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Abstract. We investigate spatial the distribution of the intrinsic extinction in the starburst dwarf galaxy NGC 1569 creating an
extinction map of the whole galaxy derived from the Ha/HS emission line ratio. We differentiate the extinction in the H n regions
from the extinction of the diffuse gas. The intrinsic extinction shows considerable variations over the plane of the galaxy, from
negligible extinction up to highest values of Ay = 0.8 mag. The extinction map shows small scale clumpy structures possibly
due to a clumpy dust distribution. We also identify in this map a shell structure, for which we establish a causal relation with the
expanding gas structure produced by the stellar winds coming from the Super Star Clusters (SSC) in the center of the galaxy.
The comparison of the spatial profiles of the extinction, dust and gaseous emissions crossing the border of the shell shows a
layered structure; the peak of this Ha distribution lying closest to the SSC A, followed outwards by the peak of the extinction
and at a still larger distances by the bulk of the atomic gas. We suggest that the extinction shell has been produced by the SSCs
and that it can be explained by the accumulation of dust at the border of this ionized gas structure.
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1. Introduction

Interstellar dust is an ubiquitous and important component of
the interstellar medium. It can be studied through its emission
or through the extinction it causes. In order to learn something
about the dust properties and its distribution, good observa-
tions of the total galactic Spectral Energy Distribution (SED)
are necessary (e.g. Popescu et al. 2000, Misiriotis et al. 2001;
Tuffs et al. 2004) to constrain the dust heating and emission.
The detailed observation of the dust emission has been difficult
so far because of the poor transmission of the atmosphere. The
heating of the dust is mainly due to the UV emission for which
data has been lacking as well. Observations from GALEX and
SPITZER are presently producing improvements (see, for ex-
ample, Rowan-Robinson et al. 2005), which will soon be com-
pleted with the European spatial missions HERSCHEL and
PLANCK.

The extinction towards extragalactic sites of star forma-
tion is usually being obtained from integrated measurements
of the emitted fluxes coming from the Hu regions associated
to these zones. The most extended way of obtaining the ex-
tinction of the light coming from an Hm region is based on
the comparison of the Ha and HB recombination line fluxes
(Caplan & Deharveng 1985, 1986; Maiz-Apellaniz, Pérez &
Mas-Hesse 2004), other estimates include radio—continuum
measurements (e.g. Churchwell & Goss 1999; Viallefond, Goss

Send offprint requests to: M. Relafio

& Allen 1982) and wavelenghts in the Far—Ultraviolet (FUV)
and Far—Infrarred (FIR) ranges (e.g. Bell et al. 2002).

Comparison of the observations in the FIR/UV/Ha in a
sample of Hu regions in the LMC shows that, although there is
a spatial correlation between the emission in the FIR and He,
implying a relation between the presence of the dust and the
sites of star formation, the FIR and Ha emissions do not cor-
relate spatially with the UV emission (Bell et al. 2002). These
authors suggest that as the ionizing stars age (i.e. implying they
do not emit more ionizing flux but they can still emit a sig-
nificant fraction of UV flux), the distribution of the dust can
decouple from the distribution of the ionizing stars due to the
dispersal of the dust by the cumulative effects of stellar winds
and supernovae. Thus, only young, ionizing stars are found to
be spatially correlated with the dust emission whereas more
evolved stars (though still emitting in the UV) are not.

The observed Ha extinctions estimated from the Balmer
decrement are usually lower than the extinctions estimated
from the comparison of the Ha and radio—continuum fluxes
(Caplan & Deharveng 1986; van der Hulst et al. 1988). The
effect is generally being attributed to inhomogeneities in the
interior of H regions, which bias the extinction derived from
the Balmer decrement towards lower values. The density in-
homogeneities within the Hu regions have been modelled by
Giammanco et al. (2004). However, observational evidence to
explain the differences in extinction via inhomogeneities in
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the interstellar medium is still missing and observations with
higher resolution are necessary to treat this issue.

Although it is tradionally known that dwarf galaxies have
low metallicities and small amounts of dust, the distribution of
the dust content within them can be strongly influenced by the
star formation activity occurring in their interiors: (i) around
sites of recent strong star formation there will be high UV-
ionizing radiation fields that modify the dust properties in the
surrroundings; and (ii) the evolved stars produce stellar winds
and supernovae which interact with the interstellar gas and
dust, modifying their distributions within the galaxies.

We investigate this issue in the nearby dwarf galaxy
NGC 1569 by studying the extinction distribution over the
whole disk of the galaxy. NGC 1569 is located at a distance
of 2.2 Mpc (Israel 1988), which allows an adequate spatial res-
olution to study the structure of the interstellar gas and dust
in its interior. Although it has a low Galactic latitude, which
implies significant contamination by foreground Galactic ex-
tinction, its violent star formation and starburst phase makes
it a very good object to study the relation of the emission and
extinction of the dust with star formation. Values for local ex-
tinctions have been derived previously, revealing that the in-
ternal extinction within the galaxy is generally not very high.
Devost, Roy & Drissen (1997) found a mean intrinsic value of
Ay=0.65 mag, and Gonzalez-Delgado et al. (1997) obtained,
close to the center of the galaxy, Ay=0.37 mag. Similar val-
ues were found by Origlia et al. (2001), Ay=0.47 mag, and
by Kobulnicky & Skillman (1997), who found values of Ay
from 0.0 to 0.8 mag at different positions. In spite of the nu-
merous studies which give a value for the internal extinction
within NGC 1569, in none of them a map of the extinction for
the whole galaxy has been obtained. The star formation history
of NGC 1569 has been studied by e.g. Greggio et al. (1998),
who showed that this galaxy experienced a global burst of star
formation (SF) of >0.1 Gyr duration which ended ~5-10 Myr
ago. During this period the Super Star Clusters (SSC) A and B
were formed (see Hunter et al. 2000). Gonzalez-Delgado et al.
(1997) present spectroscopic observations that suggest sequen-
tial star formation within these SSCs. The lack of ionized gas
around the SSCs was ascribed by these authors to strong stel-
lar winds and supernova explosions of the older burst, which
expelled the gas from the vicinity of the clusters. Using long-
slit spectroscopy, Martin (1998) identified an expanding shell
of ionized gas centered at the central Star Clusters A and B of
the galaxy.

