit kunnen we dan weer vergelijken met hoe het op de foto is, en het lijkt
goed te werken.

De ruimtelijke verdeling van het atomaire gas is erg belangrijk om te laten zien dat het inder-
daad afkomstig is uit PDRs, wat de PDR methode geloofwaardiger maakt en meer vertrouwen geeft
in de uitkomsten ervan. Ook zijn er aanwijzingen dat de sterkste concentraties van waterstofgas de
plaatsen zijn waar ook koolmonoxide te zien is. Dat is een goede aanwijzing (maar geen sluitend
bewijs) dat de PDR methode werkt. Ook betekent het, dat de hoeveelheid molecular waterstof waar-
schijnlijk wordt onderschat als er alleen maar naar koolmonoxide wordt gekeken. En dat is nu juist
gebruikelijk.

De gemeten hoeveelheden waterstofgas in M33 zijn nauwkeurig genoeg om ze te kunnen ver-
gelijken met de zogeheten Schmidt stervormingswet. Die gaat ervan uit dat de snelheid waarmee
sterren gevormd worden rechtstreeks afhankelijk is van de hoeveel waterstofgas. Deze snelheid is
af te leiden uit onder andere de hoeveelheid ultraviolet licht. Met de resultaten uit dit proefschrift
kan gekeken worden naar hoe de stervormingswet werkt bij lage hoeveelheden gas. Er zijn veel in-
vloeden waar rekening mee gehouden moeten worden, maar die kunnen soms ook met de help van
methoden uit de statistiek beter worden begrepen. Dit is een veelbelovende toepassing van de PDR
methode.

Samenvattend kan gezegd worden dat in dit proefschrift uitgebreid gekeken is naar de dicht-
heden van waterstofgas wolken in drie melkwegstelsels door middel van de ‘PDR methode’. Het
type wolken dat gezien wordt heeft voornamelijk een lage dichtheid, maar ook wolken met hogere
dichtheden kunnen gezien worden. De PDR methode is nu verder ontwikkeld en er zijn aanwijzin-
gen gevonden dat het goed werkt. Ook kan de methode gebruikt worden om de stervormingswet te
onderzoeken.

Wat de toekomst brengen moge
Dit onderzoek biedt genoeg aanknopingspunten om verder te gaan. Om de methode nauwkeuriger
te maken is het belangrijk om meer te weten over de aanwezigheid van stof in PDRs. Op dit moment
is de hoeveelheid stof in melkwegstelsels niet bekend met genoeg ruimtelijk detail. Wat zeker meer
aandacht verdient, is bekijken hoe goed de voorspelde hoeveelheid atomair waterstof klopt met de
werkelijkheid. De methode kan daarmee geloofwaardiger worden. Uiteraard kan de methode ook
toegepast worden op andere melkwegstelsels. Bijvoorbeeld M101 (sinds de methode hierop werd
geprobeerd zijn er betere gegevens gekomen) of M51 (met als voordeel dat er veel gegevens zijn om
te gebruiken).

Als laatste kunnen we proberen de moleculaire wolken beter te begrijpen, door te gaan kijken
naar hun temperatuur. Om dit te doen is het nodig om verschillende golflengtes waarop koolmo-
noxide uitzendt te onderzoeken. Dan kan er al veel meer gezegd worden over deze wolken. In het
bijzonder ben ik geïnteresseerd in het bestaan van dit type wolken in de buitengebieden van melk-
wegstelsels.
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Full figure sets

This appendix contains the full sets of figures mentioned in previous chapters, in this order:

• M83 gray scale overlay plots (Chapter 3). These plots are also available in the electronic ver-
sion of Heiner et al. (2008b).

• M33 gray scale overlay plots at reduced resolution (Chapter 6).

• M33 color overlays (and accompanying tables) at full resolution (Chapters 4 and 5).

• M81 color panel plots (Chapter 2). These plots are also available in the electronic version of
Heiner et al. (2008a).

Note that the M33 figures feature UV gray scale or color images with HI contours, whereas the
M83 plots have HI gray scale images with UV contours. The M81 figures have multiple panels with
explicit labeling.
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Figure 2: M83 sources 1-8, as described in Chapter 3 (from left to right, top to bottom). The UV
contours are plotted against a background of HI column densities in gray scale. The central UV
source is marked by a star. More details can be found in Table 3.1.
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Figure 3: M83 sources 9-16. (See Figure 2.)
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Figure 4: M83 sources 17-24. (See Figure 2.)



