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ABSTRACT. Areas of massive star formation are strongly influenced by stellar winds and supernovae,
therefore, enhanced turbulent flows are expected. We analyse high-quality Karl G. Jansky Very Large
Array observations of the neutral hydrogen gas content of DDO 43, a relatively nearby irregular dwarf
galaxy. The line wings of neutral hydrogen spectral lines, which provide insights into local enhanced
velocity dispersion, are investigated together with far-ultraviolet data, tracing emissions from massive
star-forming regions. We find very weak correlations with both higher and lower velocity areas.
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ultraviolet: stars.

1. INTRODUCTION

Stellar winds and supernovae strongly influence areas
of massive star formation: in these regions, enhanced
turbulent flows are expected. As neutral hydrogen
(hereafter HI) is the most abundant element in the
Universe, it is an effective tracer of the energy that
star formation injects into the local gas. Turbulence
has also been studied based on the observations of
emission lines tracing warm ionised gas (e.g. [1]), and
the tracer of molecular gas, CO has also been ex-
tensively studied (e.g. [2]). For a detailed review of
interstellar turbulence, see [3].

The turbulence-enhancing effect of stellar evolution
and its role in regulating further star formation has
been studied in several researches (e.g. [4]) based on
observations of the HI. Our study is based specifi-
cally on the data and results of [5] and [6], who have
found no trace of the expected excess turbulence in
HI gas around massive star-forming regions. They
determined the kinetic energy density and velocity
dispersion based on the HI emission maps, and then
compared these with star formation rate densities
calculated from far-ultraviolet observations. Their re-
search concluded that there was little or no correlation
between these values, which means that the feedback
energy from the star formation is not observable in
the local atomic gas.

We describe a different method for studying this re-
lationship between interstellar gas and star formation,
looking into the line wings of HI spectra, that provide

FIGURE 1. The optical image of DDO 43 in bands
i, r, and g from Pan-STARRS [7, [§]. North is up,
east is to the left. The purple cross refers to the
centre of the galaxy, RA = 07"28™17.724°, and
Dec = +40°46 11.36".

information on local phenomena. Our study examines
the HI spectra in DDO 43 (also known as UGC 3860 or
PGC 21073, see Figure[l), an irregular dwarf galaxy
at a distance of 7.8Mpc [9]. The HI content was
measured within the framework of the Local Irregu-
lars That Trace Luminosity Extremes, The HI Nearby
Galaxy Survey (LITTLE THINGS) [I0], which pro-
vides high-quality 21 cm VLA observations. As one
of the bases of our study, [6] investigates galaxies
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F1GURE 2. The spectra map of the analysed area, consisting of 240 averaged spaxels. The axes are ARA and
ADec offset coordinates in arcseconds. Offset 0;0 corresponds to the galaxy’s centre: RA = 07" 28™ 17.724%, and
Dec = +40°46’11.36”. The observation numbers are written in blue. Velocity and intensity scales are 274 to
434kms~! and —0.002 to 0.007 Jy beam ™!, respectively, see also Figure

from the LITTLE THINGS survey, one of its targets,
DDO 43 was chosen as the first galaxy to examine with
our method. The compact size of DDO 43 makes it
relatively easy to study the full extent of the HI in the
galaxy, but it is not too small to resolve. Its inclination
of 42° [I1] allows the study of structures in its disk. In
addition, as a dwarf with a lower gravitational poten-
tial, other effects that regulate star formation should
be easier to observe [6]. With these criteria, DDO 43
was chosen arbitrarily from the LITTLE THINGS
sample.

The star formation rate (SFR) of DDO 43 was cal-
culated to be 3.7 x 1073 Mg yr~! from Ha luminosity
(which traces the ionised gas present around massive
stars) [11, [13]. This rate counts as average among
irregular dwarfs [IT]. In the far-ultraviolet (which is
another tracer of star formation as the spectral energy
distribution of young high-mass stars have their peak
in the FUV), DDO43’s SFR was calculated to be
17.72 £ 0.03 x 10~* Mg yr~! with a conversion factor
of 4.42 from FUV luminosity [I4].

DDO 43 possesses an extended HI-envelope. It is an
isolated galaxy with the closest object, another dwarf
galaxy, being 270 kpc apart. It has a Holmberg-radius
(where the surface brightness is 26.5 magarcsec™2) of
1.4kpc in B band [I1].

2. MATERIALS AND METHODS

2.1. THE PROCESSING OF HI SPECTRA

DDO 43 was measured by the Karl G. Jansky Very
Large Array (VLA) radio telescope, and its data was
processed in the Astronomical Image Processing Sys-
tem (AIPS) during the LITTLE THINGS survey.
The observational setup and data processing is de-
scribed in detail in [I0]. Fully calibrated and combined
data cubes are available to download on the LITTLE
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THINGS website [I5]. The following analysis is based
on a natural-weighted data cube of DDO 43 [10].