In this paper we present high resolution He and HB images
of NGC 1569 from the Hubble Space Telescope data archive.
The good quality of the data allows us to study the Ha extinc-
tion from the Balmer decrement at a very high resolution and
produce a complete map of the extinction for the whole disk in
this galaxy. In order to further analyze the extinction distribu-
tion, we have compared it to HI data, observations at 850 yum
and CO data. Our aim here is to study the internal variations of
the extinction in the whole dwarf galaxy and relate them to the
strong effects (stellar winds and supernovae) of the star forma-
tion events.

2. Data from the Hubble Space Telescope
2.1. Data Reduction

NGC 1569 was observed in the He and HB emission lines on
the 23rd of September of 1999. The WFPC2 camera in the
Hubble Space Telescope (HST) observed NGC 1569 with three
filters; two narrow ones, F656N and F487N, with effective fil-
ter widths of 28.3A and 33.9A, respectively, and a wider filter,
F547M, with a width of 483.2A. The first two were used to iso-
late the Ha and HB emission of the galaxy, while the third one
was used for the continuum subtraction of the Balmer emission
lines. The plate scale of the instrument is 0.09”/pix, which cor-
responds to 0.96 pc/pix at a distance of the galaxy of 2.2 Mpc.
Since the Hae and HB emission line redshifts are ~2A, they were
observed close to the center of the transmission filters. The ob-
servations for the F656N filter consist of 4 exposures of 400 s,
for the F487N filter of 4 exposures of 800 s, and for F547M of
2 exposures of 30 s. The data reduction of the observations in
Hp is the same as that for Ha, thus we will explain here only
the reduction for one of these observations. We started with the
calibrated data from the HST archive which already have the
bias and flatfield subtraction.

The four F656N exposures were aligned and combined,
then cosmic rays were rejected using the STSDAS package
crrej of the IRAF program. The WFPC2 mosaics were con-
structed using the task wmosaic. The same procedure was per-
formed for the two exposures with the F547M filter and re-
sulted in two image mosaics for the F656N and F547M obser-
vations. Using the keyword ORIENTAT in the image header
we orientated the images in the North-South direction.

The He on-line (F656N) and continuum (F547M) images
were aligned using positions of field stars in both images and
the scaling factor for the continuum subtraction was obtained
using aperture photometry of these stars. The mean ratio of the
continuum/on-line fluxes is 0.88, with a standard deviation of
0.17. We finally chose a scaling factor of 0.84 which gives the
minimal residuals below 1o of the background emission after
the continuum subtraction. A change in the scale factor of 0.17
produces an uncertainty in the Ha flux of the H regions less
than 2%. We estimate a contribution of the nitrogen emission
line [Nu]16548 through the filter profile F656N expected to be
less than 1% in the Ho measured flux. The same procedure was
followed for the HB observations The scale factor obtained is
1.27+0.10, and we finally chose a scale factor of 1.09. Changes
in the scale factor of 0.1 produce an uncertainty in the HS flux
of less than 6%.

2.2. Calibration

The On-The-Fly reprocessing system implemented by STScl
ensures a calibration with the best—available reference files.
Thus, the header keyword PHOTFLAM, defined as the mean
flux density that produces a count rate of 1 s~!, from the archive
images should have the most appropiate value. For this study,
we checked the PHOTFLAM keyword of the narrowband im-
ages, obtaining a synthetic value from the SYNPHOT pack-
age, which reproduces the photometric parameters of an indi-
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Fig. 1. Continuum—subtracted He emission of the galaxy NGC 1569.
The pixel scale is 0.09”/pix and the Point Spread Function of the field
stars has a FWHM of 0.3”.

vidual observation. The task bandpar in the SYNPHOT pack-
age give the modified PHOTFLAM keyword (URESP) and the
effective filter width. In Table 1 we show the values of the
PHOTFLAM keywords of the retrieved images and the mod-
ified values, URESP. Differences between both values are min-
imal and we finally used URESP for our calculations.

In order to check our calibration we compared our
results with the integrated Ha flux of the Hm regions
of NGC 1569 catalogued by Waller (1991). Using his
estimated radius for each Hu region (see Table 3 of
Waller 1991), we integrated the emission of the continuum-
subtracted Ha image within the corresponding radius. The to-
tal count number for each Hu region is then multiplied by
1.473x10 "%counts ™! erg s~' cm™2A~!(URESP) and 28.3A (fil-
ter width), and divided by the total exposure time, 1600 s.
The Ha fluxes for the most luminous Hiu regions coincide
to better than 90% with the values given by Waller (1991)
and the total Ha flux integrated within the Holmberg radius
of the galaxy (1.4’, from de Vaucouleurs et al. (1991); RC3)
is 2.07x107 " ergs~! cm™2 s7!, close to the value obtained by
Waller, 2.04x107"ergs™' cm=2 s7!. In Fig. 1 we show the
continuum-subtracted Ha emission of the galaxy NGC 1569.