Full figure sets 109

25 26

27 28

29 30

31 32

Figure 5: M83 sources 25-32. (See Figure 2.)
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Figure 6: M83 sources 33-40. (See Figure 2.)
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Figure 7: M83 sources 41-48. (See Figure 2.)
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Figure 8: M83 sources 49-56. (See Figure 2.)
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Figure 9: M83 sources 57-64. (See Figure 2.)
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Figure 10: M83 sources 65-72. (See Figure 2.)
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Figure 11: M83 sources 73-77. (See Figure 2.)
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Figure 12: M33 sources 1 – 8, as described in Chapter 6 (from left to right, top to bottom). The HI

column density contours are plotted against a background of the FUV flux in gray scale. The fitted
position of the central UV complex is marked by a star. All HI contours start at 1×1019 cm−2, with
up to 20 contours where each contour is 1.4 times the previous contour level. The integrated FUV
fluxes can be found in Table 6.1.
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Figure 13: M33 sources 9 – 16 (from left to right, top to bottom). See Figure 12 for more details.
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Figure 14: M33 sources 17 – 24 (from left to right, top to bottom). See Figure 12 for more details.
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Figure 15: M33 sources 25 – 32 (from left to right, top to bottom). See Figure 12 for more details.
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Figure 16: M33 sources 33 – 40 (from left to right, top to bottom). See Figure 12 for more details.
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41 42

Figure 17: M33 sources 41 and 42. See Figure 12 for more details.
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Table 1: Detailed measurements of CPSDP 0087g

Rg al (kpc) 1.05
δ/δ0 0.65
FUV sources (J2000) 1h 34m 2.363s 30◦38′42.30′′a ,

1h 34m 2.175s 30◦38′52.13′′b ,
1h 34m 1.792s 30◦38′20.99′′c ,
1h 34m 1.754s 30◦39′01.48′′d ,
1h 34m 0.781s 30◦39′08.93′′e ,
1h 34m 0.127s 30◦39′01.85′′ f

FUV fluxes (10−15 ergs cm−2 s−1 Å−1) 4.55a , 4.68b , 4.55c , 1.56d , 1.65e , 4.72 f

Nbg (1021 cm−2) 0.96
NH I (1021 cm−2) 3.371:abcd , 4.102:abc , 3.673:abcde f , 4.634:abcd ,

3.645:abcd

G0 (cumulative) 1.691 , 0.322 , 0.973 , 0.484 , 0.375

G/Gbg range 0.01−1.771 , 0.03−0.172 , 0.01−0.233 , 0.01−
0.164 , 0.02−0.095

n (derived, in cm−3) 151, 12, 63, 14, 35

Fractional error range 0.35−0.45

Table 2: Detailed measurements of CPSDP Z204

Rg al (kpc) 1.63
δ/δ0 0.38
FUV sources (J2000) 1h 34m 8.422s 30◦39′03.93′′a ,

1h 34m 8.874s 30◦39′11.48′′b ,
1h 34m 9.746s 30◦39′12.35′′c ,
1h 34m 9.543s 30◦39′18.92′′d ,
1h 34m 7.112s 30◦39′23.94′′e

FUV fluxes (10−15 ergs cm−2 s−1 Å−1) 6.03a , 6.73b , 9.61c , 3.72d , 10.9e

Nbg (1021 cm−2) 0.96
NH I (1021 cm−2) 4.561:abcd , 4.412:e , 3.583:abcd , 3.384:abcde ,

3.225:abcd

G0 (cumulative) 0.871 , 0.652 , 0.453 , 7.204 , 3.975

G/Gbg range 0.02− 0.181 , 0.572 , 0.01− 0.093 , 0.13− 1.654 ,
0.05−0.515

n (derived, in cm−3) 181, 152, 163, 2954 , 1805

Fractional error range 0.26−0.36
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Figure 18: Left panel: CPSDP 0087g region at full resolution (our Region 5). The FUV color image
is overlaid with HI contours. The HI contours are 3 and 4 ×1021cm−2 only, to emphasize the mor-
phology of the HI peaks. Black stars mark the locations where the FUV fluxes were measured. The
orange boxes are the locations of the measured HI patches. Green diamonds denote the location
of CO detections by Engargiola et al. (2003). Part of CPSDP Z204 can be seen in the eastern part of
the image. Right panel: Finding chart of the same region with letters (UV sources) and numbers (HI
patches).

