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ABSTRACT

We obtained [O III] narrow-band imaging and multi-slit MXU spectroscopy of the blue compact dwarf (BCD)
galaxy NGC 1705 with FORS2@VLT to derive chemical abundances of planetary nebulae and H II regions and,
more in general, to characterize the properties of the ionized gas. The auroral [O III] 4363l line was detected in all
but 1 of the 11 analyzed regions, allowing for a direct estimate of their electron temperature. The only object for
which the [O III] 4363l line was not detected is a possible low-ionization PN, the only one detected in our data. For
all the other regions, we derived the abundances of nitrogen, oxygen, neon, sulfur, and argon out to ∼1 kpc from
the galaxy center. We detect for the first time in NGC 1705 a negative radial gradient in the oxygen metallicity of

0.24 0.08-  dex kpc−1. The element abundances are all consistent with values reported in the literature for other
samples of dwarf irregular and BCD galaxies. However, the average (central) oxygen abundance,
12 log O H 7.96 0.04( )+ =  , is ∼0.26 dex lower than previous literature estimates for NGC 1705 based on
the [O III] 4363l line. From classical emissionline diagnostic diagrams, we exclude a major contribution from
shock excitation. On the other hand, the radial behavior of the emission line ratios is consistent with the progressive
dilution of radiation with increasing distance from the center of NGC 1705. This suggests that the strongest
starburst located within the central ∼150 pc is responsible for the ionization of the gas out to at least ∼1 kpc. The
gradual dilution of the radiation with increasing distance from the center reflects the gradual and continuous
transition from the highly ionized H II regions in the proximity of the major starburst into the diffuse ionized gas.

Key words: galaxies: abundances – galaxies: dwarf – galaxies: individual (NGC 1705) – galaxies: irregular –
galaxies: ISM

1. INTRODUCTION

Dwarf galaxies play a key role in our understanding of
galaxy formation and evolution. Within the framework of
hierarchical formation, they are considered the first systems to
collapse, supplying the building blocks for the formation of
more massive galaxies through merging and accretion (e.g.,
Kauffmann et al. 1993). Moreover, late-type dwarf galaxies
(dwarf irregular (dIrr) and blue compact dwarf (BCD)
galaxies), with their low-metallicity, high gas content, and
blue colors, resemble the properties of primordial galaxies (e.g.,
Izotov & Thuan 1999)and are the best laboratories for
studying star formation (SF) processes similar to those
occurring in the early universe.

Because of their poorly evolved nature, dIrrs and BCDs
where initially suggested to be young galaxies at their first
bursts of SF. However, studies of the star formation histories
(SFHs) based on color–magnitude diagrams (CMDs) of the
resolved stars in a large number of dwarf galaxies within the
Local Group and beyond (see Tolstoy et al. 2009for a review)
showed that these systems beganforming stars as long ago as
the look-back time set by the available photometry. This
implies, all of them were already active at least 1 2–~ Gyr ago,
and,when the photometry was deep enough to reach the
horizontal branch or the most ancient main-sequence turn-
offs,or when RR Lyrae stars were found,at epochs as old as
∼a Hubble time (e.g., Dolphin 2000; Clementini et al. 2003;
McConnachie et al. 2006). This poses a major challenge for
chemical evolution models of dIrrs and BCDs, which have to
reconcile the low observed metallicity with the old ages,
roughly continuous SFHs, and fairly high SF rates of the most
metal-poor systems.

For three decades, metal-enriched winds have seemed to be
the most viable mechanism to reconcile the high rates of SF
observed in starburst dwarf galaxies with their low metal
abundances (e.g., Matteucci & Tosi 1985; Pilyugin 1993;
Marconi et al. 1994; Carigi et al. 1995; Romano et al. 2006).
Outflows driven by supernova explosions and stellar winds are
in fact expected to play an especially important role in these
systems, whose relatively shallow potential wells make them
susceptible to wind-driven loss of gas and newly created metals
(e.g., Dekel & Silk 1986; Martin 1999). In practice, even the
accretion of large amounts of metal-free gas is usually
insufficient to explain the low chemical abundances observed
in dwarf galaxies with very intense episodes of SF, where the
metal production is quite high. Alternative models have
sometimes been proposed, but have never succeded in
reproducing all the observed properties of starburst dwarfs.
For instance,a scenario whichconsiders infall of primordial
external gasbut does not include any outflow or galactic
windhas recently been proposed by Gavilán et al. (2013) to
explain the observed properties of gas-rich dwarf galaxies.
However, these models have proven to be successful in
reproducing the gas fractions, chemical abundances, and
photometric properties only for “quiet” field dwarf galaxies,
with recent SF activity but not strong intensity episodes (i.e.,
dIrr galaxies). Moreover, NGC 1705, as well as a few other
starburst dwarfs, does show observational evidence of galactic
winds (Meurer et al. 1992; Papaderos et al. 1994; Marlowe
et al. 1995).
Element abundance estimates in late-type dwarf galaxies are

fundamental to constraining chemical evolution models. While
H II regions define the present-day galaxy properties, chemical
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abundances for individual stars or planetary nebulae (PNe)
offer a view of a galaxy’s chemical properties at earlier epochs,
but are challenging outside the Local Group, where the most
actively star-forming BCDs are found. In addition to the
evolution of elements in time, the spatial behavior of the
chemical abundances plays a key role in constraining dwarf
galaxy models. The majority of literature studies indicate
thatwithin the observational uncertainties, dIrrs and BCDs
show nearly spatially constant chemical abundances (e.g.,
Kobulnicky & Skillman 1997; Croxall et al. 2009; Haurberg
et al. 2013; Lagos & Papaderos 2013). This could indicate that
the ejecta from stellar winds and supernovae are dispersed and
mixed across the interstellar medium (ISM) on timescales of

107< year, but an alternative possibility is that the freshly
synthesized elements remain unmixed with the surrounding
ISM and reside in a hot 106 K phase or a cold, dusty, molecular
phase (Kobulnicky & Skillman 1997).

NGC 1705 is a late-type dwarf galaxy classified as BCD,
famous for its recent highSF activity and for the unambiguous
evidence of galactic winds (Meurer et al. 1992; Heckman
et al. 2001). Several H II regions have been found in NGC 1705
(Melnick et al. 1985; Meurer et al. 1992), and most recently
studied with EFOSC2 by Lee & Skillman (2004,
hereafter LS04). Among their 16 analyzed H II regions, LS04
were able to measure the [O III]λ4363 line in 5central
(distances 300 pc from the galaxy center) regions, from
which they inferred a spatially homogeneous oxygen abun-
dance of 12 log O H 8.21 0.05( )+ =  (i.e., Z ∼ 0.005),
log N O 1.63 0.07( ) = -  and log Ar O 2.31 0.11( ) = -  ;
they noticed large differences with the corresponding abun-
dances estimated by Heckman et al. (2001) for the neutral gas
observed with the FUSE satellite, where N, O, and Ar are all
significantly lower than in the H II regions.4 The chemistry of
the neutral gas in NGC 1705 was confirmed with further FUSE
data by Aloisi et al. (2005, p. 2). We observed NGC 1705 in
UBVIJH with the Hubble Space Telescope (HST)/WFPC2 and
resolved its individual stars down to V = 28 mag, ∼2 mag
below the red giant branch (RGB) tip (Tosi et al. 2001). The
HST-derived CMDs led to a safe determination of the galaxy
distance (5.1Mpc, i.e., m MDM 28.540( )= - = ; Tosi
et al. 2001) from the luminosity of its RGB tip, and to a
detailed description of its SF history (Annibali
et al. 2003, 2009, hereafterA03, A09). One-zone chemical
evolution models for NGC 1705 based on the SFH of A03, and
assuming metal-enriched galactic winds, were able to repro-
duce the observed H II region metallicity in NGC 1705, but
could not explain the low N/O ratio as derived by LS04
(Romano et al. 2006).

We acquired FORS2@VLT data (programme ID 084.D-
0248 and 086.D-0761, PI Tosi) with the aim of deriving
chemical abundances in PNe and H II regions and, more
generally, to characterize the properties of the warm gas in
NGC 1705. Pre-imaging and spectroscopy are described in
Sections 2 and 3, respectively. The emission line fluxes,
corrected for underlying Balmer absorption and reddening, are
given in Section 4. In Section 5, we provide the derived
chemical abundances. In Section 6, we discuss the comparison
with classical emission line diagnostic diagrams. In Section 7,
wepresent a comparison with literature data for NGC 1705 and

for other samples of late-type dwarf galaxies, discuss relative
element abundances, and provide evidence for a metallicity
gradient. Our conclusions are in Section 8.

2. PRE-IMAGING

FORS2 (Appenzeller et al. 1998) pre-imaging exposures
were taken in order to identify the PNe and H II regions selected
to build the mask for our multi-object spectroscopy. We
imaged NGC 1705 on 2010 March 25, November 15, and
December 1, for a total of ∼5 hr. Seeing ranged between
0.63 arcsec in March, 0.97 in November, and 0.81 in
December. Observations were performed with the standard
resolution collimator in the narrow-band filters FILT500−5
+85 (sampling the [O III]λ5007 emission line) and O III/6000
+52 (centered at 5105l = Å, and sampling the continuum
emission adjacent to the [O III] line). The total exposure time
was ∼2.5 hr for each filter, split into three subexposures. The
images have a pixel scale of 0 25/pixel and a field of view
of 6 8 × 6 8.
After bias subtraction and flat field calibration, we combined

the individual images into a single frame for each filter using
the DRIZZLE task (Fruchter & Hook 2002) in the IRAF
environment.5 We normalized the images to account for the
different filter widths, and applied a Gaussian smoothing to
bring them to the same resolution; then we constructed an
[O III] continuum-subtracted image, which is shown in
Figure 1.
The morphology of the [O III] image resembles that in Hα

already discussed by Meurer et al. (1992). The ionized gas
presents a bipolar morphology extending out to ∼100″
(∼2.5 kpc) from the galaxy center, and it is organized into

Figure 1. VLT FORS2 continuum-subtracted [O III] λ5007 image of NGC
1705. The blue stars indicate the PN candidates. The mask slits were positioned
on PN candidates and on extended [O III] emission regions. The slit
identification numbers are given at the top of the image in correspondence
with the slit positions. The displayed field of view is 6.5 5.8» ¢ ´ ¢ . North is up
and east is left.

4 Note, however, that the lines of N, O, and Ar sampled by FUSE have issues
(e.g., saturation) that likely give an underestimate of the real column density of
these elements in the neutral gas.

5 IRAF is distributed by the National Optical Astronomy Observatory, which
is operated by the Association of Universities for Research in Astronomy, Inc.,
under cooperative agreement with the National Science Foundation.
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thin filaments, loops, and arcs. The presence of “cellular”
structures or cavities is striking, making the gas appear as
“fragmented” at a global look. The cells have sizes from ∼1″ to
∼4″ (∼25 to ∼100 pc), with a median value of ∼2″ (∼50 pc).

The ionized gas extends much further away than the optical
image of the galaxy. This is shown in Figure 2, where we
overplot isocontours for a portion of the [O III] continuum-
subtracted image over a color image of NGC 1705 obtained
combing WFPC2 images in the F380W (∼U), F555W (∼V),
and F814W (∼I) filters. The field of view is 70 60~ ¢¢ ´ ¢¢, i.e.,
just ∼3% of the total field of view in Figure 1. Indicated are
also some of the regions that we targeted for spectroscopy (see
the next section). The figure shows a strong concentration of
ionized gas organized in a sort of shell around the high surface
brightness optical component of the galaxy. The central region
of NGC 1705, with the highest density of young SF,
corresponds to a zone of significantly lower [O III] surface
brightness compared to the surrounding shell. A few blue stars
are observed tocorrespond withsome of the [O III] knots: this
is the case for s7-1, for the double-peaked knotnearby it, and
for s8-1. However, we will show in Section 6 thatdespite the
presence of local association of young stars, the main
ionization source seems to come from the central starburst in
NGC 1705.

The [O III] continuum-subtracted image was used to identify
PN candidates and H II regions. At the distance of NGC 1705
(5.1 ± 0.6 Mpc or DM 28.54 0.26=  ; Tosi et al. 2001),
PNe, with typical dimensionssmaller than 1 pc, should appear
as point-like objects emitting in the [O III] line. Thus, we
selected point-like sources in the [O III] continuum-subtracted
image to identify PN candidates, although we could not
excludethat these sources were compact H II regions instead.
PN central stars typically have absolute visual magnitudes of
M 2.0V ~ - (Mendez et al. 1992), corresponding to an
apparent magnitude of m 26.5V ~ in NGC 1705, too faint to
be detected in our continuum image. Therefore, when selecting
PN candidates, we also checked that no continuum emission
was associated to the point-like sources in the [O III]-

continuum-subtracted image. Following these criteria, we
identified 17 PN candidates in the framewhose positions are
indicated in Figure 1.

3. SPECTROSCOPY

Spectroscopy was obtained with FORS2 in the MXU
configuration from 2011 January until 2012 January in service
mode. The slit mask (see Figure 1)was constructed to observe
the largest possible number of PN candidates, giving priority to
the brightest ones. We were able to target 9 out of the 17
identified candidates (slit numbers s1, s2, s3, s4, s5, s11, s12,
s13, s14). Two slits (s7 and s8) were positioned on H II regions
observed by Lee & Skillman (2004), while three slits (s6, s9,
and s10) were positioned on extended [O III] emission regions
and gas filaments. To serve as sky templates, we also
positioned six slits on regions where no diffuse gas emission
was observed. These were used to subtract the background in
those slits totally occupied by the emission. To avoid
confusion, the sky slits are not shown in the mask of Figure 1.
To cover the spectral range from the [O III]λ3727 to the [S II]

λλ6716,31 doublet, the grism GRIS–300V was employed
alone in the blueand coupled with the GG435 filter in the red.
NGC 1705 was observed in the blue with 7 × 2700 s
exposuresfor a total of 5.2 hr, and in the red with
20 × 2700 s exposuresfor a total of ∼15 hr. The seeing varied
from ∼0 7 to ∼1 3 (median value of 1 1) for the blue
observations,and from ∼0 6 to 1 5 (median value of 0 9) for
the red observations, which is higher than our requirement of a
seeing  0 8. The pixel scale and the dispersion are
0.126 arcsec/pixel and ∼2 Å/pixel, respectively. The effective
resolution is FWHM 780l ~ at 5500l ~ Å. Wavelength
calibration was based on four arc lamps (a He, a HgCd, and two
Ar arc lamps) to provide a sufficient number of lines over the
whole spectral range. Data were reduced with the standard
procedure using the onedspec and twodspec packages inside
IRAF. The science and arc frames were bias-subtracted. For
each science exposure, the individual two-dimensional
(2D)spectra were extracted from the frame. The exact same
extraction apertures used for the science frames were used for
the arc frames. Then, the 2D spectra were wavelength-
calibrated using the LONGSLIT identify, fitcoords, and
transform tasks. After that, we subtracted the background.
This step deserves a particular explanation: in the case of point-
like sources (PN candidates or compact H II regions), we
defined the background using two windows at the opposite
sides of the central source, and performed the subtraction with
the background task in IRAF. Typically, the background
windows were chosen at a distance larger than ∼2 times the
FWHM of the spatial profile from the source peak. This
procedure removes both the sky emission and the background
emission from NGC 1705. However, in presence of extended
emission occupying the entire slit, it was not possible to define
the background windows; then, we subtracted the sky templates
from the object spectra. Note that this procedure allows us to
subtract the sky emission but does not remove the galaxy
background. We applied the sky template subtraction to
slitnumbers 6, 8, 9, and 10. For all the other slits, we used
the iraf “background” task. After background-subtraction, the
individual exposures were combined into a median 2D
spectrum, for the blue and for the red observations separately.
Then one-dimensional (1D)spectra were extracted using the
apall task. In the case of PN candidates, we centered the

Figure 2. HST/WFPC2 color-combined image of NGC 1705 with super-
imposed contour plots of the continuum-subtracted [O III] image. The F380W
(∼U), F555W (∼V), and F814W (∼I) WFPC2 images correspond to the blue,
green, and red channels, respectively. Some of the regions targeted for FORS2
spectroscopy are indicated. The field of view is 70 60~ ¢¢ ´ ¢¢. North is up and
east is left.
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extraction aperture on the point-like source, while in the case of
extended emission, multiple apertures were selected within one
slit (e.g., apertures s6-1, s6-2, s7-1, s7-2, s8-1, s8-2, s8-3, s8-
4;see Figure 3).

