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Abstract In this work we quantify the degree to which star-forming mgeare
clumped. We apply a precise and accurate technique to eddctlie correlation
dimensionD. of the distribution of HIl regions in a sample of disk galaxi®©ur
reliable results are distributed in the rangb &£ D¢ < 2.0. We get significant varia-
tions in the fractal dimension among galaxies, contrary taigersal picture some-
times claimed in literature. The faintest galaxies tendistrithute their HIl regions
in more clustered (less uniform) patterns. Moreover, tlethl dimension for the
brightest HIl regions within the same galaxy seems to belsmthlan for the faintest
ones suggesting some kind of evolutionary effect.

1 Introduction

There is clear evidence that gas observed in external gadkoth irregulars and
spirals) follows hierarchical and self-similar patter29] 12, 21, 3, 5]. This frac-
tal picture is consistent with the distribution of star fielahd star-forming sites on
galaxy-wide scales [7, 15, 6, 4, 13, 2]. However, it is noaclehether this kind

of fractal distributions are connected/related or not tme@roperties of the host
galaxies, such as radius, rotation, brightness, morplypktg. In spite of the great
variety of fractal dimension values reported in the litaratfor different galaxies

(for both the gas and the distribution of star forming siteg)st of the authors argue
in favor of a more or less universal picture. In this univédscription, the con-

stancy of the fractal dimension is a natural consequencheofact that the same
physical processes are structuring these systems. Howibeee are some indica-
tions that the situation could be more complicated. Thetéladgimension of the

distribution of HII regions could be different in grand dgsiand flocculent galax-
ies [11], and the brightest galaxies could have fractal disiens higher than faintest
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ones [15, 13]. On the contrary, [7] do not find any correlati@tween the fractal
dimension and the galactic properties, but their uncetitsrare so large that the
robustness of this conclusion is questionable.

Part of the problem that prevents achieving unequivocatksions lies in the
great diversity of analysis techniques used in the liteeaind/or the application
to not large enough samples of galaxies. Here we use a dgrdésdigned method
that has been tested previously on simulated data and #eatycestablishs its ac-
curacy and applicability depending on the sample itself.afply this method to
the most complete sample of galaxies that we have founderatiire expecting to
draw significant conclusions regarding this matter.

2 Fractal dimension calculation

We use the correlation dimension [10] which gives robustltesvhen dealing with
distributions of points in space. First we have to calcutateelation integraC(r)
which represents the probability of finding a point withinghere of radius cen-
tered on another point. For a fractal €4t) scales at smatl as

C(r) ~rPe | 1)

beingD. the correlation dimension. When evaluati@@) for real data this power-
law behavior is valid only within a limited range ofvalues. For relatively small or
highr valuesC(r) deviates from the expected behavior ahdtends to be underes-
timated. We have developed an algorithm (see details ingh8][19]) to calculate
D¢ which implements objective and suitable criteria to avaahiboundary effects
and finite-data problems at small scales. Moreover, theridhgo estimates an un-
certainty associated . by using bootstrap techniquesyf)-

An important point is the dependence of the measured diroemsi the sample
size because many times the number of available data psirathier small. Figure 1
shows what happens when the calculation is done orsdh®e set of simulated
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Fig. 2 Left panel: positions (units are in kpc) of the HIl regionsNiGC 6946. The dashed line
circle indicates the radiugzs. Right panel: the calculated correlation intedeét) for NGC 6946.
The lower limit of the best linear fit (solid line) is indicatéy the vertical arrow.

fractalsbut randomly removing points to reach smaller sample diz&lince we are
dealing exactly with the same original data, the observededsing in the average
D. value with decreasindyl have to be attributed exclusively to sample size itself.
Thus, our algorithm is able to estimate the fractal dimemgica reliable way when
applied to random subsamples of fractal distributions afifspbut if the sample size
is too small N < 100) a bias tending to underestimate the dimension is pextiuc
The existence of this bias is related to the random variatiorthe simulated (or
observed) data set and not related to the uncertaintiesinlétermination oD
(TGboot)- The latter ones are always smaller than the error barsjarEil.

3 Results

We have used VizieR and ADS databases, in conjunction welp#pers [8] and
[9], to search for catalogs of external galaxies contairuogitions of HIl regions
available in machine readable format. We found a total of@f&kgalaxies with po-
sitions for at least 50 HIl regions. We have also included diat 8 irregular galaxies
with HII positions provided by D. Hunter [17]. The propetief the selected galax-
ies are listed in Table 2 of [19] available through VizieR &% This table contains
the galaxy name, Hubble type, positiprand inclination angles, morphological de
Vaucouleurs typ@, arm clasd, distanceD, B-band absolute magnitudiés, radius
of the isophotal 25 mag/arcseR,s, and the maximum rotation velocivfq. The
deprojected positions of the HIl regions for the sample df @&k galaxies, which
can be seen in Figure 3 of [19], are also available througleRiz

Figure 2 shows the result for one example galaxy. The le&t gahel in this figure
shows the distribution of HIl regions in NGC 6946. The rightespanel shows the
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corresponding correlation integr@l(r). The vertical arrow indicates the value of
r below whichC(r) is poorly estimated [18, 19]. The rest of the data exhibits a
characteristic fractal behavior. The slope of the beswlirfét givesDg, in this case
Dc=1.75.