Figure 19: Left panel: CPSDP Z204 region at full resolution. The FUV color image is overlaid with
HI contours. The HI contours are 3 and 4 ×1021cm−2 only, to emphasize the morphology of the HI

peaks. Black stars mark the locations where the FUV fluxes were measured. The orange boxes are the
locations of the measured HI patches. Diamonds denote the location of CO detections by Engargiola
et al. (2003). Right panel: Finding chart of the same region with letters (UV sources) and numbers
(HI patches), as well as the CO detection diamonds.
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Figure 20: Left panel: NGC 595 region at full resolution. The FUV flux range is indicated in the color
bar. The HI contours are 3, and 4.5 ×1021cm−2. The green line indicates the path along which the HI
columns were averaged for the large scale measurement. The green diamonds mark the location of
CO detections. Right panel: Finding chart of the same region with letters (UV sources) and numbers
(HI patches).

Table 3: Detailed measurements of NGC 595

Rg al (kpc) 1.88
δ/δ0 0.59
FUV sources (J2000) 1h 33m 34.134s 30◦41′39.68′′a ,

1h 33m 33.491s 30◦41′35.03′′b ,
1h 33m 32.937s 30◦41′38.15′′c ,
1h 33m 32.785s 30◦41′46.67′′d ,
1h 33m 32.208s 30◦41′32.86′′e ,
1h 33m 33.401s 30◦41′37.88′′†

FUV fluxes (10−15 ergs cm−2 s−1 Å−1) 2.75a , 59.8b , 4.74c , 3.79d , 1.76e , 63.0†

Nbg (1021 cm−2) 0.93
NH I (1021 cm−2) 1.191:abcde , 3.792:abc , 3.903:abcd , 4.184:ab ,

2.48†

G0 (cumulative) 1.101 , 1.402 , 1.333 , 0.544 , 1.79†

G/Gbg range 0.01 − 1.291 ; 0.01 − 2.292; 0.01 − 2.013 ;
0.01,0.894 ; 3.56†

n (derived, in cm−3) 1051, 122, 103, 34, 45†

Fractional error range 0.21-0.38, 0.28†
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Figure 21: Same as Figure 19, but for BCLMP 0695. The HI contours are 2, 2.5 and 3.5 ×1021cm−2.
A CO detection (diamond) lies between HI patches 1 and 4.

Table 4: Detailed measurements of BCLMP 0695

Rg al (kpc) 2.49
δ/δ0 0.40
FUV sources (J2000) 1h 33m 58.768s 30◦49′13.37′′a ,

1h 33m 57.689s 30◦49′01.45′′b ,
1h 33m 56.577s 30◦49′07.47′′c ,
1h 33m 58.480s 30◦48′44.72′′d ,
1h 33m 57.651s 30◦48′49.38′′e ,
1h 33m 56.593s 30◦48′55.91′′ f

FUV fluxes (10−15 ergs cm−2 s−1 Å−1) 2.26a , 1.11b , 0.79c , 6.38d , 1.73e , 1.08 f

Nbg (1021 cm−2) 0.77
NH I (1021 cm−2) 2.601:abcd , 1.782:abcde f , 2.773:abcd ,

1.894:abcde f , 1.745:abce f , 1.466:c f

G0 (cumulative) 0.381 , 1.742 , 0.133 , 1.144 , 0.165, 0.046

G/Gbg range 0.03−0.401 ; 0.05−1.692 ; 0.01−0.113 ; 0.02−
1.024 ; 0.02−0.205 ; 0.02,0.066

n (derived, in cm−3) 231, 1952 , 73, 1164 , 195, 56

Fractional error range 0.20−0.43
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Figure 22: NGC 604 region at full resolution. The FUV flux range is indicated in the color bar. The HI
contours are 3, 4 and 5 ×1021cm−2. The green rectangle indicates the region where the HI columns
were averaged for our measurement. The orange boxes are the locations of the measured HI patches.
See Table 4.2 in Chapter 4, for the measurements corresponding to the finding chart.