The 1D spectra were flux-calibrated using the spectro-
photometric standard stars Feige 56, GD 108, LTT 3218, LTT
4816 for the blueand Feige 110, EG 21, LTT 1020, LTT 2415,
LTT 3218 for the red observations, respectively. The standards
were observed with a 5 arcsecwide slit positioned at the center
of the MOS instrument. After bias subtraction, wavelength

calibration, and background removal, a 1D spectrum was
extracted for each standard. To obtain the sensitivity function
we ran the iraf tasks standard and sensfunc. The standard task
provides the standard star observed counts, along with the
associated calibration fluxes, over some pre-defined band-
passes. Then the sensfunc uses the standard output to
determine the system sensitivity as a function of wavelength.
In the process of deriving the sensitivity curve, we assumed the
atmospheric optical extinction curve derived by Patat et al.
(2011) for Cerro Paranal.

Figure 3. Continuum-subtracted O [III] image portions of NGC 1705 with the FORS2-MXU slits superimposed. Indicated are the positions of the 11extracted regions
(s5, s6-1, s6-2, s7-1, s7-2, s8-1, s8-2, s8-3, s8-4, s9, and s10). The field of view is 100 80» ¢¢ ´ ¢¢ for panels (a) and (b), and 42 38» ¢¢ ´ ¢¢ for panel (c). Different cuts
are used to highlight fainter and brighter structures.

Figure 4. Flux-calibrated spectra obtained with the blue configuration (solid line) and with the red configuration (dashed line) for regions s5, s6-1, and s6-2.
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The calibrate task was run to obtain flux-calibrated spectra.
The spectra obtained with the blue (GRIS−300V) and red
(GRIS−300V+GG435) configurations are shown in Figures
4–7. We do not show the regions below ∼3600 Å and below
∼4500 Å for the blue and red spectra, respectively, because
the instrumental sensitivity curves significantly decrease
below these wavelengths and are very uncertain. Also, below
∼3600 Å, the atmospheric transmission is low. Figures 4–7
show that the blue spectra extend up to ∼7000 Å and, in some
cases, even redder. The red spectra always cover wavelengths
redder than 7000 Å. The agreement in flux between the red
and blue spectra is excellent, with the only exception of the
region below ∼5000 Å, due to the higher uncertainty of the
sensitivity curve in the red configuration below these
wavelengths.

With the calibrated spectra in hand, we were able to
assess the nature of our PN candidates. Unfortunately,
almost allof them turned out to be background objects. In
particular, the targets in slits s1, s2, s11, s12, and s14 show
just one prominent emission line around ∼5000 Å, and no
(or very weak) stellar continuum, and are likely to be Lyα-
emitting galaxies at z 3~ . The target in slit s14 also shows
another prominent line at 6157l ~ Å, identified as the C IV

λ1539 line at z 3~ . The targets in s3 and s13 are two
background galaxies at z 0.3~ . The object in s4 is likely
a QSO.

At this point we are left only with the PN candidate in s5.
Some specific lines and line ratios can be used to discriminate
between compact H II regions and PNe. For instance, an He II

λ4686 emission exceeding a few percent of Hβ unquestionably
indicates a PN; also, [O III]λ5007/Hβ ratios larger than ∼4 are
found only in PNe (e.g., Peña et al. 2007; Magrini &
Goncalves 2009). From the blue spectrum of s5, the [O III]
λ5007/Hβ ratio is ∼3.4, lower thantypically observed in PNe,
but still consistent with a low-ionization PN classification (e.g.,
Depew et al. 2011; Górny 2014). On the other hand, due to the
low signal-to-noise, the detection of the He II λ4686 line in s5
is challenging. For this reason, we performed some statistical
analysis on the bidimensional spectrum in order to assess the
presence of the line and the significance of the detection. More
specifically, we derived the average counts in 6 × 7 px2 boxes
centered on the line and on different regions of the background.
The significance of the detection was computed as

C C STDline bg bg( )á ñ - á ñ , where C lineá ñ and C bgá ñ are the
average counts for the line and for the background,
respectively, and STDbg is the standard deviation of the
background computed from the different measurements. We
findthat the He II λ4686 line is detected at ∼3 σ. From the 1D
blue and red spectra (see the next section), we measure He II

λ4686/Hβ ratios of 0.28 ∼ 0.11 and 0.35 ∼ 0.14, respectively.
To conclude, there is a significant possibility that s5 is a low-
excitation PN.

Figure 5. Flux-calibrated spectra obtained with the blue configuration (solid blue line) and with the red configuration (dashed red line) for regions s7-1, s7-2, and s8-1.
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Figure 6. Flux-calibrated spectra obtained with the blue configuration (solid blue line) and with the red configuration (dashed red line) for regions s8-2, s8-3, and s8-4.

Figure 7. Flux-calibrated spectra obtained with the blue configuration (solid blue line) and with the red configuration (dashed red line) for regions s9 and s10. The
lines at ∼6300 and ∼6400 Å in the red spectrum of s10 are residuals of sky subtraction.
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4. EMISSION LINE MEASUREMENT

Emission line fluxes were derived with the deblend option
available in the splot iraf task. We used this function to fit
single lines, group of lines, or blended lines. Lines were fitted
with Gaussian profiles, treating the centroids and the widths
as free parameters. In the presence of blended lines, we
forced the lines to have all the same widths. The continuum
was defined choosing two continuum windows to the left and
to the right of the line or line complex, and fitted with a linear
regression. The final emission fluxes were obtained repeating
the measurement several times with slightly different
continuum choices, and averaging the results. The errors
were derived from the standard deviation of the different
measurements. The emission line measurements for the blue
and red spectra are given in Tables 1 and 2. The errors,
which, in the case of bright lines, can be very small (even
lower than ∼1%), do not account for flux calibration errors or
for other systematic uncertainties. A comparison between the

fluxes measured for the lines in common between the blue
and red spectra provides more realistic errors: the differences
are typically within ∼4% for the brightest lines, and within
∼10% for the faintest lines.

4.1. Balmer Absorption

Particular attention was paid to the correction of the emission
lines for Balmer absorption due toNGC 1705’sunderlying
stellar population. Balmer absorption lines are visible in our
spectra as absorption wings in correspondence of the Hδ, Hγ,
and Hβ emission lines, while no absorption wings are visible in
the Hα region due toblending with the [N II]λ6548,84
emission lines. We attempted a fit of the absorption wings in
order to recover the full strength of the Balmer absorption lines,
but these were not deep enough to allow for a “stable” solution:
the resulting absorption strengths were highly dependent on the
particular choice of the input parameters (for instance, the
windows for the continuum evaluation). Thus, we adopted a

Table 1
Emission Line Fluxes for Regions s5–s8-1 in NGC 1705

Line s5 s6-1 s6-2 s7-1 s7-2 s8-1

[O II] λ3727 471.0±62.0 334.4±5.9 240.3±4.5 210.7±2.0 173.1±0.9 142.3±0.7
[Ne II] λ3869 L 35.8±1.0 42.1±1.3 22.7±1.1 37.9±0.6 45.9±0.5
H8+He I λ3889 L 20.2±0.8 14.4±0.7 17.2±0.8 23.5±0.3 12.2±0.2
Hò + He I +[Ne II] λ3970 L 20.7±1.0 15.6±1.6 20.6±0.1 30.8±3.0 16.5±0.8
Hδ λ4101 L 19.4±0.4 15.8±0.2 23.0±0.5 27.0±0.1 10.9±0.3
Hγ λ4340 L 42.0±0.7 40.5±0.9 42.4±0.4 44.2±1.8 36.0±0.2
[O III] λ4363 L 3.3±0.3 3.4±0.5 4.2±0.3 4.6±0.5 3.7±0.2
He I λ4471 L 5.1±0.8 L 3.2±0.2 L 3.3±0.1
He II λ4686 28.0±11.1 b L L 0.8±0.1 b L 1.5±0.2 b

35.0±14.0 r L L L L L
Hβ λ4861 100.0±10.4 b 100.0±1.4 b 100.0±1.4 b 100.0±0.5 b 100.0±0.4 b 100.0±0.2 b

100.0±5.6 r 100.0±0.8 r 100.0±0.7 r 100.0±0.3 r 100.0±0.2 r 100.0±0.2 r

[O III] λ4959 115.0±14.9 b 90.6±1.5 b 142.9±2.4 b 112.5±1.8 b 144.0±0.7 b 163.8±3.3 b

141.8±10.8 r 89.8±1.0 r 139.5±1.0 r 111.1±1.0 r 132.8±0.4 r 157.9±0.5 r

[O III] λ5007 343.9±37.6 b 270.0±4.0 b 423.2±6.1 b 319.4±2.2 b 420.2±1.8 b 457.8±3.6 b

492.2±29.5 r 264.3±2.4 r 412.9±2.9 r 312.7±1.5 r 411.9±0.9 r 443.2±1.2 r

He I λ5876 L 22.7±0.9 b 30.1±0.7 b 11.7±0.2 b 12.5±0.2 b 13.3±0.5 b

44.6±2.6 r 29.1±0.3 r 35.0±0.4 r 10.9±0.1 r 10.9±0.1 r 12.8±0.1 r

[O I] λ6302 L L L 2.4±0.1 b L 1.9±0.3 b

L L L 2.7±0.1 r L L
[S III] λ6314 L L L 1.7±0.1 b L 2.2±0.1 b

L L L 1.8±0.1 r L L
[O I] λ6365 L L L 1.0±0.1b L L

L L L 0.8±0.1r L L
[N II] λ6548 L 7.5±0.6 b 7.2±0.7 b 3.2±0.5 b 3.1±0.4 b 2.2±0.5 b

L 3.7±0.2 r L L L L
Hα λ6563 283.6±30.1 b 298.1±4.2 b 318.1±4.4 b 310.3±1.7 b 330.0±1.3 b 320.7±3.2 b

355.3±22.8 r 278.2±2.4 r 300.4±2.1 r 306.3±0.5 r 328.6±0.9 r 308.0±0.8 r

[N II] λ6584 L 18.5±0.7 b 15.6±0.9 b 12.8±0.7 b 12.3±0.6 b 9.1±0.7 b

32.0±8.2 r 20.0±0.4 r 16.2±0.3 r 11.6±0.3 r 12.4±0.6 r 9.1±0.1 r

He I λ6678 L 3.6±0.1 b 3.9±0.1 b 3.4±0.2 b 3.9±0.2 b 3.4±0.1 b

L 3.8±0.1 r 4.1±0.1 r 3.5±0.1 r 3.5±0.1 r 3.8±0.1 r

[S II] λ6716 42.0±5.1 b 43.9±0.9 b 33.3±0.6 b 19.0±0.2 b 23.0±0.1 b 17.5±0.1 b

L 41.7±0.4 r 32.3±0.3 r 19.5±0.1 r 25.1±0.1 r 17.9±0.2 r

[S II] λ6731 25.4±4.3 b 28.9±1.1 b 22.3±0.6 b 13.1±0.1 b 15.4±0.1 b 12.5±0.1 b

L 28.1±0.3 r 21.4±0.2 r 13.6±0.1 r 17.2±0.1 r 12.7±0.1 r

He I λ7065 L L L 2.4±0.1b L 2.4±0.1 b

L L L 2.4±0.1 r 2.0±0.1 r 2.4±0.2 r

[Ar III] λ7136 L L L 7.7±0.1 b 9.4±0.1 b 8.6±0.2 b

L 7.3±0.3 r 7.8±0.3 r 8.3±0.1 r 9.1±0.2 r 8.6±0.1 r

Note. Fluxes are given on a scale where F(Hβ) = 100. The tabulated values are the raw measures, i.e., with no correction for underlying Balmer absorption and
reddening. The values obtained from the blue and red spectra are indicated with the letters b and r, respectively.

7

The Astronomical Journal, 150:143 (23pp), 2015 November Annibali et al.



different approach than a direct spectral fit to all the regions.
More specifically, we selected a specific region in NGC 1705
with the minimum possible contribution of the emission with
respect to the underlying stellar absorption (and with the
deepest absorption wings), determined the corrections directly
from its spectrum, and then extended the derived corrections to
other regions of NGC 1705 using population synthesis models.
In the following subsections we describe in details the three
different steps of our semi-empirical approach: (a) derivation of
the absorption lines from an empirical spectrum in a region of
NGC 1705; (b) comparison with predictions from population
synthesis models; (c) extension of the correction to all regions
in NGC 1705 through population synthesis models.

4.1.1. Absorption Lines from Empirical Spectral Data

Unfortunately, it was not possible from our data to extract an
emission-free spectrum with a signal-to-noise high enough to
allow for a reliable characterization of the Balmer absorption
lines in NGC 1705: in fact, all the slits positioned near the

galaxy center, where the stellar surface brightness is higher, are
severely contaminated by the strong emission from the ionized
gas, while the galaxy stellar surface brightness is too low in
more external regions. Given the impossibility of working with
an emission-free spectrum, we looked for a region with the
highest possible strength of the absorption lines in comparison
with the emission linesto allow for a good fit of the absorption
wings. This region is located between the two emission peaks
at s7-1 and s7-2 (see Figure 3, panel (c)), and we will call it
region s7-a hereafter. The strong absorption wings around Hδ,
Hγ, and Hβ in region s7-a are well visible in Figure 8.
To compute the corrections, we adopted the same procedure

adopted by Lee et al. (2003) for a sample of dIrr galaxies: this
consists in fitting the Balmer regions first with a model
constructed with both absorption and emission lines, and then
with a model that assumes only emission lines (see Figure 8).
The correction is then computed as the difference between the
emission strengths obtained with the “emission-only” and with
the “emission + absorption” fits. In our specific case, we used

Table 2
Emission Line Fluxes for Regions s8-2–s10 in NGC 1705

Line s8-2 s8-3 s8-4 s9 s10

[O II] λ3727 163.1±1.0 222.7±6.1 261.4±4.1 305.1±6.9 300.2±21.5
[Ne II] λ3869 45.9±0.3 37.5±0.6 36.1±0.8 39.8±0.2 36.7±3.3
H8+He I λ3889 13.8±0.4 18.3±0.2 18.5±0.5 22.3±0.1 14.7±2.7
Hò + He I +[Ne II] λ3970 16.2±0.6 23.2±0.8 23.5±0.6 26.7±0.5 23.1±3.2
Hδ λ4101 13.9±0.1 19.4±0.4 20.2±0.1 23.6±0.4 22.1±0.7
Hγ λ4340 39.0±0.2 42.5±0.1 43.5±0.1 46.7±0.3 44.1±2.0
[O III] λ4363 4.3±0.1 3.9±0.1 3.6±0.1 4.2±0.2 6.5±1.1
He I λ4471 4.3±0.2 3.1±0.1 3.5±0.1 4.6±0.3 L
He II λ4686 1.2±0.1 0.6±0.1 L L L
Hβ λ4861 100.0±0.2 b 100.0±0.1 b 100.0±0.1 b 100.0±0.4 b 100.0±3.1 b

100.0±0.3 r 100.0±0.2 r 100.0±0.3 r 100.0±0.6 r 100.0±1.9 r

[O III] λ4959 156.7±1.3 b 130.7±1.2 b 113.1±1.1 b 101.3±1.3 b 125.9±4.8 b

149.8±0.6 r 125.9±0.3 r 109.6±0.5 r 96.5±0.8 r 133.3±3.2 r

[O III] λ5007 462.6±1.4 b 390.4±2.8 b 338.1±2.3 b 304.9±4.3 b 383.1±12.4 b

449.5±1.5 r 377.4±0.8 r 329.0±1.1 r 286.6±1.8 r 400.9±8.2 r

He I λ5876 12.8±0.2 b 11.9±0.3 b 12.6±0.4 b 19.3±1.0 b L
13.0±0.2 r 11.9±0.1 r 12.1±0.1 r L L