3. Extinction Maps
3.1. Influence of the stellar absorption

Before studying the extinction in the whole disc of NGC 1569
we have to take into account the influence of the underlying
stellar absorption. This phenomenon can locally affect the cal-
culation of the extinction. While for young hot stars, as those
which are located within the Hm regions, the influence of the
stellar absorption is expected to be small, for more evolved
stars it can be important. In order to asses the problem we have
created a map of the HB Equivalent Width (EW) within the
whole face of NGC 1569 which is shown in Fig. 2. We find
values of EW~25-50 A at the position and in the vicinity of
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Fig. 2. Map of the logarithmic HB equivalent width of NGC 1569. The
bar shows the greyscale for the values of the EW in A. The circled
crosses show the location of SSC A and B.

the SSCs A and B. In the rest of the galaxy we find values
higher than 125A and up to ~250A in the center of the Hn
regions. These values agree with those obtained previously by
Kobulnicky & Skillman (1997) using spectrophometry at sev-
eral locations across NGC 1569 and by Devost et al. (1997),
who presented spectroscopic data located at the positions of
the most luminous H i1 regions.

In order to estimate the extinction correction by the stel-
lar absorption we refer to the value of EW=1-2A derived by
Kobulnicky & Skillman (1997) in NGC 1569. We have esti-
mated the correction due to the stellar absorption in our mea-
sured HB flux using three measurements for the EW of 1A,
1.5A and 2A, all of them in the range used by Kobulnicky
& Skillman (1997) and including the estimate of Gonzalez-
Delgado et al. (1997) who derived a stellar correction of 1A
for NGC 1569. We then generated maps of the HB flux cor-
rected by IA, 1.5A and 2A EW.

In the bulk of the diffuse ionized gas (see section 3.2.1) the
extinction correction for the underlying stellar absorption in the
worst case of an EW correction of 2A, can be up to ~-0.06 mag.
Within the Hu regions (see section 3.2.2) and for the same EW
correction, we obtain HB flux corrections of a factor of ~1.02,
yielding an upper limit for the correction in the Balmer extinc-
tion of only ~-0.05 mag. Should we have included in addition
the correction for the measured Ha flux, the final correction
in the Balmer extinction would be less than this estimates. The
EW due to the stellar absorption can be significative higher than
2A (see table 5 of Gonzalez-Delgado, Leitherer & Heckman
1999) for an stellar population older than 4Myr. Using the
values of the EW given in Fig. 2 and models of Starburst99
(Leitherer et al. 1999; for an instantaneous starburst, Salpeter
Initial Mass Function and Z=0.004), we obtain that the stars
located at the position of the Hu regions are younger than 3-
4 Myr. Thus, the value of EW=2A is a reasonable upper limit
for the EW due to the underlying stellar absorption. The extinc-
tion corrections at detailed positions within the face of galaxy
are further discussed in section 5.1.
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Table 1. Calibration keyword values of the Ho and HB narrowband images.

Filter = Emission Line PHOTFLAM?

URESP*

Filter Width®  Total Exposure (s)

3.964x10716
1.473x10716

F487N HpB
F656N Her

3.966x107'¢
1.473x10716

339
28.3

3200
1600

o

@ Units of counts™' ergs™' cm™?A~".
b Units of A.

At the positions of the SSCs A and B, giving their age,
T >7 Myr (e.g. Hunter et al. 2000, Gonzalez-Delgado et al.
1997), which implies the presence of evolved stars, the Balmer
decrement is so strongly affected by stellar absorption that a
correction is difficult. The extinction there can best be derived
by spectroscopy. Kobulnicky & Skillman (1997) did this and
found values of Ay, = 1.3 at the position of the SSC A and
B. This corresponds to the value of the Galactic extinction as-
sumed here (see section 3.4) and shows that the intrinsic ex-
tinction at the position of the SSCs is negligible.

3.2. Method to calculate the extinction

The procedure to obtain the Ha extinction from the Ha and
Hp emission line fluxes is well known and explained e.g. in
Caplan & Deharveng (1986). These authors assume that the
Balmer lines are produced in thermodynamical equilibrium
conditions and that departures from the theoretically expected
value for the Ha/Hg ratio is produced by extinction of the light
due to a screen of homogeneously distributed interstellar dust.
Assuming a standard extinction curve (Ry=3. 11, these authors
derived the following expression for the extinction of Ha pro-
duced by such a dust screen distribution:

Ha/HB )

2.859t0.7 M

Ape(Balmer) = 5.25 x loglo(
where Ha/Hg is the ratio of the observed Ha and HB emission
line fluxes, #, the electronic temperature in units of 10* K, and
2.85 represents the expected Ha/Hp ratio for case B recombina-
tion at T=10* K and electron density of 100 cm~>(Brocklehurst
1971).

Using the high resolution Hao and HB HST images, we ob-
tain a map of the Ha/Hg line ratio of NGC 1569. We first elim-
inated in both images (noisy) pixels that had an intensity level
below three times the r.m.s.. The result is shown in Fig.3. We
see that the Ha/Hg line ratio is above 2.85 practically every-
where across the galaxy, indicating the presence of extinction.
Furthermore, very small-scale variations of the ratio are notice-
able in this figure and will be further discussed in Sect. 5.2.