HI emission line profiles obtained from the data cube
were fit with Gaussian curves in the “Continuum and
Line Analysis Single-Dish Software” (CLASS) package.
CLASS is part of the “Grenoble Image and Line Data
Analysis Software” (GILDAS) package [16], a soft-
ware for processing and analysing radio-astronomical
observations. The FITS data cube of DDO 43 was
converted adequately to the required input format for
GILDAS CLASS.

Our method for the analysis of the HI data was the
following,

(1.) Continuum subtraction from all spectra. We
used a simple first-order polynomial fit. Judging
by visual inspection, this could adequately describe
the continuum at any point.

(2.) Averaging spectra. The whole data cube consist
of 1024 x 1024 spectral pixels (spaxels). We deter-
mined visually from the HI line image of the galaxy
that only 280 x 280 spaxels contain usable signal.
Thus, we averaged the spectra only in this area,
in radii of 5 arcseconds, to improve the signal-to-
noise ratio, resulting in 240 spectra at the end. In
Figure 2| we show the 240 continuum-subtracted,
averaged spectra by their offset coordinates.

(3.) Automatic Gaussian fit to all spectral lines. All
parameters are adjustable. CLASS describes “opti-
mistic fits” when the base root mean square is at
least 1.5 times higher than the root mean square of
the residuals on the line range(s). Example fits are
shown in Figure [3} these instances are one of the
strongest detections of the line, situated near the
centre of the galaxy.

(4.) Obtaining the residual spectra by subtracting the
fits.
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FicURE 3. Example of continuum-subtracted and averaged spectra of DDO 43. Spectra #85 and #86 were taken at
the offset positions 0”;—40" and 0”;—30", respectively, (see also the spectrum map in Figure[2). Red lines indicate

the Gaussian fit to data.
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FIGURE 4. Left side (blue) line wing and its residual spectrum at position 105 at offset 10”, 0” (see Figure . The
blue lines represent the velocity ranges where the residual spectral line areas are inspected.
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FIGURE 5. Right side (red) line wing and its residual spectrum at position 124 at offset 20”7, 30” (see Figure . The
blue lines represent the velocity ranges where the residual spectra line areas are inspected.

2.2. FAR-ULTRAVIOLET DATA

In order to draw a connection between the en-
hanced velocity dispersion and star formation, we
use the Galaxy Evolution Explorer (GALEX) [17] far-
ultraviolet (hereafter FUV) image of DDO 43 [18] for
the comparison. Studying DDO 43 in the FUV re-
veals where we expect the highest amount of feedback
because of the short lifespan of high-mass stars and
their supernovae.

The FUV flux is as observed, i.e. not corrected for
dust attenuation.

3. RESULTS

The residual spectrum is the difference between the
original spectral line and the fitted Gaussian curve.

As the fits depend on the intensity and half-width of
the line, the line wings will be mostly outside the fit.

The residual spectra were inspected in two fixed
velocity ranges. Judging by a careful visual inspection
of the spectra, the furthermost extent of the line wings
were 314kms™! and 394 kms™! for both sides, so we
identified areas that contained only visually noticeable
wing features and not the full line: 314-334kms—!
and 374-394kms .

These ranges are displayed in Figures[d] and [5] with
examples of line broadening on the “left” (blue) and
on the “right” (red) side. These examples show one
of the most prominent wing features.

Table [1| shows the integrated residual spectral line
fluxes in the noted velocity ranges.
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Spectrum ARA ADec WB WR
[ [ [Jykms—lbeam~!] [Jykms !'beam™1]
105 10.0 0.0 1.25266 x 102 5.75052 x 1073
124 20.0 30.0 —2.30867 x 1073 1.10328 x 102
85 0.0 —40.0 5.72505 x 1073 1.81162 x 103
86 0.0 —-30.0 5.40835 x 1073 5.59232 x 103

TABLE 1. Offset coordinates and integrated residual spectral line fluxes of the spectra shown on Figures@ and in
the ranges marked with blue, and also of the spectra shown in Figure [3]in the respective ranges. The average error of

area calculation in CLASS was 1.79 x 10732,
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FIGURE 6. HI line area distribution maps in velocity intervals 314-334kms™~' and 374-394kms™!.
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represents a spectrum, and the colour of the circles represents the line area: darker circles have larger line areas. The
background is the optical image of the galaxy from the Sloan Digital Sky Survey [12].