The result of calculating the correlation dimension of tlribution of HIl re-
gions in the full sample of galaxies is shown in Table 3 of [(@o available via
VizieR). Figure 3 shows the calculated correlation dimendor all the galaxies
in the sample as a function of the number of available datatpoiVe see that as
N(HIl) decreases, the uncertainties increase and the obtainehsions are sub-
stantially more spread out toward lower values. This trenadry similar to the
behavior shown in Figure 1. It is clear that at least part &f trend is due to a bias
in the estimated value @ for galaxies with small number of HIl regions. To over-
come this bias, we focus our analysis on galaxies having thare200 HII regions
(46 spiral galaxies). The average fractal dimension inghge iSD¢) = 1.81 with a
standard deviations @f = 0.14, and the averag® is ~ 0.03. By considering the
associated uncertainties we can say thatthgalues do differ among themselves.

3.1 Dependence on galactic properties

To examine possible correlations we propose, in a first appration, a linear
model linking all variables and we evaluate its “goodness’ the Akaike’s In-
formation Criterion [1]. This criterion not only rewards gadness of fit, but also
includes a penalty that is an increasing function of the nemab free parameters
to be estimated (discouraging overfitting). Then, starfiogn a linear regression
model based om variables we apply a stepwise regression process to sélect t
subset of variables providing the best model. We begin viighviariabled, A, Mg,
Ros, Viot, and another variable that we have called the average sudeuwsity of
star forming regionsN(HII)/R%s). The application of this procedure using tRe
environment for statistical computing [16] yields thag andR,s represent the best
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Fig. 4 Positions of the HIl regions in NGC 6946 for high, medium, &l brightness regions, for
which the resulting fractal dimensions wedg = 1.64,D. = 1.82, andD. = 1.79, respectively.

linear model fitting the data:
D. = —(0.069+ 0.025Mg — (0.006+ 0.003)R5+ 0.456 . 2

The overall fit is significant at the confidence level of 95% #relregression coef-
ficients of the variableMg andRy5 are significant at the confidence levels of 99%
and 95%, respectively.

According to our result®. correlates withMg and, to a lesser extent, witkps.
Brightest galaxies have fractal dimensions higher thaméai ones, while [7] find
a pure scatter diagram when comparibhgandMg which, together with the lack of
correlation with other properties is used as argument fagaa universaD. value
in spiral galaxies. In contrast, [15] and [13] report the sanend in their samples
of dwarf galaxies, i.e. the highest fractal dimensions ffier brightest galaxies.

3.2 Possible evolutionary effects

We have analyzed the dependencégfon the brightness of the HIl regions. We
first selected galaxies from the sample for which we have aiatdll region bright-
ness and a sample sizeMfHIl) > 600. There are 9 galaxies in our sample fulfilling
these requiriments. We divided them in three equal subsesygptered in descend-
ing brightness: the brightest HIl regions, the medium hbrigies, and the faintest
ones. Figure 4 shows the resulting distributions in thexgaGC 6946. It can be
seen that the obtainét values are consistent with the appearance of the Hll region
distributions. The high brightness map has a relativelylsbavalue ¢ 1.6) that
corresponds to a more irregular distribution having clurapd/or filaments sepa-
rated by low density (or empty) regions. The medium and logtiness maps have
higherD. values ¢ 1.8) corresponding to more homogeneous distributions. We re-
calculatedD. for each case and found that for 7 of the 9 galaXigss smaller for

the brightest HIl regions than for the rest of the data. Thghtest regions should re-
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flect, in a first approximation, the initial distribution abs-forming regions in each
galaxy. It seems likely from our results that some kind ofletionary effect tends
to randomize (homogenize) in some degree the initial distions of HIl regions.

4 Final remarks

There are many other galactic properties from wHighcould depend, such as star
formation activity, mass, age, metallicity, or a combinatiof them. It has been
suggested that the fractal dimension of the distributiostaf-forming sites could
be increased during the star formation process [4]. Regexttitansition scale from a
lower to a higher correlation dimension has been suggestagassible explanation
for the wide range of observdd; values [14]. Obviously, a more complete analysis
including more galactic variables and a wider and more diwaample of galaxies
would be necessary in order to obtain a clearer picture.
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