Since here we are interested in the distribution of the ex-
tinction at the global scale of the galaxy, we have smoothed
our high-resolution (~0.3”) HST images to a lower resolution
of 6", corresponding to ~65pc in NGC 1569. This is the scale
of the kinematic features observed by Martin (1998) within the

! R=3.1 is used throughout this paper to calculate the extinction.
It has been claimed that there exist different extinction laws for other
lines of sights or other galaxies (Calzetti 2001), but we will use here
the standard value.
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Fig. 3. High resolution (0.3”) He/Hg line ratio map obtained from the
continuum-subtracted He and HB images. The bar shows the grayscale
for the values of the Ha/Hg line ratio.

galaxy and a good compromise to improve our signal-to-noise
but still keeping information at a reasonable spatial resolution.
In Fig. 4 we show the smoothed (6”") HB image with smoothed
Ha intensity contours overlaid. The two most intense peaks
correspond to Hm regions 2 and 7 in Waller (1991). Apart from
the emission coming from H 1 regions, we can see wide-spread
diffuse emission, as previously detected by Waller (1991). In
the following, we will discuss the extinction in these two differ-
ent regimes separately, because of two reasons: (i) The physical
conditions can differ for the two gaseous components and (ii)
the diffuse emission might be partly contaminated by shock-
ionization in contrast to the emission in Hu regions, which is
produced by photoionization.

3.2.1. Derivation of the extinction of the diffuse ionized
gas

The diffuse Ha emission is known to be more extended and
with a lower surface brightness than the emission coming from
Hu regions. In order to separate the two components, we es-
timate the limit of the diffuse ionized emission of the galaxy
from the frequency distributions of the Ha emission at sev-
eral positions. We explain here the results obtained from the
high resolution data (Fig. 1); for the smoothed (6”") Ha emis-
sion map an analogous procedure was followed. In Fig. 5 we
show the frequency distribution of the Ha surface brightness
for a zone of the galaxy which includes an Hu region and an
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Fig. 4. Smoothed HB image at 6” resolution, overlaid with contours of
the Ha emission.
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Fig. 5. Frequency distribution of the Ha emission in a box of the high
resolution Ha image (Fig. 1), which includes both an isolated H 1 re-
gion and a more extended diffuse emission. The surface brightness
units are in counts/pixels. The points with very high surface bright-
ness and low frequency correspond to the emission of the Hu region,
while the points with low surface brightness and high frequency cor-
respond to the diffuse emission outside the H i1 region.

extended zone outside the H 1 region. In this figure we can sep-
arate two components: the diffuse ionized emission is char-
acterized by a low surface brightness with high frequencies
which are decreasing rapidly towards higher surface bright-
ness, whereas the emission of the Hm regions has a high sur-
face brightness but with lower frequencies and a flat distribu-
tion. From Fig. 5 we adopt 80 counts/pixel, which corresponds
to an Ha flux of 2.1x107 "% ergs™' cm™2, as an estimate for the
transition value between both regimes and as an upper limit
for the diffuse ionized emission. As a test, we integrated the
emission of the galaxy below 80 counts per pixel within the
size of the galaxy (1.4, from RC3) and obtained a flux of
5.2x107 2 erg s~! cm™2, which corresponds to 25% of the total
Ha flux of NGC 1569. This fraction coincides with the limits
to the diffuse ionized gas emission of low Ha luminosity spiral
galaxies obtained by Zurita et al. (2000).

After isolating the emission below 2.1x107®ergs™! cm™

we can create a map for the Ha extinction in the diffuse gas
using Eq. 1 and adopting appropriate physical conditions for
this regime. Reynolds & Cox (1992) give a typical tempera-
ture of 6000 K for the warm ionized gas taking into account
grain heating. A study of the Local diffuse gas by Haffner et
al. (1999) showed that the warm ionized medium in the Galaxy
can have temperatures in the range of 6000 to 10000 K, increas-
ing from faint to bright Ha emission. Following these studies,
we will adopt a temperature for the diffuse ionized gas (DIG)
of 6000 K. A change of 2000 K in the temperature would imply
an error of 0.05 in Apg,.

A further source of error in the derivation of the extinction
is the possible shock-excitation of part of the diffuse ionized
gas in addition to the photo-ionization on which Eq. 1 relies.
Long-slit spectra observations of 14 dwarf galaxies including
NGC 1569 carried out by Martin et. al (1997), suggest that
the dominant excitation mechanism of the DIG is photoion-
ization, although a significant contribution (up to 30%-50% of
the emission) from shock-excited gas is also noted. With this
value as a guide and the Ha/Hp line ratio given by Dopita &
Sutherland (1996) of 3.2 for a shock velocity of 150kms~!
we can estimate the error produced. Assuming a contamination
from shock-excited gas of 40% in the Ha/Hg line ratio (Martin
et al. 1997), we estimate a difference in extinction of —0.1 mag
with respect to pure recombination. For lower velocity shocks
of ~ 50kms~!, we extrapolate Table 8 of Dopita & Sutherland
(1996) and derive a value of the He/Hp ratio of ~3.4; this gives
a difference of —0.15 mag in Ay,. Thus, in the worst case, as-
suming pure photoionization, we could be overestimating Ap,
by 0.15 magnitudes in sites where shocks are present.

3.2.2. Derivation of the extinction towards the Hu
regions

Hu regions are defined in our images, as described in the
last section, as those regions where the surface brightness lies
above 1.0x107'* (ergs™' ecm™2) for the 6” smoothed maps.
Within these H 11 regions, we derived the extinction assuming a
constant electron temperature in Eq. 1. Following Kobulnicky
& Skillman (1997), who found an electronic temperature of
T(O**)~12400 K for several Hu regions in NGC 1569, and
assuming a typical difference of ~-1500 K for T(H*), we will
consider an electron temperature of 11000 K for our Hu re-
gions. A change of the adopted temperature by 1500 K would
produce a difference in the Balmer extinction of 0.02 magni-
tudes.