3.1. THE DISTRIBUTION OF RESIDUAL
SPECTRAL LINE AREAS

In the case of the three spectra #16™, #224t and
#2270 automatic fitting found no spectral line to fit,
so these are omitted from the analysis. The average
root mean square noise (o) is 3.436 x 10~* Jy beam~!.
From the total 237 spectra, only whose integrated
residual line fluxes were higher than 30 x the channel
width, 1.3kms ™!, have been analysed.

The line areas in the determined ranges were placed
on the optical image of DDO 43 (Sloan Digital Sky
Survey, [12]), as seen in Figure[6] The alignment of
the plots is the same as in the spectra map (Figure.

As seen in Figure [} the areas with different veloc-
ity ranges are clearly separated. The velocity values
change smoothly across the ranges. The areas with ve-
locity range between 314-334kms~! are in the centre
and the south-western part of the galaxy, and extends
to the north-east and south, which have no optical
counterpart. Positions with a velocity range between
374-394kms~! are on the northern part and extend
from the centre to the south-east. There are no traces
of these motions to the north-east.

3.2. COMPARISON TO FAR-ULTRAVIOLET DATA

By analysing the residual spectral line fluxes, which
provide information on the enhanced velocity disper-
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sion in HI, our results were compared with those of
the GALEX FUV image of DDO 43 (see Section
to investigate the relationship between the velocity
dispersion and areas of massive star formation.

[I4] examined star-forming clumps in the galaxy,
and calculated the maximum star formation rate den-
sity of the clumps to be 10.2 x 107* My, yr~! kpc—2
from GALEX FUV flux, and the minimum to be
1.64 x 1074 Mg yr~ L kpe=2.

We looked for a correlation between the HI inte-
grated residual spectral line fluxes, which indicate
potential enhanced motion in the atomic gas, and far-
ultraviolet flux, which traces massive star formation
regions. A strong correlation would mean that the
expected turbulence is observable in the HI gas in
the regions of massive star formation, as [6] and [5]
predicted.

To investigate this, the FUV flux was calculated
from the GALEX image (Figure E[) in the positions
of the spectra in Figure [2l We used the astropy pack-
age [I9H21] to find the coordinates in the FUV image
corresponding to each spectra, and then calculated
the average intensity in a radius of 5 pixels around
the found positions. 5 pixels correspond to the area in
which the spectra were averaged and matched accord-
ing to the difference between the HI image resolution
and FUV resolution. We calculated Kendall’s 7, which
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FicGure 7. GALEX FUV image of DDO 43 with an
effective wavelength of 151.6 nm [I8]. The purple cross
indicates the centre of the galaxy.

is a measure of ordinal relationship between two vari-
ables, for the HI residual spectral line flux and FUV
flux pairs. The correlation plots are seen in Figure

4. DISCUSSION

We compared 237 blue, 314-334kms™!, and red, 374
394kms~!, integrated residual spectral line fluxes to
the FUV flux. We found the following relationship
between the values:

e There appears to be a very weak correlation between
HI blue integrated residual spectral line fluxes and
FUV fluxes, with a Kendall correlation coefficient
of 0.16 and p-value (significance) of 0.024.

e There is also a weak correlation between red inte-
grated residual spectral line fluxes and FUV fluxes,
with a Kendall correlation coefficient of 0.22 and
p-value of 0.0028.

With the result of a weak correlation with both
line wings, our conclusion is consistent with previous
studies [B [6]. The expected enhanced turbulence does
not seem to be observable with our method.

Dust attenuation is generally expected to be mod-
erate for the almost face-on galaxy, except the most
central regions. There, the extinction may lower the
observed FUV flux, flattening the UV vs. HI curve,
thus lowering the correlation coefficient as well.

However, as our study does not take the position
of the spectral lines into consideration — i.e. the
rotation — with the fixed velocity ranges in which the
residual spectra are measured, our method can be
improved if instead of residual spectra, we fit the line
wings as separate Gaussian curves, and examine them
individually.

5. CONCLUSION

We investigated the relationship between star for-
mation parameters and interstellar gas in the dwarf
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FIGURE 8. HI line areas in the velocity intervals

314-334kms~! and 374-394kms™ ! against FUV flux.
Between the two variables, a Kendall correlation coef-
ficient of 0.16 and 0.22 can be seen, respectively.

galaxy DDO 43. We looked for an apparent broaden-
ing of the HI spectral lines by inspecting their residual
spectra.

We obtained integrated HI residual spectral line
fluxes indicating enhanced velocity dispersion at
237 positions of DDO 43, which are plotted on distri-
bution maps throughout the galaxy.

Comparing the integrated residual spectral line
fluxes to FUV flux, we find very weak correlations
with a Kendall-coeflicient of 0.16 on the blue side and
0.22 on the red side.
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