[O I] λ6302 2.1±0.4 b 3.8±0.2 b 5.2±0.1 b L L
L L L L L

[S III] λ6314 1.7±0.2 b 1.4±0.2 b 1.9±0.1 b L L
L L L L L

[O I] λ6365 1.2±0.1 b 1.5±0.1 b 2.5±0.2 b 2.3±0.2 b L
L L L L L

[N II] λ6548 2.4±0.3 b 2.4±0.3 b 4.8±0.4 b 7.0±0.9 b L
L L 4.4±0.4r 6.9±0.1 r L

Hα λ6563 310.4±0.8 b 304.7±0.5 b 309.5±0.6 b 300.3±1.3 b 295.2±9.2 b

303.4±1.0 r 294.2±0.7 r 294.5±1.1 r 290.2±2.1 r 296.4±6.5 r

[N II] λ6584 10.0±0.8 b 13.0±0.7 b 19.5±0.7 b 30.1±1.0 b 16.8±0.9 b

10.8±0.2 r 13.9±0.2 r 20.2±0.5 r 32.8±0.9 r 15.0±2.4 r

He I λ6678 3.4±0.1 b 3.3±0.1 b 3.6±0.1 b 3.6±0.4 b L
3.5±0.1 r 3.2±0.1 r 3.6±0.1 r 3.8±0.1 r L

[S II] λ6716 19.6±0.1 b 26.6±0.1 b 35.3±0.2 b 48.9±0.5 b 33.5±2.4 b

20.3±0.1 r 27.0±0.1 r 34.9±0.1 r 49.3±0.3 r 25.4±1.1 r

[S II] λ6731 13.9±0.1 b 17.8±0.1 b 23.3±0.2 b 33.9±0.5 b 19.7±1.7 b

14.1±0.1 r 18.0±0.1 r 23.5±0.1 r 34.3±0.2 r 18.3±1.1 r

He I λ7065 2.2±0.1 b 1.9±0.1 b 2.1±0.1 b 2.4±0.1 b L
2.6±0.1 r 2.2±0.1 r 2.3±0.1 r L L

[Ar III] λ7136 8.4±0.1 b 7.5±0.1 b 7.3±0.2 b 7.4±0.2 b 9.0±2.2 b

8.7±0.3 r 7.7±0.1 r 8.0±0.2 r 6.7±0.2 r 8.9±1.6 r

Note. Fluxes are given on a scale where F(Hβ) = 100. The tabulated values are the raw measures, i.e., with no correction for underlying Balmer absorption and
reddening. The values obtained from the blue and red spectra are indicated with the letters b and r, respectively.
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the IRAF splot task to fit the Balmer absorption features with
Voigt profiles (resulting from the convolution of a Gaussian
and a Lorentzian profile), and the emission lines with
Gaussians, while the linear continuum was estimated from
two windows located on both sides of the emission lines, away
from the Balmer absorption wings. For Hδ and Hβ, we

assumed a line in absorption plus a line in emission, with the
peaks and the FWHMs treated as freeparameters. Instead, the
more complex Hγ region was fitted assuming two absorption
profiles (a Gaussian for the G band around ∼4300 Å and a
Voigt profile for the Hγ in absorption) plus two Gaussians for
the Hγ and [O III]λ4363 emission lines. Finally, the Hα region
(not shown in Figure 8) was fitted adopting three Gaussians in
emission for the Hα + [N II] 6548, 84ll blend, plus a Voigt
profile for the Hα in absorption. Due to the absence of visible
absorption wings, the parameters of the Hα absorption line
were fixed: the absorption equivalent width was taken from
population synthesis models (seeSection 4.1.2), and the
(Lorentzian and Gaussian) FWHMs were fixed to the values
obtained from the fits to the Hδ, Hγ, and Hβ lines.
The “emission + absorption” fits are shown in the bottom

panels of Figure 8, and the results are given in columns 2 and 3
of Table 3. The values were obtained repeating the fitting
procedure several times, and computing average values and
standard deviations. The absorption strengths for the Hδ, Hγ,
and Hβ lines are 9.9 ± 0.4 Å, 10.2 ± 0.6 Å, and 8.9 ± 0.5 Å,
respectively. The “emission-only” fits are instead shown in the
top panels of Figure 8, and the results are given in column 4 of
Table 3. For each line, the final correction (column 5) was
computed as the difference between the emission equivalent

Figure 8. Top panels: fit to the Hδ, Hγ, and Hβ regions of spectrum s7-a assuming only emission components. Bottom panels: multi-component fit to the same regions
assuming components in bothemission andabsorption. The asterisks are the observed spectrum, while the continuous line is the best fit. The individual components
of the fit are plotted with a dashed line: linear continuum, Gaussian profiles for the emission lines, and Voigt profiles for the Balmer absorption lines.

Table 3
Fits to the Emission Lines in Spectrum s7-a With and Without

Underlying Stellar Absorption

Fit with Emission +
Absorption

Fit with
Emission
Only

Line EWem EWabs EWem EWcorr

(Å) (Å) (Å) (Å)

Hδ − 4.5±0.2 9.9±0.4 − 0.5±0.1 4.0±0.2
Hγ − 9.7±0.3 10.2±0.6 − 5.2±0.1 4.5±0.3
[O III]λ4363 − 1.6±0.1 L − 0.7±0.1 0.9±0.1
Hβ − 22.5±0.3 8.9±0.5 − 19.4±0.2 3.1±0.4
[N II] λ6548 − 1.3±0.1 L − 0.8±0.1 0.5±0.1
Hα − 100.5±0.4 5.9±0.2a − 99.0±0.4 1.5±0.6
[N II] λ6584 − 5.1±0.1 L − 4.6±0.1 0.5±0.1

Note.
a Predicted from population synthesis models for region 5; see Table 4.
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widths obtained with the “emission-only” and “emission +
absorption” fits.

We note that the corrections are lower than the full strength
of the Balmer absorption lines; this is because the absorption
lines are wider than the emission ones, with the consequence
that only part of the absorption affects the emission line (see
Figure 8). We obtain corrections of 4.0 ± 0.2 Å, 4.5 ± 0.3 Å,
3.1 ± 0.4 Å, and 1.5 ± 0.6 Å to the equivalent widths in Hδ,
Hγ, Hβ, and Hα, respectively. Our values are higher than the
average correction of 1.59 ± 0.56 Å to Hβ derived by Lee et al.
(2003) for their sample of dIrr galaxies, and also higher than
the constant 2 Å correction usually applied in the literature to
all Balmer lines (e.g., McCall et al. 1985; Kennicutt &
Garnett 1996; Lee et al. 2003; Lee & Skillman 2004).
Furthermore, our correction to the Hβ line is roughly twice
as high as that in Hα. Thus, applying the same correction to Hβ

and Hα may lead to significant uncertainties in reddening
estimates, in particular if the emission lines are weak. We also
note from Table 3 that there are non-negligible corrections to
the [O III]λ4363, [N II] 6548l , and [N II] 6584l lines (0.9 ±
0.1 Å, 0.5 ± 0.1 Å, and 0.5 ± 0.1 Å, respectively), whereas
such lines are usually not corrected in the literature.

4.1.2. Comparison with Population Synthesis Models

Since our results are based on fits to the absorption wings
rather than on direct measurements of the Balmer absorption
lines, we performed a consistencycheck with population
synthesis models. Forthis purpose, we used the results by
Annibali et al. (2003), hereafter A03, and Annibali et al.
(2009), hereafter A09, who derived the SFH in different
regions of NGC 1705 (regions 7 to 0 from the center
outwards) from the CMDs of the resolved stars (Tosi
et al. 2001). From a comparison of our FORS2-MXU slit
mask in Figure 3 with WFPC2 images of NGC 1705 (see
Figure 2 in A09), we find that region s7-a defined in
Section 4.1.1 is located within region 5 of A09. We thus
compare our fits to the empirical spectrum in s7-a (see
Section 4.1.1) with population synthesis models based on the
SFH from A03 and A09 for region 5.
In order to construct the synthetic spectrum, simple stellar

populations (SSPs) from the Padova group for a metallicity of
Z 0.004= , based on the tracks of Marigo et al. (2008;see
also Chavez et al. 2009), were combined according to the
SFH of region 5 in NGC 1705. The adopted SSPs are based
on the MILES empirical spectral library (Sánchez-Blázquez
et al. 2006), which consists of 2.3 Å FWHM optical spectra
of ∼1000 stars spanning a large range of atmospheric
parameters. Balmer absorption lines were then measured on
the synthetic spectrum usingthe splot task in IRAF, the same
as for the real data. The results are given in column 2 of
Table 4. The synthetic absorption equivalent widths,6

H 8.8 0.2d =  Å, H 8.7 0.2g =  Å, and H 8.7 0.3b = 
Å are consistent, within the errors, with the values of 9.9 ±
0.4 Å, 10.2 ± 0.6 Å, and 8.9 ± 0.5 Å derived from the
empirical spectrum in s7-a. This indicates that our fit to the
absorption wings provided sensible values for the Balmer
lines, and that our corrections are reliable. From the synthetic
spectrum of region 5, we also measured an absorption EW in
Hα of 5.9 ± 0.2 Å, which we used in Section 4.1.1 to
compute the emission corrections.

4.1.3. Extension of the Correction to Other Regions

Our corrections, which are given in terms of equivalent
widths, do not depend on the continuum absolute flux, but
depend on the (luminosity-weighted) age and metallicity of the
underlying stellar population. Thus, given the spatial variation
of the SFH within NGC 1705, we expect different amounts of
Balmer absorption over the galaxy field of view. To extend the
corrections computed for region 5 to other regions, we
constructed synthetic spectra for regions 6 to 0 in NGC 1705
using the SFHs derived by A03 and A09, and combining the
SSPs as described in Section 4.1.2. Westress that the
corrections were not directly derived from the synthetic
spectra:instead, wescaled the corrections derived from the
empirical spectrum in s7-a (Table 3) by a factor predicted from

Table 4
Applied Corrections for Balmer Absorption in Different Regions of NGC 1705

Line Model EWa Model (EW/EWreg 5)
b EWcorr

c

(Å) (Å)

s8-1 (Region 6 in A09)

Hδ 8.1 ± 0.1 0.92 ± 0.02 3.7 ± 0.2
Hγ 8.4 ± 0.3 0.96 ± 0.04 4.3 ± 0.3
[O III] λ4363 L L 0.9 ± 0.1
Hβ 7.5 ± 0.4 0.86 ± 0.05 2.7 ± 0.4
[N II] λ6548 L L 0.5 ± 0.1
Hα 6.0 ± 0.1 1.02 ± 0.04 1.5 ± 0.6
[N II] λ6584 L L 0.5 ± 0.1

s6-2, s8-2, s8-3, s8-4 (Region 5 in A09)

Hδ 8.8 ± 0.2 1.00 4.0 ± 0.2
Hγ 8.7 ± 0.2 1.00 4.5 ± 0.3
[O III] λ4363 L L 0.9 ± 0.1
Hβ 8.7 ± 0.3 1.00 3.1 ± 0.4
[N II] λ6548 L L 0.5 ± 0.1
Hα 5.9 ± 0.2 1.00 1.5 ± 0.6
[N II] λ6584 L L 0.5 ± 0.1

s6-1, s9 (Regions 4–3 in A09)

Hδ 8.7 ± 0.1 0.99 ± 0.02 3.9 ± 0.2
Hγ 9.1 ± 0.4 1.05 ± 0.05 4.7 ± 0.4
[O III] λ4363 L L 0.9 ± 0.1
Hβ 8.2 ± 0.4 0.94 ± 0.06 2.9 ± 0.4
[N II] λ6548 L L 0.5 ± 0.1
Hα 5.9 ± 0.1 1.0 ± 0.04 1.5 ± 0.6
[N II] λ6584 L L 0.5 ± 0.1

s10 (Regions 2–1–0 in A09)

Hδ 5.9 ± 0.2 0.67 ± 0.03 2.7 ± 0.2
Hγ 5.3 ± 0.6 0.61 ± 0.07 2.7 ± 0.4
[O III] λ4363 L L 0.5 ± 0.1
Hβ 7.0 ± 0.4 0.80 ± 0.05 2.5 ± 0.4
[N II] λ6548 L L 0.4 ± 0.1
Hα 4.9 ± 0.1 0.83 ± 0.03 1.2 ± 0.5
[N II] λ6584 L L 0.4 ± 0.1

Notes.
a Absorption equivalent width from synthetic spectra.
b Ratio between the absorption equivalent widths in a specific region and in
region 5 from synthetic spectra.
c Final correction for a specific region.

6 Absorption strengths obtained with the Starburst 99 (Leitherer et al. 2014)
SSPs turned out to be consistent with those obtained using the Padova models.
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population synthesis models. In doing this, we used ratios of
absorption lines as predicted by the models and not absolute
values; this minimizes some of the uncertainties related to the
adopted models and to the assumed input parameters (e.g.,
the IMF).

In more detail, for each X region (6, 4–3, or 2–1–0), the new
corrections were obtained by multiplying the values in column
5 of Table 3 by the quantity EW EWXreg reg5, i.e., by the ratio
between the absorption strengths from the synthetic spectra.
The results are given in Table 4. The absorption lines from the
synthetic spectra, the EW EWXreg reg5 ratios, and the final
corrections are given in columns 2, 3, and 4, respectively.
The comparison of the FORS2-MXU slit mask with the
WFPC2 images of NGC 1705 provides the following spatial
association: s8-1 with region 6; s6-2, s7-1, s7-2, s8-2, s8-3, and
s8-4 with region 5; s6-1 and s9 with region 4-3; and s5 and s10

with region2–1–0. Note that no correction needsto be applied
to spectra s5, s7-1, and s7-2, where both the sky and the galaxy
background were subtracted, as described in Section 3.

4.2. Reddening Correction

For each region, the reddening was estimated from the
observed Hα/Hβ ratio using the Cardelli et al. (1989)
extinction law according to the formula:

E B V
R R

R A A A A

log

0.4
1o t

V V VH H[ ]( ) ( )- =
´ ´ -b a

where Ro and Rt are the observed and theoretical Hα/Hβ
ratios, respectively; the magnitude attenuation ratio A AVl
was taken from the Cardelli’ s law adopting R 3.05V = . To

Table 5
Emission Line Fluxes Corrected for Balmer Absorption and for Dust Extinction for Regions s5–s8-1 in NGC 1705

Line s5 s6-1 s6-2 s7-1 s7-2 s8-1

[O II] λ3727 477.7±285.5 310.2±6.1 216.7±25.0 235.8±7.6 207.2±4.7 145.8±10.9
[Ne II] λ3869 L 33.2±1.0 37.9±4.4 25.1±1.5 44.6±1.2 46.6±3.5
H8+He I λ3889 L 18.8±0.7 13.0±2.1 19.0±1.1 27.6±0.7 12.4±0.9
Hò + He I +[Ne II] λ3970 L 19.3±0.9 14.1±2.1 22.6±0.7 35.8±3.6 16.6±1.4
Hδ λ4101 L 27.6±0.7 29.6±3.3 25.0±0.9 30.7±0.6 23.5±1.8
Hγ λ4340 L 49.8±1.3 52.4±5.7 44.8±1.3 48.3±2.2 47.7±3.4
[O III] λ4363 L 5.2±0.4 6.3±0.9 4.4±0.3 5.0±0.6 6.2±0.6
He I λ4471 L 4.8±0.7 L 3.4±0.2 L 3.2±0.2
He II λ4686 28.1±18.1 b L L 0.9±0.1 b L 1.4±0.2 b

36.3±14.1 r L L L L L
Hβ λ4861 100.0±51.7 b 100.0±2.3 b 100.0±10.0 b 100.0±2.7 b 100.0±1.9 b 100.0±6.4 b

100.0±31.0 r 100.0±1.7 r 100.0±2.3 r 100.0±0.8 r 100.0±1.3 r 100.0±4.6 r

[O III] λ4959 114.9±58.1 b 84.1±1.5 b 126.0±12.2 b 111.5±3.4 b 141.9±2.7 b 152.8±10.1 b

138.9±42.4 r 83.6±1.2 r 123.3±2.0 r 110.2±0.9 r 130.9±1.6 r 148.0±6.6 r

[O III] λ5007 343.4±170.9 b 250.4±4.3 b 372.7±35.8 b 315.2±8.4 b 411.3±7.7 b 425.8±26.8 b