3.3. Extinction maps

The total extinction map Ay, of the diffuse emission is shown
in Fig.6. In this image we have excluded the diffuse outer halo
emission of NGC 1569, with a very low surface brightness be-
cause of (i) the uncertainty in its temperature, which can be
different from the one of the diffuse interstellar medium in the
disk and (ii) it would require a study of the outer galaxy halo,
which is out of the scope of this paper. We have derived the
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Fig. 6. Extinction map of the diffuse Ha emission in NGC 1569 ob-
tained from the ratio of the Ha and HB emission fluxes. The resolution
of the image is 6”. The letters refer to the position of the Star Clusters
A and B, and the bar shows the grayscale for the values of the extinc-
tion Ap, in magnitudes.

limits in surface brightness for the halo from the mean Ha and
Hp emission in the western arm of the galaxy, plus three times
the rms of the emission in this zone. In the extinction map in
Fig.6 an internal structure is clearly visible with typical values
between 1.0 mag and 1.4 mag.

In Fig. 7 we show the extinction for the Hu regions. The
most prominent visible structure is the arc formed by the high-
est values of extinction, which resembles a shell located near
the position of Hir region 2 of Waller (see Fig. 4). A further
extinction maximum coincides with Hu region 7 of Waller.
The maximum extinction within the shell structure is located
towards the western side of Hu region 2. This shell structure
matches very well with the complex C found by Martin (1998)
expanding from the center of the positions of the Star Clusters
A and B. As we will see later, the expanding shell affects the
extinction values derived for this galaxy. The minima in Fig. 7
match the positions of the Star Clusters A and B, coinciding
with the hole in HI detected by Israel & Driel (1990). We have
not estimated the extinction at the position the two SSCs be-
cause of the effect of the corresponding stellar absorption fea-
tures of the clusters, and the very low surface brightness of the
ionized gas there (see section 3.1)..

Finally, in Fig. 8 we show the extinction map as a combina-
tion of the extincion maps for Hu regions and the diffuse gas,
overlaid with the extinction contours. The shell in extinction
is clearly seen for extinction values higher than ~1.5 magni-
tudes. Nevertheless, the exact range adopted for the extinction
variation within the galaxy in Figs. 6, 7, and 8 must take into
account the correction due to the underlying stellar absorption,
as discussed in section 3.1.
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Fig. 7. Extinction map (6”) for the H 1 regions in NGC 1569 obtained
from the ratio of the He and HB emission fluxes. The letters refer to
the position of the Star Clusters A and B and the bar has the same
meaning as in Fig. 6.
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Fig. 8. Extinction map (6”) for the galaxy NGC 1569 obtained as a
composition of the extinction for the diffuse gas and the Hu regions.
The extinction contours are at Ay, =0.9, 1.1, 1.3, 1.5, 1.7 magnitudes
and the bar shows the adopted grayscale. The extinction values could
be overestimated up to a maximum of 0.05 mag due to the underly-
ing stellar absorption (see section 3.1). For the maximum uncertainties
due to changes of the physical conditions of the ionized gas see sec-
tions 3.2.1 and 3.2.2.

3.4. Galactic and intrinsic extinction towards
NGC 1569

Due to the relatively low galactic latitude of NGC 1569, part
of the extinction we have derived comes from the Galaxy. The
study of the Galactic contribution to the extinction has been
carried out by several authors. Following Burstein & Heiles
(1984) the foreground extinction for NGC 1569 is Ag=2.03,
which corresponds to Ay=1.53 (following the extinction curve
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of table 4 in Draine 2003). Schlegel, Finkbeiner & Davis (1998)
give higher Galactic extinction, Ay(Gal) =2.32. On the other
hand, Israel (1988) found a value for the Galactic reddening of
E(B-V)=0.55, which gives, adopting R=3.1, Ay=1.71.

Devost et al. (1997) studied the extinction across the face of
NGC 1569 and found Ay = 1.61 £ 0.09 due to our own Galaxy
and a mean intrinsic extinction of < Ay >jnginsic= 0.65 % 0.04.
He obtained values for the total Ay between 1.9 and 2.6 mag-
nitudes (see his Fig. 5), which corresponds (following the ex-
tinction curve of table 4 in Draine 2003) to values of Ay, of 1.6
and 2.0 magnitudes, similar to the values obtained in this paper
(see Fig. 7). Gonzalez-Delgado et al. (1997) found an intrinsic
extinction of Ay=0.37 at about 8" to the northwest of SSC A
and a total extinction at this position of Ay=2.08, which cor-
responds to Ay,=1.62, similar to the value found here at this
position (see Fig. 8). Origlia et al. (2001) obtained a Galactic
contribution to the extinction of Ay=1.71 (Ag,=1.33) and an
intrinsic extinction of Ay=0.47 (An,=0.37) close to the SSC
A. Variations of the intrinsic extinction in NGC 1569 were
found by Kobulnicky & Skillman (1997) with long-slit opti-
cal spectrophotometry. They found values for Ay from 0.0 to
~0.80 magnitudes (Ap, ~0.6) showing that the intrinsic ex-
tinction in NGC 1569 is clearly not spatially constant. Both,
the values and the spatial distribution of the intrinsic extinction
found by them agree with our results.