Figure 23: Color version of Figure 4.3 in Chapter 4. Left panel: NGC 604 CO(1-0) image, reproduc-
tion from Tosaki et al. (2007). The morphology of the warm dense molecular gas is clearly visible.
Their CO(3-2) emission shows a similar morphology, tracing high excitation areas. The cross marks
the center of NGC 604. Right panel (same scale): FUV (blue) and HI (red) qualitative image at ar-
bitrary scale (not background-subtracted), showing the distribution of atomic gas and young stars.
The four boxes indicate the locations of select HI patches. The lighter ones are close to the CO emis-
sion peaks.



Full figure sets 127

Figure 24: Same as Figure 19, but for BCLMP 0288. The HI contours are 2.5 and 4 ×1021cm−2. This
region did not show a detailed morphology, so only a large-scale measurement was made.

Table 5: Detailed measurements of BCLMP 0288

Rg al (kpc) 4.36
δ/δ0 0.36
FUV source (J2000) 1h 33m 07.349s 30◦42′49.34′′

FUV flux (10−15 ergs cm−2 s−1 Å−1) 33.2
Nbg (1021 cm−2) 1.37
NH I (1021 cm−2) 1.07
G0 0.44
G/Gbg 3.55
n (derived, in cm−3) 125
Fractional error 0.19
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Figure 25: Same as Figure 19, but for BCLMP 0256. The HI contours are 3.5 and 4.5 ×1021 cm−2,
to reduce confusion from the presence of generous amounts of HI. The partial ellipse traces the
general HI distribution peaks.

Table 6: Detailed measurements of BCLMP 0256

Rg al (kpc) 4.55
δ/δ0 0.2167, 0.221235†, 0.44

FUV sources (J2000) 1h 33m 12.566s 30◦23′39.21′′a ,
1h 33m 10.670s 30◦23′38.13′′b ,
1h 33m 11.541s 30◦23′27.84′′c ,
1h 33m 12.608s 30◦23′08.57′′d ,
1h 33m 10.353s 30◦23′04.95′′e ,
1h 33m 08.072s 30◦23′10.32′′ f ,
1h 33m 07.235s 30◦23′15.18′′g ,
1h 33m 06.760s 30◦23′10.58′′h ,
1h 33m 07.304s 30◦23′01.77′′ i ,
1h 33m 06.435s 30◦23′30.40′′ j ,
1h 33m 11.217s 30◦23′21.93′′†

FUV fluxes (10−15 ergs cm−2 s−1 Å−1) 2.58a , 2.29b , 16.9c , 4.95d , 11.0e , 1.69 f , 0.91g ,
2.34h , 1.36i , 4.35 j , 61.7†

Nbg (1021 cm−2) 1.37
NH I (1021 cm−2) 3.101:acd , 2.542:acd , 2.933:a−e , 2.944:be f g hi ,

3.775:bce f i , 3.216:b f g hi j , 4.177: f − j , 1.48†

G0 (cumulative) 0.591 , 0.982 , 1.253 , 0.234 , 0.875 , 0.516 , 0.977 ,
0.74†

G/Gbg range 0.11−0.381 ; 0.10−0.922 , 0.02−0.533 , 0.01−
0.154 , 0.03− 0.865 , 0.02− 0.736 , 0.08− 1.267 ,
2.30†

n (derived, in cm−3) 931, 2072 , 2173 , 114, 1025, 866, 1097, 319†

Fractional error range 0.18−0.29
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Figure 26: Same as Figure 19, but for BCLMP 0650. The HI contours are 1.5 and 2.5 ×1021 cm−2. A
global HI measurement was attempted in the rectangular region, centered on the †.

Table 7: Detailed measurements of BCLMP 0650

Rg al (kpc) 5.60
δ/δ0 0.33
FUV sources (J2000) 1h 34m 31.961s 31◦1′09.22′′a ,

1h 34m 33.158s 31◦0′21.19′′b ,
1h 34m 33.368s 31◦0′30.29′′c ,
1h 34m 34.374s 31◦0′26.79′′d ,
1h 34m 34.767s 31◦0′44.28′′e ,
1h 34m 33.785s 31◦0′45.55′′ f ,
1h 34m 32.966s 31◦0′00.25′′g ,
1h 34m 33.331s 31◦0′25.62′′†

FUV fluxes (10−15 ergs cm−2 s−1 Å−1) 0.68a , 5.86b , 1.69c , 1.11d , 3.08e , 0.83 f , 0.46g ,
15.7†