477.2±142.9 r 246.1±3.1 r 364.8±5.9 r 309.1±2.5 r 403.4±5.0 r 414.6±18.4 r

He I λ5876 L 21.0±0.9 b 26.2±2.4 b 10.9±0.3 b 11.1±0.2 b 11.8±0.8 b

37.9±10.5 r 27.1±0.4 r 31.0±0.6 r 10.3±0.1 r 9.8±0.1 r 11.7±0.5 r

[O I] λ6302 L L L 2.2±0.1 b L 1.7±0.3 b

L L L 2.4±0.1 r L L
[S III] λ6314 L L L 1.5±0.1 b L 1.9±0.1 b

L L L 1.7±0.1 r L L
[O I] λ6365 L L L 0.9±0.1 b L L

L L L 0.7±0.1 r L L
[N II] λ6548 L 8.0±0.6 b 7.7±0.9 b 2.9±0.4 b 2.6±0.4 b 2.5±0.5 b

L 4.4±0.3 r L L L L
Hα λ6563 280.0±123.0 b 279.6±4.8 b 280.0±23.8 b 280.0±6.5 b 280.0±4.6 b 280.0±15.7 b

280.0±74.4 r 262.0±3.4 r 270.0±4.8 r 280.0±2.0 r 280.0±3.1 r 280.0±11.0 r

[N II] λ6584 L 18.2±0.7 b 15.0±1.5 b 11.6±0.6 b 10.4±0.6 b 8.5±0.8 b

25.1±9.1 r 19.6±0.4 r 15.9±0.5 r 10.6±0.3 r 10.5±0.5 r 8.8±0.4 r

He I λ6678 L 3.3±0.1 b 3.4±0.3 b 3.1±0.2 b 3.3±0.1 b 3.0±0.2 b

L 3.5±0.1 r 3.6±0.1 r 3.2±0.1 r 2.9±0.1 r 3.4±0.2 r

[S II] λ6716 41.5±18.2 b 40.7±0.9 b 28.8±2.4 b 17.1±0.4 b 19.2±0.3 b 15.1±0.8 b

L 38.8±0.5 r 28.5±0.5 r 17.7±0.1 r 21.1±0.2 r 16.1±0.6 r

[S II] λ6731 25.1±11.4 b 26.8±1.0 b 19.2±1.6 b 11.7±0.3 b 12.9±0.2 b 10.8±0.6 b

L 26.1±0.4 r 18.9±0.3 r 12.3±0.1 r 14.5±0.2 r 11.5±0.5 r

[S II] λ6716/λ6731 1.65±0.60 b 1.52±0.06 b 1.49±0.10 b 1.46±0.03 b 1.50±0.02 b 1.40±0.06 b

L 1.48±0.02 r 1.51±0.01 r 1.44±0.01 r 1.46±0.02 r 1.41±0.05 r

He I λ7065 L L L 2.1±0.1 b L 2.0±0.2 b

L L L 2.2±0.1 1.7±0.1 r 2.2±0.2 r

[Ar III] λ7136 L L L 6.8±0.1 b 7.7±0.2 b 7.3±0.4 b

L 6.8±0.3 r 6.9±0.3 r 7.4±0.1 r 7.5±0.1 r 7.7±0.3 r

Note. Fluxes are given on a scale where F(Hβ) = 100. The values obtained from the blue and red spectra are indicated with the letters b and r, respectively.
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compute Ro, the Hα and Hβ emission fluxes were corrected
for underlying Balmer absorption as described in Section 4.1.
We assumed a theoretical Balmer decrement of R 2.8t = from
Table 4.4 of Osterbrock (1989), assuming n 100 cme

3= - and
Te = 15,000 K. In fact, the measured [S II] λ6716/λ6731
ratios imply densities lower than this (n 30 cme

3 - ; Tables 7
and 8) but from models (Panuzzo et al. 2003) we verified that
Rt does not significantly depend on density below
n 100 cme

3~ - .
The E B V( )- values derived from the blue and the red

spectra are given in Tables 7 and 8. When the Hα/Hβ ratio
resulted in a negative reddening, we adopted E B V 0( )- = .
For many regions (the most external ones), the derived
reddenings are consistent with zero or very low levels of
extinction. However, along somemore centrallines of sight,
we do detect significant extinction. For example, the extinction

derived for s7-1 and s7-2 is as high as E B V 0.10( )- = and
0.16, respectively, which is significantly higher than the
Galactic reddening of E B V 0.045( )- = from Meurer et al.
(1992), or the newer E B V 0.007( )- ~ from Schlegel et al.
(1998) and Schlafly & Finkbeiner (2011). We note that our red
spectra tend to provide systematically lower reddening values
than the blue ones.
The intrinsic emission line fluxes for the blue and red spectra

were computed according to the formula:

F F 10 , 2c o
A0.4 ( )= ´ ´ l

where Fo is the measured line flux, corrected only for the effect
of underlying Balmer absorption, and Fc is the extinction-
corrected flux; Al, the magnitude attenuation at the line
wavelength, is derived from the Cardelli et al. (1989) extinction
law. We provide in Tables 5 and 6 the emission line fluxes

Table 6
Emission Line Fluxes Corrected for Balmer Absorption and for Dust Extinction for Regions s8-2–s10 in NGC 1705

Line s8-2 s8-3 s8-4 s9 s10

[O II] λ3727 157.6±8.9 225.6±9.4 272.4±8.9 305.6±13.9 295.5±54.3
[Ne II] λ3869 44.2±2.4 37.8±1.3 37.3±1.3 39.7±1.6 36.1±6.8
H8+He I λ3889 13.3±0.8 18.4±0.6 19.1±0.7 22.2±0.9 14.4±3.6
Hò + He I +[Ne II] λ3970 15.5±1.0 23.3±1.1 24.1±0.9 26.5±1.1 22.6±4.9
Hδ λ4101 25.8±1.5 26.3±0.9 26.4±0.8 28.7±1.2 27.5±4.5
Hγ λ4340 49.5±2.7 48.9±1.5 49.5±1.4 52.0±2.0 47.5±7.7
[O III] λ4363 6.5±0.4 5.2±0.2 4.8±0.2 5.3±0.3 7.1±1.5
He I λ4471 4.0±0.3 3.1±0.1 3.5±0.1 4.4±0.3 L
He II λ4686 1.2±0.1 0.6±0.1 L L L
Hβ λ4861 100.0±4.9 b 100.0±2.7 b 100.0±2.5 b 100.0±3.4 b 100.0±15.0 b

100.0±4.9 r 100.0±3.0 r 100.0±3.0 r 100.0±4.2 r 100.0±11.0 r

[O III] λ4959 145.0±7.0 b 125.0±3.5 b 108.6±2.8 b 97.2±3.4 b 120.9±17.8 b

139.0±6.6 r 120.5±3.5 r 105.5±3.1 r 93.1±3.9 r 126.6±13.5 r

[O III] λ5007 427.5±20.1 b 372.7±10.1 b 323.6±8.0 b 291.9±10.5 b 367.6±53.1 b

416.8±19.7 r 361.1±10.3 r 316.4±9.2 r 276.4±11.4 r 380.6±40.2 r

He I λ5876 11.6±0.5 b 11.0±0.4 b 11.6±0.4 b 18.1±1.1 b L
12.0±0.5 r 11.3±0.3 r 11.5±0.3 r L L

[O I] λ6302 1.9±0.3 b 3.5±0.2 b 4.7±0.1 b L L
L L L L L

[S III] λ6314 1.5±0.2 b 1.3±0.2 b 1.7±0.1 b L L
L L L L L

[O I] λ6365 1.1±0.1 b 1.4±0.1 b 2.2±0.2 b 2.2±0.2 b L
L L L L L

[N II] λ6548 2.9±0.3 b 2.6±0.3 b 4.7±0.4 b 7.0±0.9 b L
L L L 4.6±0.4 r 7.1±0.3 r

Hα λ6563 280.0±11.7 b 280.0±6.5 b 280.0±6.0 b 280.0±8.3 b 280.0±35.7 b

280.0±11.8 r 280.0±7.1 r 280.0±7.2 r 280.0±35.7 r 280.0±26.2 r

[N II] λ6584 9.7±0.9 b 12.3±0.7 b 18.0±0.7 b 28.4±1.2 b 16.4±2.2 b

10.6±0.5 r 13.6±0.4 r 19.5±0.7 r 31.9±1.4 r 14.7±2.6 r

He I λ6678 3.0±0.1 b 3.0±0.3 b 3.2±0.1 b 3.3±0.4 b 6.7±1.5 b

3.2±0.1 r 3.0±0.1 r 3.4±0.2 r 3.7±0.1 r L
[S II] λ6716 17.5±0.7 b 24.2±0.5 b 31.6±0.7 b 45.3±1.4 b 31.5±4.5 b

18.5±0.8 r 25.5±0.6 r 33.0±0.8 r 47.3±1.7 r 23.7±2.4 r

[S II] λ6731 12.4±0.5 b 16.3±0.4 b 20.9±0.5 b 31.4±1.0 b 18.6±2.8 b

12.9±0.5 r 17.0±0.4 r 22.2±0.6 r 33.0±1.2 r 17.1±1.8 r

[S II] λ6716/λ6731 1.42±0.05 b 1.49±0.03 b 1.51±0.03 b 1.44±0.04 b 1.70±0.24 b

1.44±0.05 r 1.50±0.03 r 1.48±0.03 r 1.44±0.04 r 1.38±0.14 r

He I λ7065 2.0±0.1 b 1.8±0.1 b 1.9±0.1 b 2.2±0.1 b L
2.3±0.2 r 2.0±0.1 r 2.2±0.1 r L L

[Ar III] λ7136 7.4±0.3 b 6.8±0.1 b 6.5±0.2 b 6.8±0.3 b 8.5±2.3 b

8.0±0.4 r 7.3±0.2 r 7.5±0.3 r 6.5±0.3 r 8.1±1.7 r

Note. Fluxes are given on a scale where F(Hβ) = 100. The values obtained from the blue and red spectra are indicated with the letters b and r, respectively.
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corrected for both Balmer underlying absorption and dust
extinction. The Hγ/Hδ ratios from the corrected fluxes result
in1.80 ± 0.06, 1.77 ± 0.27, 1.79 ± 0.08, 1.57 ± 0.08, 2.03 ±
0.21, 1.92 ± 0.15, 1.86 ± 0.08, 1.87 ± 0.08, 1.81 ± 0.10, 1.73
± 0.40 for regions s6-1, s6-2, s7-1, s7-2, s8-1, s8-2, s8-3, s8-4,
s9, and s10, respectively. With the exception of region s7-2,
they are all consistent, within the errors, with the theoretical
ratio of H H 1.8g d ~ predicted for case B recombination in
Osterbrock (1989).

5. CHEMICAL ABUNDANCES

Temperatures, densities, and chemical abundances were
derived using two different tools, the abund task in IRAF
(Shaw & Dufour 1994) and the PyNeb tool (Luridiana
et al. 2012), both based upon the FIVEL program developed
by De Robertis et al. (1987). The electron density ne was
computed using the density-sensitive [S II] λ6716/λ6731
diagnostic line ratio, which provides the density of the low-
ionization ions. This density was assumed to be constant all

over the nebula. For allregions but s5, where the [O III]λ4363
was not detected, the [O III](λ4959+5007)/λ4363 diagnostic
line ratio, measured in the blue spectra, was used instead to
derive the temperature of the O 2+ ions (the so-called “direct” Te
method). Both the IRAF abund task and the getCrossTemDen
option in PyNeb adopt an iterative process to derive
temperatures and densities: the quantity derived with one line
ratio is inputted into the other, and the process is iterated; at the
end of the iteration process, the two temperature-sensitive and
density-sensitive diagnostics give self-consistent results. The
high [S II]λλ6716,31 line ratios measured in NGC 1705 imply
very low densities. In thosenumerouscases where the [S II]
line ratio exceeded the theoretical value for n 0e  , we
provided an upper limit for the density at the 1s- value of the
measured [S II] line ratios. Typically, the derived densities are

30 cm 3 - . In those cases where a solution could not be found
at the 1s- level, we assumed a density of n 30 cme

3= - to
compute the temperature. We checked that assuming
n 10 cme

3= - or n 100 cme
3= - had no effect on the

temperatures. Direct temperatures could be derived for all
regions in NGC 1705 but s5, where the [O III]λ4363 line was

Table 7
Derived Properties in NGC 1705 for Regions s5–s8-1

Property Obs s5 s6-1 s6-2 s7-1 s7-2 s8-1

E B V( )- b 0.01 ± 0.11 0.00 ± 0.02 0.02 ± 0.02 0.10 ± 0.01 0.16 ± 0.01 0.08 ± 0.01
r 0.24 ± 0.06 0.00 ± 0.01 0.00 ± 0.02 0.09 ± 0.01 0.16 ± 0.01 0.04 ± 0.01

ne [cm 3- ]a b L L 32< 10< L 27 27
49

-
+

r L L L 6< 1< 20 20
40

-
+

T Oe
2( )+ [K] b L 15300 490

560
-
+ 14030 700

900
-
+ 12950 320

370
-
+ 12230 470

580
-
+ 13080 420

480
-
+

N H 106( ) ´+ + b L 1.85 0.07
0.07

-
+ 1.78 0.13

0.13
-
+ 1.26 0.09

0.09
-
+ 1.28 0.11

0.11
-
+ 0.95 0.11

0.11
-
+

r L 1.69 0.06
0.06

-
+ 1.67 0.12

0.12
-
+ 1.23 0.05

0.06
-
+ 1.39 0.12

0.12
-
+ 1.02 0.06

0.06
-
+

12 log N H( )+ b L 6.54 ± 0.02 6.73 ± 0.03 6.53 ± 0.03 6.63 ± 0.04 6.63 ± 0.05
r L 6.49 ± 0.02 6.66 ± 0.03 6.54 ± 0.02 6.62 ± 0.04 6.61 ± 0.03

O H 100 6( ) ´+ b L L L 1.89 0.12
0.13

-
+ L 1.43 0.11

0.12
-
+

r L L L L L L
O H 105( ) ´+ + b L 2.95 0.17

0.17
-
+ 2.44 0.28

0.30
-
+ 3.21 0.22

0.24
-
+ 3.37 0.40

0.50
-
+ 1.94 0.17

0.18
-
+

O H 102 5( ) ´+ + b L 2.62 0.21
0.21

-
+ 4.90 0.74

0.72
-
+ 5.21 0.38

0.37
-
+ 7.95 0.99

1.05
-
+ 6.87 0.65

0.62
-
+

r L 2.58 0.21
0.21

-
+ 4.79 0.73

0.71
-
+ 5.12 0.38

0.36
-
+ 7.68 0.96

1.01
-
+ 6.68 0.63

0.61
-
+

12 log O H( )+ b b L 7.75 ± 0.03 7.87 ± 0.06 7.93 ± 0.03 8.05 ± 0.05 7.95 ± 0.04

Ne H 102 5( ) ´+ + b L 0.83 0.08
0.08

-
+ 1.24 0.21

0.22
-
+ 1.05 0.09

0.09
-
+ 2.27 0.33

0.36
-
+ 1.90 0.21

0.20
-
+

12 log Ne H( )+ b L 7.01 ± 0.04 7.16 ± 0.08 7.09 ± 0.04 7.41 ± 0.07 7.32 ± 0.05

S H 107( ) ´+ + b L 7.93 0.27
0.27

-
+ 6.23 0.52

0.52
-
+ 4.16 0.17

0.18
-
+ 5.18 0.44

0.44
-
+ 3.71 0.19

0.20
-
+

r L 7.62 0.26
0.26

-
+ 6.16 0.44

0.44
-
+ 4.32 0.18

0.19
-
+ 5.74 0.49

0.49
-
+ 3.95 0.21

0.21
-
+

S H 102 6( ) ´+ + b L L L 1.49 0.17
0.20

-
+ L 1.80 0.26

0.31
-
+

r L L L 1.69 0.20
0.23

-
+ L L

12 log S H( )+ b L L L 6.31 ± 0.04 L 6.40 ± 0.06
r L L L 6.36 ± 0.05 L L

Ar H 102 7( ) ´+ + b L L L 3.90 0.26
0.29

-
+ 5.22 0.66

0.66
-
+ 4.07 0.32

0.38
-
+

r L 2.73 0.15
0.17

-
+ 3.29 0.39

0.39
-
+ 4.24 0.28

0.31
-
+ 5.08 0.69

0.67
-
+ 4.29 0.34

0.40
-
+

12 log Ar H( )+ b L L L 5.62 ± 0.03 5.75 ± 0.03 5.66 ± 0.04
r L 5.47 ± 0.02 5.55 ± 0.05 5.66 ± 0.03 5.74 ± 0.06 5.68 ± 0.04

Notes. Ion abundances are in units of ionized hydrogen.
a
“…” indicates that a solution for the density could not be found within the 1s range of the [S II] line ratio. In those cases, we assumed n 30 cme

3= - for the
temperature calculation.
b Direct Te method oxygen abundance. The total abundance was derived from the sum of O O O0 2+ ++ + for regions s71, s81, s82, s83, and s84, and neglecting the
contribution from O0 in all the other regions.
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not detected. The derived values are in the range
∼12000–15000 K. We provide in Tables 7 and 8 the
temperatures and densities obtained with PyNeb. These results
are consistent, within errors, with the values obtained with the
IRAF abund task, but we notice a systematic shift of 300~ +
K for the temperatures derived with abund with respect to those
obtained with PyNeb.