We will adopt here a value of the Galactic extinction of
Ay = 1.64 (Ay, = 1.28), a mean from the Ay values provided
by Israel (1988), Origlia et al. (2001), Devost et al. (1997) and
Burstein & Heiles (1984). We do not include here the Galactic
extinction given by Schlegel et al. (1998), since it is above
the values derived for the fotal extinction by most of the other
authors. Therefore, we think that it must be an overestimate
for the Galactic extinction at the position of NGC 1569. As a
conservative estimate of the uncertainty of this mean value we
adopt the difference between the mean and the extreme values
considered, yielding 0.09 mag. The value for the Galactic ex-
tinction assumed here coincides well with the lower limit of
the extinction derived by us. The only places where our extinc-
tion is below this limit is (i) at the position of SSC A and B
and (ii) at places of very low S/N of He and HB emission. As
stated above, the extinction derived at the position of the star
clusters is not reliable because of the substantial stellar absorp-
tion, yielding an unreliable Ha/Hp ratio. We assume here the
extinction values obtained by Kobulnicky & Skillman (1997),
Ap, = 1.3 at the position of the SSC A and B, which shows
that the intrinsic extinction at the position of the SSCs is neg-
ligible and much lower than in the shell region surrounding
them. Even though we have excluded in our analysis the po-
sitions in the map with a very low surface brightness in Ha
and Hg the error in the regions with the lowest emission is still
relatively large (~0.3mag). Taking into account this error, the
value for the extinction found here agrees with the lower limit
of the Galactic extinction.

Once subtracted the Galactic emission we found that in
many regions of the diffuse emission there is non-measurable
intrinsic extinction. The maximum values obtained for the in-
trinsic Balmer extinction within the Hn regions is 0.6 mag.
Also Kobulnicky & Skillman (1997) found a pronounced in-
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Fig. 9. Composed extinction map (6”) obtained from the ratio of the
Hea and HB emission fluxes with contours overlaid of the Ha emission
at a resolution of 6”. The bar has the same meaning as in previous
figures and the extinction uncertainties are given in Fig. 8.

crease of the extinction along the slit towards the North and
West of the SSC A and B, consistent with the position of
our shell shown in Fig. 8. This shows that although globally
NGC 1569 has a low average intrinsic extinction, the internal
extinction variation, especially that related to the shell struc-
ture, is substantial and it will be discussed in section 5. As
we have pointed out before, extinction laws different from the
one used here have been derived for other starburst galaxies,
and this fact would produce a change of the absolute values of
the extinction. Although this is an important effect, it will not
change the conclusions of this paper devoted to the analysis of
the relative extinction variations in the galaxy.

4. Extinction structure and the distributions of the
ionized, neutral and molecular gas and dust

In Fig. 9 we show the extinction map of the whole galaxy (com-
bination of the maps for Hu regions and diffuse gas) overlaid
with contours of the Ha emission. Although there is a general
resemblance between Ha and the extinction maps, the latter
shows a much clearer shell structure and the maximum of the
extinction lies westwards of the He maximum of the most lu-
minous H 1 region 2.

In order to compare the distribution of dust emission and
extinction, we show in Fig. 10 the extinction, Ay,, over-
laid with contours of the 850 um dust emission taken from
Lisenfeld et al. (2002) at a resolution of 15”. A certain cor-
relation between the global distribution of the extinction and
dust emission (see e.g. the contour level at 35 mJy/beam) is
noticeable. There seems to be a slight offset of ~ 3" between
the maximum of the 850 ym emission and the maximum of the
dust emission. However, the low resolution of the 850 um data
does not allow us to ascertain whether it is real or not.

The positions of the Giant Molecular Clouds (GMC) found
by Taylor et al. (1999) from observations of the '>?CO 2—1 at
2" resolution, though located close to Hu region 2 (see Fig. 10)
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Fig. 10. He extinction map (6” resolution) with contours of the dust
emission at 850um at a resolution of 15”. Contour values are at lev-
els 15, 25, 35, 45 and 55 mJy/beam. The asteriscs mark the position
of the Giant Molecular Clouds detected by Taylor et al. (1999). The
uncertainties in extinction as given in Fig. 8.

do not coincide exactly with the position of the highest values
of the extinction in this region. The molecular cloud closest
to the peak in extinction, and coinciding with the peak of the
850 pm emission, is GMC 3 of Taylor, which is the least lumi-
nous of the three clouds.

Finally, we have also checked whether there is a relation be-
tween the internal extinction structure of NGC 1569 and its HI
distribution. We have overlaid the contours of the HI intensity
from Stil & Israel (2002) at 13.5” resolution on the extinction
map in Fig. 11. The HI contours mark very well the lowest Ay,
extinction structure surrounding the HI hole at the position of
the SSCs. Furthermore, an HI ridge surrounds the western and
southern part of the extinction shell.

5. Discussion
5.1. Origin of the distribution of the extinction

In Fig. 8, a shell structure marked by the highest values of the
extinction in the north, west and south-westside of the galaxy
can be clearly seen. The shell covers the location of Hu re-
gions 2, 4 and 5 of Waller (1991) and is centered around the
position of the Star Cluster A, with an average radius of 90 pc.
It corresponds to the supershell NGC 1569-C catalogued by
Martin (1998) (see her Fig. 2k), which is centered at the Star
Cluster A and has a radius of 85 pc and an expansion velocity
of 79 kms™!.

