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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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70 Cloud comparisons and the Star Formation Law in M33

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,

NHI =
7.8×1020

δ/δ0
ln

[

1+
106G0

n

(

δ

δ0

)

−1/2
]

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.