Starting from the temperature of the O 2+ ions directly
obtained from the [O III](λ4959+5007)/λ4363 ratio, we
derived the temperatures of the other ions assuming that
T TNe Oe

2
e

2( ) ( )=+ + and T T TN S Oe e e
0( ) ( ) ( )= = =+ + T Oe ( )+ .

In the literature, the relation between T Oe
2( )+ and T Oe ( )+ has

been widely discussed (e.g., Campbell et al. 1986; Pérez-
Montero & Díaz 2003; Izotov et al. 2006; Pilyugin & Thuan
2007). In this work, we used the formula in Equation (14) of
Izotov et al. (2006) for the intermediate metallicity regime, i.e.,
t t tO 0.744 O 2.338 0.610 Oe e

2
e

2( ) ( ) ( ( ))= - + ´ - ´+ + + ,
where t T 10e e

4= K. The temperature of the Ar 2+ and S 2+ ions
was assumed to be intermediate between that of O+ and
O 2+ , and from Equation (15) ofIzotov et al. (2006) we adopted

t t tAr S 1.276 Oe
2

e
2

e
2( ) ( ) ( )= = - ++ + +

t2.645 0.546 Oe
2( ( ))´ - ´ + .

We used the [N II] λ6548, 6584 lines for the determination of
the N+ abundance, and the [O II] λ3727 and [O III] λ4959, 5007
lines for the O+ and O 2+ abundances, respectively; when
detected (regions s7-1, s8-1, s8-2, s8-3, and s8-4), the [O I] λ
6300 line provided the O0 abundance. We used the [Ne II] λ
3869 line for the determination of the Ne 2+ abundance; the
[S II] λ6716, 6731 doublet and, when detected, the [S III] λ6312
line, for the determination of the S+ and S 2+ abundances,
respectively; from the [Ar III] λ7135 we derived the Ar 2+

abundance. The fluxes used for the abundance computations
are those listed in Tables 5 and 6, i.e., corrected for the effect of
underlying Balmer absorption and dust extinction.
For all regions but s5, the ion abundances obtained with the

getIonAbundance option in PyNeb are given in Tables 7 and 8.
Due to the wavelength coverage, the abundance of the O+ and
Ne 2+ ions was derived only from the blue spectra, while for all
the other ions we derived two different values, respectively,
from the blue and from the red spectra (although in both cases
the temperature was that derived from the blue spectra). The

Table 8
Derived Properties in NGC 1705 for Regions s8-2–s10

Property Obs s8-2 s8-3 s8-4 s9 s10

E B V( )- b 0.04 ± 0.01 0.05 ± 0.01 0.07 ± 0.01 0.04 ± 0.01 0.02 ± 0.03
r 0.01 ± 0.01 0.01 ± 0.01 0.02 ± 0.01 0.01 ± 0.01 0.01 ± 0.02

ne [cm 3- ]a b 14 14
39

-
+ L L 22< L

r 35< L L 26< 40 40
140

-
+

T Oe
2( )+ [K] b 13420 340

380
-
+ 12990 210

240
-
+ 13290 190

200
-
+ 14470 320

350
-
+ 14940 1160

1720
-
+

N H 106( ) ´+ + b 1.04 0.10
0.10

-
+ 1.31 0.09

0.09
-
+ 1.92 0.09

0.09
-
+ 2.65 0.16

0.16
-
+ 1.59 0.21

0.21
-
+

r 1.17 0.05
0.05

-
+ 1.60 0.05

0.05
-
+ 2.21 0.08

0.08
-
+ 2.73 0.13

0.13
-
+ 2.11 0.28

0.28
-
+

12 log N H( )+ b 6.64 ± 0.04 6.60 ± 0.03 6.69 ± 0.02 6.75 ± 0.03 6.58 ± 0.06
r 6.65 ± 0.02 6.65 ± 0.01 6.71 ± 0.01 6.73 ± 0.02 6.68 ± 0.06

O H 100 6( ) ´+ b 1.50 0.24
0.24

-
+ 2.98 0.12

0.13
-
+ 3.80 0.12

0.13
-
+ L L

r L L L L L
O H 105( ) ´+ + b 1.96 0.13

0.13
-
+ 3.06 0.14

0.15
-
+ 3.48 0.12

0.13
-
+ 3.22 0.14

0.16
-
+ 2.93 0.54

0.54
-
+

O H 102 5( ) ´+ + b 6.34 0.46
0.45

-
+ 6.02 0.29

0.29
-
+ 4.91 0.19

0.20
-
+ 3.52 0.22

0.22
-
+ 4.05 0.90

0.98
-
+

r 6.16 0.45
0.44

-
+ 5.82 0.28

0.28
-
+ 4.80 0.19

0.20
-
+ 3.34 0.21

0.21
-
+ 4.21 0.94

1.02
-
+

12 log O H( )+ b b 7.93 ± 0.03 7.97 ± 0.02 7.94 ± 0.02 7.83 ± 0.02 7.84 ± 0.08

Ne H 102 5( ) ´+ + b 1.66 0.14
0.14

-
+ 1.57 0.09

0.09
-
+ 1.44 0.07

0.07
-
+ 1.18 0.08

0.09
-
+ 0.97 0.18

0.28
-
+

12 log Ne H( )+ b 7.27 ± 0.04 7.26 ± 0.02 7.24 ± 0.02 7.16 ± 0.03 7.06 ± 0.12

S H 107( ) ´+ + b 4.10 0.16
0.15

-
+ 5.85 0.15

0.16
-
+ 7.33 0.17

0.17
-
+ 9.55 0.30

0.30
-
+ 6.03 0.88

0.88
-
+

r 4.31 0.18
0.18

-
+ 6.14 0.16

0.17
-
+ 7.71 0.20

0.20
-
+ 10.00 0.27

0.29
-
+ 4.91 0.51

0.51
-
+

S H 102 6( ) ´+ + b 1.27 0.17
0.17

-
+ 1.27 0.20

0.20
-
+ 1.50 0.09

0.10
-
+ L L

r L L L L L
12 log S H( )+ b 6.29 ± 0.05 6.31 ± 0.05 6.38 ± 0.02 L L

r L L L L L

Ar H 102 7( ) ´+ + b 3.89 0.24
0.23

-
+ 3.86 0.17

0.20
-
+ 3.49 0.11

0.12
-
+ 3.04 0.14

0.15
-
+ 3.57 0.97

0.97
-
+

r 4.21 0.26
0.25

-
+ 4.15 0.18

0.21
-
+ 4.03 0.14

0.16
-
+ 2.91 0.13

0.14
-
+ 3.40 0.71

0.71
-
+

12 log Ar H( )+ b 5.64 ± 0.02 5.62 ± 0.02 5.57 ± 0.01 5.51 ± 0.02 5.58 ± 0.12
r 5.67 ± 0.02 5.65 ± 0.02 5.64 ± 0.02 5.50 ± 0.02 5.56 ± 0.10

Notes. Ion abundances are in units of ionized hydrogen.
a
“…” indicates that a solution for the density could not be found within the 1s range of the [S II] line ratio. In those cases, we assumed n 30 cme

3= - for the
temperature calculation.
b Direct Te method oxygen abundance. The total abundance was derived from the sum of O O O0 2+ ++ + for regions s71, s81, s82, s83, and s84, and neglecting the
contribution from O0 in all the other regions.
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ion abundances derived with PyNeb and with abund are
generally consistent within the errors;nevertheless, we notice
systematic trends for some elements: the O 2+ , Ne 2+ , N+, and
S+ abundances derived with PyNeb are systematically higher
than those obtained with abund by ∼0.03, 0.04, 0.03, and
0.04 dex, respectively; on the other hand, the abundances of the
O+ and S 2+ ions are systematically lower by ∼0.02 and
0.01 dex, respectively.

The total element abundances can be derived from the
abundances of ions seen in the optical spectra using ionization
correction factors (ICFs). In the case of oxygen, the most
abundant ions O+ and O 2+ are seen in our blue spectra,
allowing for an immediate derivation of the total abundance as
O H O H O H2= ++ + . For regions s71, s81, s82, s83, and
s84, where we measured the [O I] λ6300 line, we added the
contribution from the O0 ion to the computation of the total
oxygen abundance. This contribution, however, is very small,
amounting to 0.02 dex. Concerning the O 3+ ion, Izotov et al.
(2006) estimated a contribution larger than ∼1% to the total
oxygen abundance only in the highestexcitation H II regions
with O O O 0.12( ) ++ + + . From our Tables 7 and 8, we
notice that this conditionnever occurs in our regions, implying

that the contribution from the O 3+ ions can be neglected. The
oxygen abundances derived for regions s6-1 to s10 in NGC
1705 are in the range 7.75 12 log O H 8.05( ) + (see
Tables 7 and 8), with an average value and standard deviation
of 7.91 ± 0.08 dex. The tabulated values were computed from
the blue spectra, due to the lack of the [O II] λ3727 line in the
red spectra.
To compute the abundances of the other elements, we

adopted the following ICFs from Izotov et al. (2006):

v vICF N 0.809 0.712 0.852 , 3( ) ( )= - + ++

w wICF Ne 0.405 1.382 0.021 , 42( ) ( )= - + ++

v vICF S S 0.155 0.849 0.062 , 52( ) ( )+ = + ++ +

v vICF Ar 0.285 0.833 0.051 , 62( ) ( )= + ++

where

v wO O O , O O O . 72 2 2( ) ( ) ( )= + = ++ + + + + +

The ICFs were computed from the O+ and O 2+ abundances
derived from the blue spectra, but were used to correct the ions
both for the blue and the red spectra. The total sulfur abundance

Figure 9. Diagnostic diagrams for regions s5–s10 in NGC 1705 compared with models. In panels (a)–(d), the solid and dotted curves are the starburst models of
Kewley et al. (2001, Ke01) obtained with the PEGASE v2.0 code for a continuous star formation, density n 10 cm 3= - , and for metallicities of 0.2 and 0.5 times
solar, respectively. Panels (a)–(c): the models run from bottom right to top left in the diagrams with increasing ionization parameter q. The thick solid curve is the
maximum starburst line (MSL) defined by Ke01. The grids are the shock + precursor (S+P) models of Allen et al. (2008) for the SMC (blue) and LMC (red) chemical
compositions. The shock models span velocities in the range 125–800 km s 1- from bottom to top, and magnetic fields in the range 0.5–10 μG from left to right. Panel
(d): in the Ke01 models, q decreases from top to bottom, while the metallicity increases from left to right.
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could be computed only for those regions where we measured
the [S III] λ6314 line, providing the S 2+ abundance. Our results
for the total abundances of N, O, Ne, S, and Ar in regions s6-1
to s10 are given in Tables 7 and 8. The abundances of N, S, and
Ar obtained from the blue and red spectra are consistent within
the errors. Hereafter, we will use the abundances based on the
blue spectra.

6. LINE RATIO DIAGNOSTIC DIAGRAMS

The Baldwin et al. (1981) and Veilleux & Osterbrock (1987)
diagnostic diagrams are a powerful tool to classify ionized
regions according to the main excitation mechanism. In the
most commonly used log O 5007 HIII([ ] )l b versus
log N 6548, 84 HII([ ] )ll a , log S 6716, 31 HII([ ] )ll a , or
log O 6300 HI([ ] )l a diagrams, starbursts fall onto the left-
hand region, while Seyfert galaxies are located in the upper
right, and LINERs lie in the lower right zone. Kewley et al.
(2001), hereafter Ke01, produced starburst grids on the optical
diagnostic diagrams combing stellar population synthesis
models with the MAPPINGS III photoionization and shock
code (Dopita et al. 2000, and references therein) for a wide
range of metallicities (Z 0.05 3–= times solar) and ionization
parameters (q 5 10 3 10 cm s6 8 1–= ´ ´ - ). Using these grids,
Ke01 defined a theoretical upper limit for starburst models on
the optical diagnostic diagrams, called the “maximum starburst
line” (MSL): objects lying above and to the right of the MSL
cannot be explained with pure starburst models, but require an
additional contribution from a harder ionizing source such as an
active galactic nucleus or shocks. On the other hand, objects
located below and to the left of the MSL may have a non-
negligible contribution (up to 30%~ , Ke01) from excitation
mechanisms different than stellar photoionization.

In order to investigate if excitation mechanisms other than
pure stellar photoionization are present in NGC 1705, we
compared the line ratios observed in regions s5–s10 against
models. In Figure 9 we plotted the Ke01 models based on the
PEGASE v2.0 population synthesis code (Fioc & Rocca-
Volmerange 1997), utilizing the Padova group tracks (Bressan
et al. 1993), for a continuous SF, density n 10 cm 3= - , and
metallicities of 0.2 and 0.5 times solar. The Ke01 models
suggest a higher metallicity for NGC 1705 than that derived by
the direct method, but large differences are observed in the
starburst grids depending on the adopted population synthesis
code (STARBURST99 or PEGASE v2.0), stellar evolution
tracks, continuous or instantaneous burst, and on other input
parameters. In the diagrams of panels (a)–(c), the models run
from top left to bottom right with decreasing ionization
parameter q, defined as the ratio between the ionizing photon
flux through a unit area and the local number density of
hydrogen atoms. We found that the Ke01 models based on the
STARBURST99 (Leitherer et al. 2014) code utilizing the
Geneva group tracks (Schaller et al. 1992) provide theworst
agreement with the NGC 1705 data. The thick solid line in
Figure 9 defines the maximum starburst sequence by Ke01.