We suggest that this shell structure has been formed by
an accumulative deposit of dust in the boundary of the super-
shell found by Martin (1998). To test this scenario, we first
check whether this shell could have been produced by stel-
lar winds coming from the Star Cluster A. Adopting a radius
of 90 pc and a velocity of 79 kms™! for the shell, following
Martin (1998), we obtain a kinematical age for the supershell
of ~ 10° yr, which is thus consistent within the age of the Star
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Fig. 11. Extinction map (Ap,) with contours overlaid of HI inten-
sity from Stil & Israel (2002) at 13.5”. The isointensity levels are in
NHI) = (1.5,2.0,2.5,3.0,3.5,4.0,4.5,5.0,6.0,7.0) x 10>! cm™2. The
uncertainties in extinction as given in Fig. 8.

Cluster A, T >7 Myr, derived by Hunter et al. (2000). Assuming
a SFR of 0.5 Mgyr~!, a Salpeter IMF and the Geneva tracks
with Z=0.001, proposed by Greggio et al. (1998) to explain
the stellar population of NGC 1569, we used the models from
Starburst 99 (Leitherer et al. 1999) to estimate the wind ki-
netic energy produced by Star Cluster A. Taking the theoreti-
cal value of 0.2 given by Dyson (1980) for the efficiency of the
stellar wind to convert its energy into interstellar kinetic energy,
we obtained that the Star Cluster A has injected an energy of
Ex(ISM) = 3.2 x IOSZerg into the interstellar medium. This en-
ergy is higher than the kinetic energy of the shell C, estimated
by Martin (1998) to be Ex(C) = 1.4 x 103%erg. The energy of
the stellar winds can also account for the kinetic energy of the
dust in the shell. Taking the total dust mass of NGC 1569 from
the model of Lisenfeld et al. (2002), My, ~ 1.0 X 10°M)
and assuming, based on the distribution of the dust emission in
Fig. 10 that about 50% of the dust is situated in the shell region,
we estimate the kinetic energy necessary to move this mass to
~80 kms™! to be Ex(dust) = 3.0 x 10°!erg, which is an order of
magnitude smaller than the kinetic energy injected by the Star
Cluster A.

We have only taken into account the kinetic energy de-
posited from the Star Cluster A, which is high enough to move
the shell, but radiative energy, typically two orders of magni-
tude higher, can also contribute energetically to the formation
and expansion of the shell. Martin (1998) has also found that
the star formation in NGC 1569 could power the largest ex-
panding complexes. Based on these arguments we conclude,
that energetically and kinematically the scenario in which SSC
A has caused the observed shell structure is plausible.

In Fig. 12 we show the spatial profiles of the extinction
Ano, He intensity, dust emission at 850 ym and HI column den-
sity. The profiles were obtained starting at the position of SSC
A and going eastwards at PA=90°, thereby crossing the shell at
its maximum in extinction (see Fig. 9). We also include an esti-
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mate of the error in extinction at different positions of the pro-
file due to the uncertainties in the temperature of the gas in the
Hu regions and the effect for the correction by a stellar absorp-
tion of EW=1.5A. The figure reveals a spatial displacement of
the maxima of the different profiles: closest to the position of
SSC A is the peak of the Ha emission (indicating the center of
Hu region 2), followed by the maximum in Ay, which is dis-
placed from the Ha peak by ~ 6” to the west, whereas the max-
imum of the 850 um emission lies somewhere in between. The
low resolution (15””) makes it impossible to ascertain whether
there is a closer relation of the 850 um profile to the dust ex-
tinction or to the Ha emission. However, Lisenfeld et al. (2002)
found a good coincidence of the peak of the dust emission at
1.2mm (with a better spatial resolution of 10”), with the po-
sition of Hr region 2, supporting a close relation between the
cold dust and He emission. Outside the extinction shell is the
peak of the HI distribution, which traces the HI ridge seen in
Fig. 11.

We interpret this distribution as a consequence of dust ac-
cumulating in the outer region of the ionized shell and sur-
rounding a region where ionized gas and dust could be par-
tially mixed. In the more central parts of the Hu region the
dust can be mixed with the gas producing relatively little ex-
tinction, especially if its distribution is clumpy (see the next
section). Therefore, a line of sight in this direction, crossing
only a small layer of the dust-rich shell border, would show
less extinction than a line of sight along the border of the shell.

5.2. Small-scale extinction structure in the Hu regions
and the diffuse ionized gas

At the location of Hu region 2, the Ha/HS emission line ratio
map shown in Fig. 3 has a very clumpy structure with knots
reaching Ha/HpB ~ 6 — 7 located close to zones with values of
Ha/HpB around 4 — 5. These fluctuations cannot be explained
only by noise: in the interior of H1u region 2 the calculated rel-
ative error of the Ha/HpB quotient is between 0.1-0.2, whereas
the measured disperion in the emission line ratio within the
same region can reach 0.5-0.6. Thus, we have fluctuations in
the Ha/Hp ratio that are typically 3-6 times higher than the cal-
culate noise in the map.

In order to quantify the frequency of these fluctuations we
have excluded in Hm region 2 all pixels with values of Hao/Hf
less than 5.0 (corresponding to the Galactic Ha extinction of
1.3 mag). We find that in an box covering the whole H i1 region
2 approximately 30% of the pixels have Ha/Hg ratios larger
than 6.0, corresponding to an intrinsic Ha extinction of 0.4
magnitudes.