Nbg (1021 cm−2) 0.71
NH I (1021 cm−2) 1.241:abc f g , 1.772:bcde f g , 1.913:bcdeg , 2.244:a f ,

1.145:bcde f g , 1.996:cde f , 1.04†

G0 (cumulative) 0.131 , 0.612 , 0.133 , 0.14 , 1.045 , 0.236 , 0.055†

G/Gbg range 0.02 − 0.081 ; 0.04 − 1.222; 0.01 − 0.213 ;
0.03,1.454 ; 0.06−1.425 ; 0.01−0.866 ; 0.23†

n (derived, in cm−3) 351, 1022 , 203, 124, 3105 , 326, 18†

Fractional error range 0.19−0.27, 0.18†



130 Full figure sets

Figure 27: Same as Figure 19, but for BCLMP 0269. The HI contours are 3 and 4 ×1021 cm−2. The
right panel only contains the UV sources that were considered to be significantly impinging on the
HI patches. A more global HI measurement was taken along the green line. A CO detection can also
be found along this line.

Table 8: Detailed measurements of BCLMP 0269

Rg al (kpc) 5.90
δ/δ0 0.32
FUV sources (J2000) 1h 32m 41.199s 30◦25′57.90′′a ,

1h 32m 42.991s 30◦25′36.90′′b ,
1h 32m 41.256s 30◦25′40.42′′c ,
1h 32m 44.007s 30◦25′21.28′′d ,
1h 32m 42.159s 30◦25′22.11′′e ,
1h 32m 40.696s 30◦25′28.71′′ f ,
1h 32m 41.433s 30◦25′07.25′′g ,
1h 32m 42.409s 30◦24′56.60′′h ,
1h 32m 46.560s 30◦25′00.72′′ i ,
1h 32m 42.053s 30◦24′57.91′′†

FUV fluxes (10−15 ergs cm−2 s−1 Å−1) 0.24a , 0.52b , 0.55c , 0.31d , 0.56e , 1.05 f , 1.66g ,
36.1h , 38.2†

Nbg (1021 cm−2) 1.55
NH I (1021 cm−2) 2.321:a−h , 3.432:i , 1.15†

G0 (cumulative) 0.421 , 0.432 , 0.25†

G/Gbg range 0.01−0.841 ; 2.802 , 0.87†

n (derived, in cm−3) 481, 242, 77†

Fractional error range 0.19−0.26
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Figure 28: Our Region 42 at full resolution. Left panel: The FUV color image is overlaid with HI

contours. The HI contours are 1.7, 2, 2.5, 3 and 3.5 ×1021cm−2. The central FUV source is marked
with a black star. Orange boxes mark the locations of HI patches that were measured. The green
spline tracks the path along which we averaged HI column densities to get a measure of the poten-
tial large scale PDR. Right panel: Finding chart of the same region with ’a’ for the UV source and
numbers (HI patches). The ellipse indicates the fitted radius to the green spline in the left panel (the
corresponding measurements are in italic in Table 9).

Table 9: Detailed measurements of Region 42

Rg al 8.63
δ/δ0 0.27
FUV center (J2000) 1h 34m 43.099s 31◦12′33.25′′a

FUV flux (10−15 ergs cm−2 s−1 Å−1) 1.44a

Nbg (1021 cm−2) 1.0
NH I (1021 cm−2) 1.491 , 1.562 , 1.473 , 1.374 . 1.735 , 2.346 , 1.607 ,

1.598 , 0.51

G0 0.771 , 0.142 , 0.143 , 0.094, 0.065, 0.046, 0.047 ,
0.038 , 0.07

G/Gbg 18.631 , 3.432 , 3.423 , 2.074 , 1.395 , 0.996 , 0.997 ,
0.668 , 1.68

n (derived, in cm−3) 2271 , 392, 433, 284, 145, 76, 117, 78, 71
Fractional error range 0.19−0.31, 0.21
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Figure 29: M81 figures from Chapter 2, as described in Figure 2.3.
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Figure 30: M81 figures from Chapter 2 (continued).
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Figure 31: M81 figures from Chapter 2 (continued).
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Figure 32: M81 figures from Chapter 2 (continued).
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Figure 33: M81 figures from Chapter 2 (continued).
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Figure 34: M81 figures from Chapter 2 (continued).
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Figure 35: M81 figures from Chapter 2 (continued).