In panels (a), (b), and (c) of Figure 9, we also plotted the fast
shock+precursor models of Allen et al. (2008) for the SMC
and LMC chemical compositions obtained with the MAP-
PINGS III code. In these models, the ionizing radiation
generated by the cooling of hot gas behind the shock front
generates a strong radiation field of extreme ultraviolet and soft
X-ray photons, which leads to significant photoionizing effects.
At shock velocities above a certain limit (v 170~ km s 1- ), the

ionization front velocity exceeds that of the shockand expands
to form a precursor H II region ahead of the shock. For a given
metallicity and pre-shock gas density, the emission line ratios
are mainly determined by the shock velocity and by the
magnetic field, which acts to limit the compression through the
shock. For the shock models in Figure 9, the O HIII[ ] b ratio
increases with shock velocity (with plotted velocities in the
range 125–800 km s 1- ), while the N HII[ ] a, S HII[ ] a, and
O HI[ ] a ratios increase with magnetic field (with plotted
magnetic fields in the range 0.5–10 μG). The models assume a
density of n 1 cm 3= - (the only value available for non-solar
abundance models). The diagrams in panels (a), (b), and (c)
clearly show that shocks are better separated from stellar
photoionization in the S HII[ ] a and O HI[ ] a ratios, while
photo-ionized and shock excited components are strongly
degenerate in the O HIII[ ] b versus N HII[ ] a diagram (e.g.,
Mathewson & Clarke 1972; Dopita 1997).
Fromcomparison of the NGC 1705 data with models in

Figure 9, we can draw the following conclusions. First, the
emission line ratios measured in regions s5–s10 are below the
MSL in all the (a), (b), and (c) diagnostic diagrams, implying
that the emission lines can in principle be explained with pure
stellar photoionization. Furthermore, a major contribution from
shock excitation can be excluded on the basis of diagrams (b)
and (c), where the data show few or no overlap with the shock
models. Indeed, the data completely avoid the shock grids in
the O HIII[ ] b versus O HI[ ] a diagrams, where stellar
photoionization and shock excitation are best separated (but
note that the most external regions s5, s6-1, s6-2, s9, and s10
are missing in this diagram). Of course, we cannot exclude a
minor contribution from shocks projected on relatively stronger
stellar photo-ionized regions. Furthermore, it is possible that
our data are biased toward stellar photoionization, and that
shock-dominated zones are actually present in NGC 1705; in
fact, non-radiative ionization is typically confined to regions of
low Hα surface brightness, as observed by many authors who
studied the occurrence of shocks in star-forming galaxies
(Ferguson et al. 1996; Martin 1997; Calzetti et al. 2004), while
our slits were positioned in regions of relatively high [O III]
(and Hα) surface brightness in order to obtain spectra with a
good signal-to-noise. Indeed, the presence of a kiloparsec-scale
supershell of ionized gas centered on the nucleus of NGC 1705
and expanding at a velocity of 53 10( ) km s 1- (Meurer
et al. 1992; Sahu & Blades 1997; Heckman et al. 2001)
suggests that shock excitation is a possible mechanism.
The second consideration from an inspection of the diagrams

in Figure 9 is that the data tend to move from top left to bottom
right in diagrams (a)–(c) (decreasing O HIII[ ] b values and
increasing N HII[ ] a, S HII[ ] a, and O HI[ ] a ratios) with
increasing distance from the galaxy center. We can exclude that
this effect is due to dust extinction, given the very weak effect
of dust absorption on the BPT diagrams and the low E B V( )-
values derived for NGC 1705 (see Tables 7 and 8); we can also
exclude a density effect, as that shown in Sánchez et al. (2015)
for a sample of ∼5000 H II regions in the CALIFA survey,
given the homogeneously low ne derived for regions s6–s10.
The behavior that we see in Figure 9 has already been observed
for other galaxies, and it is commonly explained with the
gradual and continuous transition from the core of the H II

regions into the diffuse ionized gas (DIG;e.g., Ferguson
et al. 1996; Martin 1997). In fact, the trend of the data from top
left to bottom right follows that of the starburst models of Ke01
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with decreasing ionization parameter q. Sánchez et al. (2015)
have shown that there is a strong correlation between position
in the BPT diagram, metallicity, and ionization parameter:
more metal-rich H II regions have the lowest ionization
parametersand are located in the bottom right part of the
star-forming sequence, while low-metallicity H II regions
display the highest ionization parameters and are located in
the top left. However, in the case of NGC 1705, the observed
trend from the top left to the bottom right in the BPT diagram
with increasing galactocentric distance goes in the opposite
direction since it is associated with a decrease in metallicity as
derived by the direct Te method. In this context, the observed
gradual decrease in the ionization parameter could be explained

with the dilution of radiation from a centralized source with
increasing distance from the main star-forming regions.
Dopita et al. (2000) showed that the O 5007 OIII II[ ] [ ]l

3727l versus N 6548, 84II[ ]ll O 3727II[ ]l diagram provides
an optimal separation between the ionization parameter and the
chemical abundance. This diagram is shown in panel (d) of
Figure 9, where the NGC 1705 data have been plotted against
the Ke01 starburst models for metallicities of 0.2 and 0.5 solar.
In this metallicity range, the O 5007 O 3727III II[ ] [ ]l l ratio is
almost independent of metallicity and decreases with decreas-
ing ionization parameter q. For the plotted models, the data
span ionization parameters from q 2 10 cm s7 1= ´ - to
q 8 10 cm s7 1= ´ - , with the most internal regions (s8-1,
s8-2) having the largest q values, and the most external ones
(s6-1, s9) corresponding to the lowest q values. To better
show this radial trend, we have plotted in Figure 10 the
O 5007 O 3727III II[ ] [ ]l l ratio against the projected distance
of regions s5–s10 from the galaxy center. This plot suggests a
well-defined decreasing trend of the ionization parameter with
increasing distance from the galaxy center, with regions s6-2
and s10 as outliers. This trend indicates that the main ionizing
source is located within the central ∼6.6 arcsec (∼160 pc),
which is the distance of region s8-1 from the galaxy center, and
that the diluted radiation from this centralized source is able to
ionize the gas out to at least ∼32.8 arcsec (∼800 pc, the
distance of region s6-1). Indeed, Figure 2 shows that the high
surface brightness optical component of NGC 1705, where the
young starburst is concentrated, is well within our innermost
region s8-1. Young blue stars are found in correspondence of
two of our targeted H II regions, i.e., regions s7-1 and s8-1.
Through a comparison with the map of stars younger than
∼5Myr derived from the CMDs in Annibali et al. (2009); see
Figure 11, we ascertained that these stars are indeed young
enough to be able to ionize the gas. Nevertheless, the trend of
the ionization parameter with distance from the galaxy center
suggests that the main ionizing source is the most central
starburst, or perhaps the super star cluster, in NGC 1705, and
that local association of young stars likely contribute to a minor
extent. Regions s6-2 and s10, which deviate from the global
decreasing trend (note, however, the particularly large errors in
their measured line ratios), could be affected by different

Figure 10. log O 5007 O 3727III II([ ] [ ] )l l line ratio vs. projected distance R
from the galaxy center for regions s5–s10 in NGC 1705. The possible low-
ionization PN is indicated with a star.

Table 9
Comparison of Our Average Abundances with Literature Values

This Work This Work Lee & Skillman
(Totala) Centralb (2004)c

12 log N H( )+ 6.63 ± 0.07 6.62 ± 0.05 6.51 ± 0.06
12 log O H( )+ 7.91 ± 0.08 7.96 ± 0.04 8.22 ± 0.05
12 log Ne H( )+ 7.19 ± 0.12 7.26 ± 0.09 7.81 ± 0.07
12 log Ar H( )+ 5.62 ± 0.06 5.65 ± 0.05 5.93 ± 0.05

log N O( ) 1.27 0.11-  1.34 0.06-  1.69 0.10- 
log Ne O( ) 0.71 0.06-  0.70 0.07-  0.41 0.05- 
log Ar O( ) 2.31 0.03-  2.32 0.03-  2.30 0.07- 

Notes.
a Average abundances and standard deviations derived averaging regions s6–
s10.
b Average abundances and standard deviations derived averaging regions s7-1,
s7-2, s8-1, s8-2, s8-3, s8-4.
c Average abundances and standard deviations derived from the five regions in
Lee & Skillman (2004) (A3, B3, B4, B6, and C6) with direct temperature
estimates from the [O III]λ4363 line. The poor [N II]λ6583 detection in H II

region C6 was not included in the average.

Figure 11. Continuum-subtracted [O III] image of NGC 1705 with the FORS2-
MXU slits. Superimposed are the stars younger than ∼5 Myr (yellow points)
and with ages in the range 10–15 Myr (blue points) as derived by Annibali
et al. (2009).
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excitation mechanisms than pure stellar photoionization in a
larger amount.

7. RESULTS AND DISCUSSION

7.1. Comparison with Literature Abundances

We compared our results with the work of Lee & Skillman
(2004),who derived chemical abundances for H II regions in
NGC 1705. Lee et al. obtained long-slit spectra with the
EFOSC2 instrument on the 3.6 m telescope at ESO La Silla
Observatory for 16 H II regions, and detected the [O III]λ4363
line in 5of them. There are a few H II regions in common with
our sample, namely region s8-1 (their A1) and region s7-1
(their region C1); our regions s8-2 and s8-3 partially overlap
with their regions A2 and A3, respectively. Among the regions
in common, the [O III]λ4363 is detected only in region A3,
while for regions A1 and C1, Lee et al. provide an upper limit
for the flux. For region A3, our oxygen abundance is
12 log O H 7.97 0.02( )+ =  , while they obtain 8.21 0.16

0.11
-
+ ,

which is consistent with our results within 3σ errors. For
regions s8-1 and s7-1, our oxygen abundances are
12 log O H 7.95 0.04( )+ =  and 7.93 ± 0.04, respectively,
while for A1 and C1 they provide lower limits of
12 log O H 7.57( )+ > and 8.16> , respectively. Thus, while
our result for region s8-1 is consistent with their abundance,
our value for region s7-1 turns out significantly lower than their
lower limit. For the five regions with the detected [O III]λ4363
line, the average oxygen abundance by Lee & Skillman (2004)
is 12 log O H 8.22 0.05( )+ =  , while our average oxygen

abundance is 12 log O H 7.91 0.08( )+ =  (see Table 9).
However, we notice that all five H II regions in Lee et al. are
relatively close to the galaxy center, while some of our slits are
located at much higher distances; due to the evidence for a
negative oxygen metallicity gradient in NGC 1705 (see
Section 7.3), we re-computed the average abundance using
only the most central regions s7-1, s7-2, s8-1, s8-2, s8-3, and
s8-4, and obtained log O H 7.96 0.04( ) =  , which is still
∼0.26 dex lower than Lee et al.ʼs abundance. We identified a
few reasons for the discrepancy between our abundances and
those by Lee et al.: (1) first of all, our temperatures are
systematically higher than those derived by them (their average
T Oe

2( )+ is 11700 K~ , while our average T Oe
2( )+ is 13000 K~

for the regions in slits 7 and 8); our higher temperatures imply
∼0.15 dex lower abundances. Although both temperature
estimates are based on the direct detection of the [O III]λ4363
line, we were able to detect this feature with a better signal-to-
noise than Lee et al., and thus we tend to consider our
temperature estimates more reliable. (2) In the second instance,
we notice that the [O II] 3727l /Hβ reddening-corrected fluxes
published by Lee et al. are systematically higher than ours
(almost twice as high for regions C1, A1, and A2 in common
with us), while the [O III] fluxes are more in agreement with our
values. Their higher [O II] fluxes imply ∼0.1 dex higher (total)
oxygen abundances. Possible reasons for the discrepancy
between the [O II] fluxes are the drop in the instrumental
sensitivity below ∼4000 Å and the higher atmospheric extinc-
tion toward bluer wavelengths: systematic uncertainties in the
determination of the sensitivity curve or in the atmospheric
extinction function in this wavelength range could lead to
significant differences in the estimated emission fluxes. (3)
Finally, we notice that our t O( )+ temperatures are based on the
Izotov et al. (2006) relation, while Lee et al. adopted that from
Campbell et al. (1986); the Izotov et al. formula provides ∼500
k higher O+ temperatures, implying ∼0.01–0.03 dex lower
total oxygen abundances.
We investigated how our results for NGC 1705 compare

with the luminosity–metallicity relationship for other samples
of dwarf galaxies (Kobulnicky & Skillman 1996; van Zee &
Haynes 2006; Zhao et al. 2010; Haurberg et al. 2013). Our
results are illustrated in Figure 12, where we plotted the
absolute B magnitude (M 15.45B = - from B 13.09= , cor-
rected for Galactic extinction (Gil de Paz et al. 2003), and
(m m 28.540 )- = (Tosi et al. 2001) versus our average
oxygen abundance (12 log O H 7.91 0.08( )+ =  ), together
with abundance estimates for samples of dIrrs and BCDs in the
literature. The solid line in Figure 12 is the 3σ-rejection linear
least squares fit to the literature data, excluding NGC 1705
(12 log O H 0.092 0.010( ) ( )+ = -  ×M 6.50 0.17B ( )+  ,
rms 0.17= ). This is flatter than the relations obtained by van
Zee & Haynes (2006)and by Haurberg et al. (2013) (Equation
(2)). Our average abundance estimate for NGC 1705 is in
agreement with all the three metallicity–luminosity relations.
Lee & Skillman (2004) also derivedabundances for

nitrogen, neon, and argon. From their Table 8, we computed
average abundances and standard deviations of 12+
log N H 6.51 0.06( ) =  (log N O 1.69 0.10( ) = -  ), 12+
log Ne H 7.81 0.07( ) =  (log Ne O( )= 0.41 0.05-  ), and
12 log Ar H( )+ 5.93 0.05=  (log Ar O 2.30 0.07( ) = -  ;
see Table 9). Averaging our regions s6-1–s10, we derive
instead mean abundances and standard deviations of 12+
log N H 6.63 0.07( ) =  (log N O 1.27 0.11( ) = -  ), 12+

Figure 12. Total oxygen metallicity vs. galaxy absolute B magnitude for
different samples of star-forming dwarf galaxies in the literature. KS96: metal-
poor galaxies from Kobulnicky & Skillman (1996); L03: dwarf irregular
galaxies in the field from Lee et al. (2003); VZ06: isolated dwarf irregular
galaxies from van Zee & Haynes (2006); ZH10: blue compact dwarf galaxies
from Zhao et al. (2010); H13: dwarf irregular galaxies from Haurberg et al.
(2013); black filled square: average abundance in NGC 1705 from this work.
The solid line is the 3-σ rejection linear least square fit to the data points:

M12 log O H 0.092 0.010 6.50 0.17B( ) ( ) ( )+ = -  ´ +  , rms 0.17= .
The dashed and dotted lines are, respectively, the relations from van Zee &
Haynes (2006) and Haurberg et al. (2013), Equation (2).
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log Ne H( ) 7.19 0.12=  (log Ne O( )= 0.71 0.06-  ), and 12
log Ar H( )+ =5.62 0.06 (log Ar O 2.31 0.03( ) = -  ). We

also derive a sulfur average abundance of 12+
log S H 6.34 0.04( ) =  (log S O 1.61 0.04( ) = -  ). If we
use only regions s7-1, s7-2, s8-1, s8-2, s8-3, and s8-4 to
compute the average abundances, we obtain 12+
log N H 6.62 0.05( ) =  (log N O 1.34 0.06( ) = -  ), 12+
log Ne H( )=7.26 0.09 (log Ne O 0.70 0.07( ) = -  ), and
12 log Ar H( )+ =5.65 0.05 (log Ar O 2.32 0.03( ) = -  ).
Thus, while our average central N H abundance is marginally
consistent within the errors with that of Lee et al.(the effect of
their lower temperatures is partly compensated by their slightly
lower [N II]λ6584 fluxes), our log N O( ) ratio is ∼0.35 dex
higheras a consequence of our lower oxygen abundance. There
is also a significant discrepancyfor Ne and Arsince the Lee
et al. abundances are ∼0.55 and ∼0.28 dex higher than ours.
For Ne, the particularly large difference is due to the combined
effect of their lower temperatures and their ∼50% higher [Ne II]
λ3869 fluxes. The authors themselves noticed the anomalously
high Ne abundances derived in their study. Figures 13 and 14,
where we compared our abundances with the literature values
for different samples of late-type dwarf galaxies (Kobulnicky &
Skillman 1996; Izotov & Thuan 1999; van Zee & Haynes
2006; Guseva et al. 2011; Haurberg et al. 2013; Esteban

et al. 2014; Nicholls et al. 2014), show that our abundances for
NGC 1705 are in very good agreement with literature trends.