We suggest that these fluctuations in the Ha/Hp ratio can
be related to opacity inhomogeneities in the interior of the Hu
regions, most likely due to a clumpy dust distribution. Similar
inhomogeneities in the gas distribution have already been mod-
elled realistically by Giammanco et al. (2004), suggesting that
such a clumpy dust distribution could also be present within the
Hu regions here. We can estimate a limit to the size of these
dust clumps from the spatial scale of the variations observed
in the extinction map. The typical distance between maximum
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Fig. 12. Spatial profiles starting at the position of the SSC A and go-
ing eastwards at a position angle of 90°, crossing the maximum of the
extinction shell. The profiles of I(Ha), I(HI) and 850 yum are shown
normalized to their maxima (in arbitrary units) to compare them with
the extinction profile. Ay, refers to the intrinsic extinction within
NGC 1569 after subtracting the Galactic contribution. The error bars
in the extinction profile are the combination of the errors in the tem-
perature estimate (0.02 mag, see section 3.2.2) and the effect of the
stellar absorption correction by EW=1.5A: -0.08, -0.05, -0.04, -0.04,
-0.02, -0.02 magnitudes at the positions 5, 7.5, 10, 12.5, 15, and 17.5
arcseconds from SSC A, respectively.

and minimum extinction measured in our map is about 1",
which gives a typical linear scale of the dust inhomogeneities
of about 10 pc.

5.3. Variations of extinction per unit gas mass

We have compared the value of the extinction to the HI col-
umn density at various locations of NGC 1569. The variations
of N(HI) over the region of interest in the galaxy are rela-
tively small with values in the range of (3 — 5) x 10*'cm™2,
The intrinsic (i.e. after subtraction of the Galactic foreground
extinction) values of Ay, vary between non-detectable extinc-
tion and 0.6 mag (i.e. Ay = 0.8 mag.). We estimate the un-
certainty in this value to be roughly 0.1 mag, including uncer-
tainties in the calculation of the extinction (0.02 mag, see sec-
tion 3.2.2) and the Galactic foreground contribution (0.09 mag,
see section 3.4). The highest value of the extinction occurs
at the shell surrounding Hu region 2 and the lowest values
coincide with the HI hole south of SSC A and B. Adopting
for the minimum intrinsic extinction an upper limit of 0.2
mag we derive values for the extinction per H atom between
Ao /N(HI) < 0.6 x 10722 mag cm? for the region of the HI
hole and Ay,/N(HI) ~ (1.2 + 0.2) x 10722 mag cm? for the
position of maximum extinction on the shell, corresponding to
Ay/N(HI) = (1.6+0.3) x 10722 mag cm?. We conclude that the



10 M. Relaiio et al.: Distribution of the Extinction and Star Formation in NGC 1569

extinction per HI atom shows a variation of a factor ~2 over the
disk of NGC 1569. The variation of the extinction per hydrogen
particle (ie. including both atomic and molecular gas) might
however vary much less. The maximum extinction at the shell
is close to the position of molecular gas detected in CO (Greve
et al. 1996). The molecular gas mass associated to this cloud
is uncertain due to the poorly known conversion factor in low-
metallicity environment. Adopting a Galactic conversion factor
yields N(H;) = 3 x 10*°cm?, a value more than 10 times lower
than the HI gas surface density results. Lisenfeld et al. (2002)
estimate however that the true conversion factor in NGC 1569
is much higher, giving a molecular column density of N(H,) =
8 x 10?'cm?, slightly higher than the HI column density. In this
case we would get Ay, /N(HI + Hy) = (0.5 +0.1) X 10‘22mag
cm?, similar to the lowest values found for the region of the HI
hole.

This range of values can be compared to the Galactic
extinction per HI atom for which Bohlin (1978) derived
Ay/NHI) = 8 x 1072> mag cm?. The recent value by
Fitzpatrick (1999) is slightly lower, Ay/N(HI) = 6 x 10-2
mag cm?. These values translate to Ay, /N(HI) = 6.4 x 1072
mag cm?, respectively 4.8 x 10722 mag cm?. The highest values
found in NGC 1569 are only a factor of 3—6 below the Galactic
value. The comparison to the total (molecular and atomic) gas
column density increases the difference to a factor 8 — 16.

6. Conclusions

We have studied the distribution of the extinction in the star-
bursting dwarf galaxy NGC 1569 from the Balmer He and HB
emission lines. Our main conclusions from the analysis are:

— The intrinsic extinction considerable variations over the
disk of the galaxy. The maximum value of the intrinsic ex-
tinction in Ha is about Ay, = 0.6 mag, corresponding to
an extinction in the V-band of Ay = 0.8.

— The extinction in the North-West of the galaxy shows a pro-
nounced shell structure around the SSC A. It coincides spa-
tially with an expanding shell found by Martin et al. (1998).
The shell shows a layered structure: the extinction derived
from the Balmer decrement peaks outside the Ha intensity
maximum. The 850 ym dust emission, with a poorer res-
olution of 15 ”, has its maximum somewhere in between
those emissions. Still further outside is the peak of the HI
distribution, the shape of which outlines vaguely the shell
structure of the extinction. We interpret this distribution as
dust accumualated at the outer border of a shell produced
by the SSCs A and B.

— We have studied the energetics of the shell and found that
the energy from the stellar winds ejected by the SSC A is
able to produce the shell. Kinematically, the size of the shell
is also consistent with its origin from the SSC A.

— In the high-resolution Hae/HB image we find substantial in-
trinsic small scale structure. We suggest that these arise
from the variations of the dust opacity within the Hn re-
gions, due to a clumpy dust distribution.

— The highest values of the extinction per atomic hydrogen
column density are a factor of about 3—6 below the Galactic

value. This value could however go down to a factor of
about 8 — 16 when taking into account also the (uncertain)
molecular gas column density.
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