7.2. Relative Abundances of N and α-process Elements

Since the α-elements (such as O, Ne, S, and Ar) are all
synthesized by massive stars on similar timescales, the relative
abundance of these elements is expected to remain constant,
independent of the metallicity of the H II regions. This has been
observationally demonstrated by many authors (e.g., van Zee
et al. 1997; Izotov & Thuan 1999; van Zee & Haynes 2006),
and it is also shown in Figure 13, where we plotted the Ne/O,
S/O, and Ar/O ratios as a function of total oxygen abundance
for different samples of late-type dwarf galaxies. Figure 13
shows that this trend is also valid within NGC 1705 for the
different H II regions: within the ∼0.3 dex oxygen abundance
range spanned by our data, the α-element ratios remain roughly
constant with total oxygen abundance.
The case of nitrogen is more complex since it may have a

“primary” and a “secondary” origin. Nitrogen which is
produced only out of the original hydrogen in a star is referred
to as “primary” nitrogen. The major contributors of primary
nitrogen are believed to be intermediate mass stars in the range
of 4–8 M (Renzini & Voli 1981). It has also been suggested
that primary nitrogen is produced in low-metallicity massive

Figure 13. Ne, S, and Ar relative abundances vs. 12 log O H( )+ for different samples of star-forming dwarf galaxies in the literature. IT99: low-metallicity blue
compact galaxies from Izotov & Thuan (1999); VZ06: isolated dwarf irregular galaxies from van Zee & Haynes (2006); G11: low-metallicity emission line galaxies
from Guseva et al. (2011); H13: dwarf irregular galaxies from Haurberg et al. (2013); E14: low-metallicity star-forming galaxies from Esteban et al. (2014); black
filled squares: abundances in H II regions of NGC 1705 from this work.
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stars (e.g., Woosley & Weaver 1995; Meynet & Maeder 2002).
“Secondary” nitrogen refers instead to nitrogen which has been
produced from C and O originally incorporated into the star
when it formed. In the presence of a substantial primary
nitrogen component, the N/O ratio is expected to be
independent of the oxygen abundance. On the other hand,
one expects secondary nitrogen to become more and more
important as oxygen abundance increases. Indeed, this is what
is observed: for very low-metallicity galaxies, the N/O ratio is
roughly constant at log N O 1.6( ) ~ - , suggesting a substantial
primary nitrogen component. Then, as oxygen increases, the
N/O ratio starts to increase with O, suggesting a major
secondary nitrogen component (van Zee et al. 1998). We see in
Figure 14 that our H II regions are in the regime where nitrogen
has both a primary and a secondary component. The N/O
ratios exhibit a significant scatter, with the more external
regions in NGC 1705 (see also Figure 15) populating the upper
envelope of the distribution of late-type dwarf galaxies.

7.3. Abundance Radial Trends

We illustrate in Figure 15 the behavior of the total oxygen
and nitrogen abundances, and of the N/O, Ne/O, S/O, and
Ar/O ratios, with distance from the galaxy center. While no
gradients in the relative abundances of the α-elements are
detected, the plot suggests a decreasing trend of the total
oxygen abundance with increasing distance from the center of
NGC 1705. A linear least squares fit to the data provides the
following relation: 12 log O H 0.24 0.06( ) ( )+ = -  ×
R kpc 8.01 0.031 ( )+ - , which implies a radial gradient of
d drlog O H 0.24 0.08( ) = -  dex kpc 1- . This is steeper

than what usually found in spiral galaxies and in the Milky
Way (see Henry & Worthey 1999for a review). The presence
of metallicity gradients in late-type dwarf galaxies has been
widely investigated and discussed in the literature. The
majority of studies indicate thatwithin the observational
uncertainties, dIrr and BCD galaxies show nearly spatially
constant chemical abundances (e.g., Kobulnicky & Skillman
1997; Croxall et al. 2009; Haurberg et al. 2013; Lagos &
Papaderos 2013). Two possible explanations for the absence of
significant metallicity gradients in these systems are that (a) the
ejecta from stellar winds and supernovae are dispersed and
mixed across the ISM on timescales of 107< year, or that (b)
freshly synthesized elements remain unmixed with the
surrounding ISM and reside in a hot 106 K phase or a cold,
dusty, molecular phase (Kobulnicky & Skillman 1997).
Detections of negative metallicity gradients from stars and
H II regions have been reported in the literature for the dIrr
NGC 6822 (Venn et al. 2004, p. 58; Lee et al. 2006), with an
oxygen abundance gradient of 0.16 0.05-  dex kpc 1- . More
recent studies based on spectroscopy of individual RGB stars
have detected slightly negative gradients in [Fe/H] for the
SMC, the LMC, and the dIrr WLM (Leaman et al. 2014, and
references therein). A very recent study by Pilyugin et al.
(2015) finds a correlation between H II region abundance
gradients and surface brightness profiles in irregular galaxies:
galaxies with a flat inner profile show shallow (if any) radial
abundance gradients, while irregular galaxies with a steep inner
profile show rather steep radial abundance gradients, in
agreement with our result.
Finally, in Figure 15 there is some evidence for larger N/O

ratios in the external regions of NGC 1705 (R > 0.45 kpc), in
correspondence of which no young stars (age < 15Myr) are
found (Annibali et al. 2009, and Figure 11 in this paper). The
N/O behavior is a consequence of the decreasing radial oxygen
trend, since the total nitrogen abundance does not show any
definite trendand it is consistent with a large scatter around a
flat distribution. The innermost regions share common values
(at a 2σ level) of álog(N/O) intñ = −1.34 ± 0.06 and á12+log
(O/H) intñ = 7.96 ± 0.04, while the external regions appear
characterized by lower oxygen abundances and higher N/O
ratios, álog(N/O) extñ = −1.17 ± 0.07 and á12+log(O/H) extñ
= 7.82 ± 0.04. A higher oxygen abundance and lower N/O
toward the galaxy center may be the natural consequence of a
burst in the inner regions sufficiently recent to have polluted the
medium in oxygen but not yet in nitrogen (see, e.g.,
Pilyugin 1992). This scenario is consistent with the location
of the most central (R < 0.45 kpc) s7-1, s7-2, and s8-1 to s8-4
H II regions, which are at the periphery of a region that has been
forming stars during the last ∼15Myr (see Figure 11), and that
has consequently been enriched in oxygen. We will test this
hypothesis quantitatively when the LEGUS HST Survey
(Calzetti et al. 2015) will provide more precise information
on the recent SF activity of different regions in NGC 1705.
This information will be used as an input to multi-zone
chemical evolution models, thus improving upon the one-zone
model approach adopted in Romano et al. (2006).
We also want to point out that the history of nitrogen

enrichment in our Galaxy is still poorly constrained by N
measurements in stars, especially in the halo (see, e.g., Romano
et al. 2010, their Figure 3, and references and discussion
therein). Therefore, the determination of N abundances in the
gaseous component of low-metallicity external systems is of

Figure 14. log N O( ) vs. 12 log O H( )+ for different samples of star-forming
dwarf galaxies in the literature. KS96: metal-poor galaxies from Kobulnicky &
Skillman (1996); IT99: low-metallicity blue compact galaxies from Izotov &
Thuan (1999); VZ06: isolated dwarf irregular galaxies from van Zee & Haynes
(2006); G11: low-metallicity emission line galaxies from Guseva et al. (2011);
B12: low-luminosity galaxies in the Spitzer Local Volume Legacy survey from
Berg et al. (2012); H13: dwarf irregular galaxies from Haurberg et al. (2013);
E14: low-metallicity star-forming galaxies from Esteban et al. (2014); N14:
isolated gas-rich irregular dwarf galaxies from Nicholls et al. (2014); black
filled squares: abundances in H II regions of NGC 1705 from this work.
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the highest importance to improve our understanding of N
stellar nucleosynthesis.

8. CONCLUSIONS

We obtained [O III] narrow-band imaging and multi-slit
optical spectroscopy of NGC 1705 with FORS2@VLT to infer
chemical abundances for PNe and H II regions and, moregen-
erally, to characterize the properties of the ionized gas.

From the [O III] pre-imaging, the ionized gas presents a
bipolar morphology extending out to ∼2.5 kpc from the galaxy
center, and it is organized into thin filaments, loops, and arcs, in
agreement with previous studies in the literature based on Hα
narrow-band imaging (e.g., Meurer et al. 1992). It also exhibits
“cellular” structures or cavities, with a typical cell size
of ∼50 pc.

Spectra in the wavelength range ∼3600–7200 Å were
obtained in the MXU configuration for some selected regions.
We positioned the slits on PNe candidates, extended [O III]
emission regions, and gas filaments. Nine out of the seventeen
PN candidates identified from the [O III] pre-imaging were
targeted for spectroscopy. However, almost allof them
ultimately turned out to be background objects, with the
exception of one, which is a possible low-ionization PN. We
were then left with five MXU slits positioned on the ionized

gas in NGC 1705 out to ∼1 kpc from the galaxy center. From
those, we extracted spectra for 10apertures (regions), plus the
low-ionization PN. The auroral [O III] 4363l line was detected
in all regions but the PN, allowing for a direct estimate of the
electron temperatures. We derived the abundances of nitrogen,
oxygen, neon, sulfur, and argon out to ∼1 kpc from the center
of NGC 1705. The lack of detection of the [O III] 4363l line in
the PN, coupled with the low signal-to-noise of its spectra,
prevented us from deriving any reliable characterization of the
chemical properties for this object.
We detected for the first time in NGC 1705 a negative radial

gradient for the oxygen abundance of 0.24 0.08-  dex kpc 1- .
On the other hand, nitrogen exhibits a large dispersion around a
roughly flat spatial distribution. As a consequence, the external
regions (R > 0.45 kpc) of NGC 1705 present larger N/O ratios
than the central ones. These trends may be the natural
consequence of oxygen enrichment in the central regions of
NGC 1705 from the starburst activity occurred over the last
∼15Myr, as derived from the CMDs of the resolved stars.
The average abundances and standard deviations derived for

O, N, Ne, S, and Ar are: 12 log O H 7.91 0.08( )+ =  ,
12 log N H 6.63 0.07( )+ =  (log N O 1.27 0.11( ) = -  ),
12 log Ne H 7.19 0.12( )+ =  (log Ne O( )= 0.71 0.06-  ),
12 log S H 6.34 0.04( )+ =  (log S O 1.61 0.04( ) = -  ),
and 12 log Ar H 5.62 0.06( )+ =  (log Ar O 2.31( ) = - 

Figure 15. Total oxygen and nitrogen abundances, and N/O, Ne/O, S/O, and Ar/O abundance ratios as a function of distance R from NGC 1705ʼs center. In each
panel, the dotted line is the average abundance. In the top panel, the solid line is the linear least squares fit to the data points.
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0.03), in agreement with values reported in the literature for
other samples of dIrr and BCD galaxies. On the other hand, our
average oxygen abundance is ∼0.31 dex lower than previous
literature estimates for NGC 1705 based on the [O III] 4363l
line, while the log N O( ) ratio is ∼0.42 dex higher. Part of the
discrepancy with other estimates of NGC 1705 oxygen
abundance is due to the presence of the negative radial
gradient. However, if we recompute the average O abundance
using only the most central regions (comparable in distance
from the center to regions used in the literature), we obtain
12 log O H 7.96 0.04( )+ =  , which is still ∼0.26 dex lower
than the average abundance reported in the literature.

Using classical emissionline diagnostic diagrams, we
investigated the possible contribution from components
different than pure stellar photoionization in NGC 1705. A
major contribution from shock excitation can be excluded in
our analyzed regions. Furthermore, the radial behavior of the
emission line ratios is consistent with the progressive dilution
of radiation with increasing distance from the center of NGC
1705. This suggests that the strongest starburst located within
the central ∼150 pc is the major ionizing source out to
distances of at least ∼1 kpc, and possibly even more. The
gradual dilution of the radiation (decrease of the ionization
parameter) with increasing distance from the galaxy center
reflects the gradual and continuous transition from the highly
ionized H II regions in the proximity of the major starburst into
the DIG.

In order to explain the observed element abundances in NGC
1705, we plan to run in the future new multi-zone chemical
evolution models based both on the SFH already derived from
WFPC2 data, and on the more precise information on the recent
SF activity that will come from the LEGUS HST Survey. In
particular, we will quantitatively test the hypothesis that the
presence of a negative radial gradient in the oxygen abundance,
coupled with a flat nitrogen distribution, can be explained by
the active SF derived from the CMDs of the resolved stars in
the most central regions of NGC 1705 over the last ∼15Myr.
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REFERENCES

Allen, M. G., Groves, B. A., Dopita, M. A., Sutherland, R. S., & Kewley, L. J.
2008, ApJS, 178, 20

Aloisi, A., Heckman, T. M., Hoopes, C. G., et al. 2005, in Starbursts: From 30
Doradus to Lyman Break Galaxies, ed. R. de Grijs &
R. M. González Delgado (Dordrecht: Springer), 52

Annibali, F., Greggio, L., Tosi, M., Aloisi, A., & Leitherer, C. 2003, AJ,
126, 2752

Annibali, F., Tosi, M., Monelli, M., et al. 2009, AJ, 138, 169
Appenzeller, I., Fricke, K., Fürtig, W., et al. 1998, Msngr, 94, 1
Baldwin, J. A., Phillips, M. M., & Terlevich, R. 1981, PASP, 93, 5
Berg, D. A., Skillman, E. D., Marble, A. R., et al. 2012, ApJ, 754, 98
Bressan, A., Fagotto, F., Bertelli, G., & Chiosi, C. 1993, A&AS, 100, 647
Calzetti, D., Harris, J., Gallagher, J. S., III, et al. 2004, AJ, 127, 1405
Calzetti, D., Lee, J. C., Sabbi, E., et al. 2015, AJ, 149, 51
Campbell, A., Terlevich, R., & Melnick, J. 1986, MNRAS, 223, 811
Cardelli, J. A., Clayton, G. C., & Mathis, J. S. 1989, ApJ, 345, 245
Carigi, L., Colin, P., Peimbert, M., & Sarmiento, A. 1995, ApJ, 445, 98

Chavez, M., Bertone, E., Morales-Hernandez, J., & Bressan, A. 2009, ApJ,
700, 694

Clementini, G., Held, E. V., Baldacci, L., & Rizzi, L. 2003, ApJL, 588, L85
Croxall, K. V., van Zee, L., Lee, H., et al. 2009, ApJ, 705, 723
De Robertis, M. M., Dufour, R. J., & Hunt, R. W. 1987, JRASC, 81, 195
Dekel, A., & Silk, J. 1986, ApJ, 303, 39
Depew, K., Parker, Q. A., Miszalski, B., et al. 2011, MNRAS, 414, 2812
Dolphin, A. E. 2000, ApJ, 531, 804
Dopita, M. A. 1997, ApJL, 485, L41
Dopita, M. A., Kewley, L. J., Heisler, C. A., & Sutherland, R. S. 2000, ApJ,

542, 224
Esteban, C., García-Rojas, J., Carigi, L., et al. 2014, MNRAS, 443, 624
Ferguson, A. M. N., Wyse, R. F. G., & Gallagher, J. S. 1996, AJ, 112, 2567
Fioc, M., & Rocca-Volmerange, B. 1997, A&A, 326, 950
Fruchter, A. S., & Hook, R. N. 2002, PASP, 114, 144
Gavilán, M., Ascasibar, Y., Mollá, M., & Díaz, Á. I. 2013, MNRAS, 434, 2491
Gil de Paz, A., Madore, B. F., & Pevunova, O. 2003, ApJS, 147, 29
Górny, S. K. 2014, A&A, 570, A26
Guseva, N. G., Izotov, Y. I., Stasińska, G., et al. 2011, A&A, 529, AA149
Haurberg, N. C., Rosenberg, J., & Salzer, J. J. 2013, ApJ, 765, 66
Heckman, T. M., Sembach, K. R., Meurer, G. R., et al. 2001, ApJ, 554, 1021
Henry, R. B. C., & Worthey, G. 1999, PASP, 111, 919
Izotov, Y. I., Stasińska, G., Meynet, G., Guseva, N. G., & Thuan, T. X. 2006,

A&A, 448, 955
Izotov, Y. I., & Thuan, T. X. 1999, ApJ, 511, 639
Kauffmann, G., White, S. D. M., & Guiderdoni, B. 1993, MNRAS, 264, 201
Kennicutt, R. C., Jr., & Garnett, D. R. 1996, ApJ, 456, 504
Kewley, L. J., Dopita, M. A., Sutherland, R. S., Heisler, C. A., & Trevena, J.

2001, ApJ, 556, 121
Kobulnicky, H. A., & Skillman, E. D. 1996, ApJ, 471, 211
Kobulnicky, H. A., & Skillman, E. D. 1997, ApJ, 489, 636
Lagos, P., & Papaderos, P. 2013, AdAst, 2013, 20
Leaman, R., Venn, K., Brooks, A., et al. 2014, MmSAI, 85, 504
Lee, H., McCall, M. L., Kingsburgh, R. L., Ross, R., & Stevenson, C. C. 2003,

AJ, 125, 146
Lee, H., McCall, M. L., & Richer, M. G. 2003, AJ, 125, 2975
Lee, H., & Skillman, E. D. 2004, ApJ, 614, 698
Lee, H., Skillman, E. D., & Venn, K. A. 2006, ApJ, 642, 813
Leitherer, C., Ekström, S., Meynet, G., et al. 2014, ApJS, 212, 14
Luridiana, V., Morisset, C., & Shaw, R. A. 2012, IAU Symp. 283, Planetary

Nebulae: An Eye to the Future, ed. A. Manchado, L. Stanghellini, &
D. Schuenberner (Cambridge: Cambridge Univ. Press), 422

Magrini, L., & Gonçalves, D. R. 2009, MNRAS, 398, 280
Marconi, G., Matteucci, F., & Tosi, M. 1994, MNRAS, 270, 35
Marigo, P., Girardi, L., Bressan, A., et al. 2008, A&A, 482, 883
Marlowe, A. T., Heckman, T. M., Wyse, R. F. G., & Schommer, R. 1995, ApJ,

438, 563
Martin, C. L. 1997, ApJ, 491, 561
Martin, C. L. 1999, ApJ, 513, 156
Martins, F., Schaerer, D., & Hillier, D. J. 2005, A&A, 436, 1049
Mathewson, D. S., & Clarke, J. N. 1972, ApJL, 178, L105
Matteucci, F., & Tosi, M. 1985, MNRAS, 217, 391
McCall, M. L., Rybski, P. M., & Shields, G. A. 1985, ApJS, 57, 1
McConnachie, A. W., Arimoto, N., Irwin, M., & Tolstoy, E. 2006, MNRAS,

373, 715
Melnick, J., Moles, M., & Terlevich, R. 1985, A&A, 149, L24
Mendez, R. H., Kudritzki, R. P., & Herrero, A. 1992, A&A, 260, 329
Meurer, G. R., Freeman, K. C., Dopita, M. A., & Cacciari, C. 1992, AJ,

103, 60
Meynet, G., & Maeder, A. 2002, A&A, 381, L25
Nicholls, D. C., Dopita, M. A., Sutherland, R. S., et al. 2014, ApJ, 786, 155
Osterbrock, D. E. 1989, Research supported by the University of California,

John Simon Guggenheim Memorial Foundation, University of Minnesota,
et al. (Mill Valley, CA: Univ. Science Books), 422

Panuzzo, P., Bressan, A., Granato, G. L., Silva, L., & Danese, L. 2003, A&A,
409, 99

Papaderos, P., Fricke, K. J., Thuan, T. X., & Loose, H.-H. 1994, A&A,
291, L13

Patat, F., Moehler, S., O’Brien, K., et al. 2011, A&A, 527, A91
Peña, M., Richer, M. G., & Stasińska, G. 2007, A&A, 466, 75
Pérez-Montero, E., & Díaz, A. I. 2003, MNRAS, 346, 105
Pilyugin, L. S. 1992, A&A, 260, 58
Pilyugin, L. S. 1993, A&A, 277, 42
Pilyugin, L. S., Grebel, E. K., & Zinchenko, I. A. 2015, arXiv:1505.00337
Pilyugin, L. S., & Thuan, T. X. 2007, ApJ, 669, 299
Renzini, A., & Voli, M. 1981, A&A, 94, 175

22

The Astronomical Journal, 150:143 (23pp), 2015 November Annibali et al.

http://dx.doi.org/10.1086/589652
http://adsabs.harvard.edu/abs/2008ApJS..178...20A
http://dx.doi.org/10.1086/379556
http://adsabs.harvard.edu/abs/2003AJ....126.2752A
http://adsabs.harvard.edu/abs/2003AJ....126.2752A
http://dx.doi.org/10.1088/0004-6256/138/1/169
http://adsabs.harvard.edu/abs/2009AJ....138..169A
http://adsabs.harvard.edu/abs/1998Msngr..94....1A
http://dx.doi.org/10.1086/130766
http://adsabs.harvard.edu/abs/1981PASP...93....5B
http://dx.doi.org/10.1088/0004-637X/754/2/98
http://adsabs.harvard.edu/abs/2012ApJ...754...98B
http://adsabs.harvard.edu/abs/1993A&amp;AS..100..647B
http://dx.doi.org/10.1086/382095
http://adsabs.harvard.edu/abs/2004AJ....127.1405C
http://dx.doi.org/10.1088/0004-6256/149/2/51
http://adsabs.harvard.edu/abs/2015AJ....149...51C
http://dx.doi.org/10.1093/mnras/223.4.811
http://adsabs.harvard.edu/abs/1986MNRAS.223..811C
http://dx.doi.org/10.1086/167900
http://adsabs.harvard.edu/abs/1989ApJ...345..245C
http://dx.doi.org/10.1086/175675
http://adsabs.harvard.edu/abs/1995ApJ...445...98C
http://dx.doi.org/10.1088/0004-637X/700/1/694
http://adsabs.harvard.edu/abs/2009ApJ...700..694C
http://adsabs.harvard.edu/abs/2009ApJ...700..694C
http://dx.doi.org/10.1086/375633
http://adsabs.harvard.edu/abs/2003ApJ...588L..85C
http://dx.doi.org/10.1088/0004-637X/705/1/723
http://adsabs.harvard.edu/abs/2009ApJ...705..723C
http://adsabs.harvard.edu/abs/1987JRASC..81..195D
http://dx.doi.org/10.1086/164050
http://adsabs.harvard.edu/abs/1986ApJ...303...39D
http://dx.doi.org/10.1111/j.1365-2966.2011.18337.x
http://adsabs.harvard.edu/abs/2011MNRAS.414.2812D
http://dx.doi.org/10.1086/308512
http://adsabs.harvard.edu/abs/2000ApJ...531..804D
http://dx.doi.org/10.1086/310804
http://adsabs.harvard.edu/abs/1997ApJ...485L..41D
http://dx.doi.org/10.1086/309538
http://adsabs.harvard.edu/abs/2000ApJ...542..224D
http://adsabs.harvard.edu/abs/2000ApJ...542..224D
http://dx.doi.org/10.1093/mnras/stu1177
http://adsabs.harvard.edu/abs/2014MNRAS.443..624E
http://dx.doi.org/10.1086/118203
http://adsabs.harvard.edu/abs/1996AJ....112.2567F
http://adsabs.harvard.edu/abs/1997A&amp;A...326..950F
http://dx.doi.org/10.1086/338393
http://adsabs.harvard.edu/abs/2002PASP..114..144F
http://dx.doi.org/10.1093/mnras/stt1186
http://adsabs.harvard.edu/abs/2013MNRAS.434.2491G
http://dx.doi.org/10.1086/374737
http://adsabs.harvard.edu/abs/2003ApJS..147...29G
http://dx.doi.org/10.1051/0004-6361/201322025
http://adsabs.harvard.edu/abs/2014A&amp;A...570A..26G
http://dx.doi.org/10.1051/0004-6361/201016291
http://adsabs.harvard.edu/abs/2011A&amp;A...529A.149G
http://dx.doi.org/10.1088/0004-637X/765/1/66
http://adsabs.harvard.edu/abs/2013ApJ...765...66H
http://dx.doi.org/10.1086/321422
http://adsabs.harvard.edu/abs/2001ApJ...554.1021H
http://dx.doi.org/10.1086/316403
http://adsabs.harvard.edu/abs/1999PASP..111..919H
http://dx.doi.org/10.1051/0004-6361:20053763
http://adsabs.harvard.edu/abs/2006A&amp;A...448..955I
http://dx.doi.org/10.1086/306708
http://adsabs.harvard.edu/abs/1999ApJ...511..639I
http://dx.doi.org/10.1093/mnras/264.1.201
http://adsabs.harvard.edu/abs/1993MNRAS.264..201K
http://dx.doi.org/10.1086/176675
http://adsabs.harvard.edu/abs/1996ApJ...456..504K
http://dx.doi.org/10.1086/321545
http://adsabs.harvard.edu/abs/2001ApJ...556..121K
http://dx.doi.org/10.1086/177964
http://adsabs.harvard.edu/abs/1996ApJ...471..211K
http://dx.doi.org/10.1086/304830
http://adsabs.harvard.edu/abs/1997ApJ...489..636K
http://dx.doi.org/10.1155/2013/631943
http://adsabs.harvard.edu/abs/2013AdAst2013E..20L
http://adsabs.harvard.edu/abs/2014MmSAI..85..504L
http://dx.doi.org/10.1086/345384
http://adsabs.harvard.edu/abs/2003AJ....125..146L
http://dx.doi.org/10.1086/375304
http://adsabs.harvard.edu/abs/2003AJ....125.2975L
http://dx.doi.org/10.1086/423735
http://adsabs.harvard.edu/abs/2004ApJ...614..698L
http://dx.doi.org/10.1086/500568
http://adsabs.harvard.edu/abs/2006ApJ...642..813L
http://dx.doi.org/10.1088/0067-0049/212/1/14
http://adsabs.harvard.edu/abs/2014ApJS..212...14L
http://adsabs.harvard.edu/abs/2012IAUS..283..422L
http://dx.doi.org/10.1111/j.1365-2966.2009.15124.x
http://adsabs.harvard.edu/abs/2009MNRAS.398..280M
http://dx.doi.org/10.1093/mnras/270.1.35
http://adsabs.harvard.edu/abs/1994MNRAS.270...35M
http://dx.doi.org/10.1051/0004-6361:20078467
http://adsabs.harvard.edu/abs/2008A&amp;A...482..883M
http://dx.doi.org/10.1086/175101
http://adsabs.harvard.edu/abs/1995ApJ...438..563M
http://adsabs.harvard.edu/abs/1995ApJ...438..563M
http://dx.doi.org/10.1086/304978
http://adsabs.harvard.edu/abs/1997ApJ...491..561M
http://dx.doi.org/10.1086/306863
http://adsabs.harvard.edu/abs/1999ApJ...513..156M
http://dx.doi.org/10.1051/0004-6361:20042386
http://adsabs.harvard.edu/abs/2005A&amp;A...436.1049M
http://dx.doi.org/10.1086/181095
http://adsabs.harvard.edu/abs/1972ApJ...178L.105M
http://dx.doi.org/10.1093/mnras/217.2.391
http://adsabs.harvard.edu/abs/1985MNRAS.217..391M
http://dx.doi.org/10.1086/190994
http://adsabs.harvard.edu/abs/1985ApJS...57....1M
http://dx.doi.org/10.1111/j.1365-2966.2006.11053.x
http://adsabs.harvard.edu/abs/2006MNRAS.373..715M
http://adsabs.harvard.edu/abs/2006MNRAS.373..715M
http://adsabs.harvard.edu/abs/1985A&amp;A...149L..24M
http://adsabs.harvard.edu/abs/1992A&amp;A...260..329M
http://dx.doi.org/10.1086/116041
http://adsabs.harvard.edu/abs/1992AJ....103...60M
http://adsabs.harvard.edu/abs/1992AJ....103...60M
http://dx.doi.org/10.1051/0004-6361:20011554
http://adsabs.harvard.edu/abs/2002A&amp;A...381L..25M
http://dx.doi.org/10.1088/0004-637X/786/2/155
http://adsabs.harvard.edu/abs/2014ApJ...786..155N
http://adsabs.harvard.edu/abs/1989agna.book.....O
http://dx.doi.org/10.1051/0004-6361:20031094
http://adsabs.harvard.edu/abs/2003A&amp;A...409...99P
http://adsabs.harvard.edu/abs/2003A&amp;A...409...99P
http://adsabs.harvard.edu/abs/1994A&amp;A...291L..13P
http://adsabs.harvard.edu/abs/1994A&amp;A...291L..13P
http://dx.doi.org/10.1051/0004-6361/201015537
http://adsabs.harvard.edu/abs/2011A&amp;A...527A..91P
http://dx.doi.org/10.1051/0004-6361:20066675
http://adsabs.harvard.edu/abs/2007A&amp;A...466...75P
http://dx.doi.org/10.1046/j.1365-2966.2003.07064.x
http://adsabs.harvard.edu/abs/2003MNRAS.346..105P
http://adsabs.harvard.edu/abs/1992A&amp;A...260...58P
http://adsabs.harvard.edu/abs/1993A&amp;A...277...42P
http://arXiv.org/abs/1505.00337
http://dx.doi.org/10.1086/521597
http://adsabs.harvard.edu/abs/2007ApJ...669..299P
http://adsabs.harvard.edu/abs/1981A&amp;A....94..175R


Romano, D., Karakas, A. I., Tosi, M., & Matteucci, F. 2010, A&A, 522, A32
Romano, D., Tosi, M., & Matteucci, F. 2006, MNRAS, 365, 759
Sahu, M. S., & Blades, J. C. 1997, ApJL, 484, L125
Sánchez-Blázquez, P., Peletier, R. F., Jiménez-Vicente, J., et al. 2006,

MNRAS, 371, 703
Sánchez, S. F., Pérez, E., Rosales-Ortega, F. F., et al. 2015, A&A,

574, A47
Schaller, G., Schaerer, D., Meynet, G., & Maeder, A. 1992, A&AS, 96, 269
Schlafly, E. F., & Finkbeiner, D. P. 2011, ApJ, 737, 103
Schlegel, D. J., Finkbeiner, D. P., & Davis, M. 1998, ApJ, 500, 525
Shaw, R. A., & Dufour, R. J. 1994, adass III, 61, 327

Tolstoy, E., Hill, V., & Tosi, M. 2009, ARA&A, 47, 371
Tosi, M., Sabbi, E., Bellazzini, M., et al. 2001, AJ, 122, 1271
van Zee, L., & Haynes, M. P. 2006, ApJ, 636, 214
van Zee, L., Haynes, M. P., & Salzer, J. J. 1997, AJ, 114, 2497
van Zee, L., Salzer, J. J., & Haynes, M. P. 1998, ApJL, 497, L1
Veilleux, S., & Osterbrock, D. E. 1987, ApJS, 63, 295
Venn, K. A., Tolstoy, E., Kaufer, A., & Kudritzki, R. P. 2004, in Origin and

Evolution of the Elements, ed. A. McWilliam & M. Rauch (Pasadena, CA:
Carnegie Observatories)

Woosley, S. E., & Weaver, T. A. 1995, ApJS, 101, 181
Zhao, Y., Gao, Y., & Gu, Q. 2010, ApJ, 710, 663

23

The Astronomical Journal, 150:143 (23pp), 2015 November Annibali et al.

http://dx.doi.org/10.1051/0004-6361/201014483
http://adsabs.harvard.edu/abs/2010A&amp;A...522A..32R
http://dx.doi.org/10.1111/j.1365-2966.2005.09684.x
http://adsabs.harvard.edu/abs/2006MNRAS.365..759R
http://dx.doi.org/10.1086/310784
http://adsabs.harvard.edu/abs/1997ApJ...484L.125S
http://dx.doi.org/10.1111/j.1365-2966.2006.10699.x
http://adsabs.harvard.edu/abs/2006MNRAS.371..703S
http://dx.doi.org/10.1051/0004-6361/201424873
http://adsabs.harvard.edu/abs/2015A&amp;A...574A..47S
http://adsabs.harvard.edu/abs/2015A&amp;A...574A..47S
http://adsabs.harvard.edu/abs/1992A&amp;AS...96..269S
http://dx.doi.org/10.1088/0004-637X/737/2/103
http://adsabs.harvard.edu/abs/2011ApJ...737..103S
http://dx.doi.org/10.1086/305772
http://adsabs.harvard.edu/abs/1998ApJ...500..525S
http://adsabs.harvard.edu/abs/1994ASPC...61..327S
http://dx.doi.org/10.1146/annurev-astro-082708-101650
http://adsabs.harvard.edu/abs/2009ARA&amp;A..47..371T
http://dx.doi.org/10.1086/322104
http://adsabs.harvard.edu/abs/2001AJ....122.1271T
http://dx.doi.org/10.1086/498017
http://adsabs.harvard.edu/abs/2006ApJ...636..214V
http://dx.doi.org/10.1086/118662
http://adsabs.harvard.edu/abs/1997AJ....114.2497V
http://dx.doi.org/10.1086/311263
http://adsabs.harvard.edu/abs/1998ApJ...497L...1V
http://dx.doi.org/10.1086/191166
http://adsabs.harvard.edu/abs/1987ApJS...63..295V
http://dx.doi.org/10.1086/192237
http://adsabs.harvard.edu/abs/1995ApJS..101..181W
http://dx.doi.org/10.1088/0004-637X/710/1/663
http://adsabs.harvard.edu/abs/2010ApJ...710..663Z

