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ABSTRACT

Giant Hil regions (GHIIRS) in nearby galaxies are a local sample irctviaie can study in
detail processes in the interaction of gas, dust, and newipdd stars which are analagous
to those which occurred in episodes of higher intensity inctvimuch of the current stel-
lar population was born. Here, we present an analysis of NG& & GHIIR in M33,
based on optical Integral Field Spectroscopy (IFS) datainbt with the PMAS instru-
ment at the 3.5 m telescope of Calar Alto Observatory, CAHgether withSpitzer in-
frared images at @m and 24um. The extinction distribution measured in the optical skow
complex structure, with three maxima which correlate inifoms with those of the emis-
sion at 24pm and 8um. Furthermore, the W luminosity absorbed by the dust within
the Hil region reproduces the structure observed in the.:@dimage, supporting the use
of the 24 um band as a valid tracer of recent star formation. A velociffetence of
~50 km s ! was measured between the areas of high and low surface egghtwhich
would be expected if NGC 588 were an evolved GHIIR. We havefadly identified the
areas which contribute most to the line ratios measuredeénintegrated spectrum. Those
line ratios which are used in diagnostic diagrams proposeBdidwin et al. [(1981) show
a larger range of variation in the low surface brightnessa@rdhe ranges are0.5 to
1.2 dex for [NI1]A6584/Hx, 0.7 to 1.7 dex for [$1]AN6717,6731/k, and 0.3 to 0.5 dex
for [O 1111A5007/H3, with higher values of [NI]A6584/Hy and [SI1]A\6717,6731/kk, and
lower values of [Q11]1A\5007/H3 in the areas of lower surface brightness. Ratios correspond
ing to large ionization parametet/j are found between the peak of the emission if H
and the main ionizing source decreasing radially outwatittimthe region. Differences be-
tween the integrated and local values of thdracers can be as high a€.8 dex, notably
when using [Q117AN959,5007/[Q1]A\3726,3729 and in the high surface brightness spax-
els. [ON]AN3726,3729/H8 and [O1111AA4959,5007/[Q1]AN3726,3729 yield similar local
values for the ionization parameter, which are consistetht those expected from the inte-
grated spectrum of an H region ionized by a single star. The ratio f[P\A6717,6731/kk
departs significantly from the range predicted by this sdeniadicating the complex ioniza-
tion structure in GHIIRs. There is a significant scatter in\dgions of the metallicity using
strong line tracers as a function of position, caused byatians in the degree of ionization.
The scatter is smaller fa¥203 which points to this tracer as a better metallicity tracamnth
N2. One interesting result emerges from our comparison betirdegrated and local line
ratio values: measurements of the line ratios of GHIIR iragas at distancez25 Mpc may
be dominated by the ionization conditions in their low soeférightness areas.

Key words: H 1 regions: individual: NGC 588 — galaxies: individual: M33 tars: Wolf—
Rayet — ISM: abundances — ISM: kinematics and dynamics — exshction.
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1 INTRODUCTION

Large areas of ionized gas known as Giantl Hegions (GHI-
IRs) constitute the most conspicuous places of star foomati
in normal galaxies (see_Shields 1990, for a review). Their di
ameters typically range betweerl100 pc to ~800 pc (e.g.
Kennicutt 1984} Alonso-Herrero etlal. 2002) while theiw Humi-
nosity range expands up to 3 orders of magnitudes10® —
10*° erg s7!, e.g. Kennicutt 1984; Rozas et al. 1996; Firpo ét al.
2005;| Monreal-Ibero et al. 2007; Relafio & Kennicutt Z00R-
garding their morphologies, some of them present a compset d
tribution with high surface brightness while others haveamerdif-
fuse emission. Also, they can present multiple cores arshiells

or ring-like features. In the same manner, they present déry
ferent content of gas, varying between 10° Mg to almost
10" Mg while they usually have- 102 — 10° Mg, in stars (e.g.
Castellanos et al. 2002b). Finally, GHIIRs are small-seadam-
ples of the extreme events of star formation occurring im-sta
burst galaxies (e.q. Alonso-Herrero et al. 2009; Garcainet al.
2009). Thus, a good knowledge of these objects is highlyakd&u
for a better understanding of these more violent phenomena.

The variety of properties in GHIIRs implies a complex struc-
ture, far from the textbook-like Stromgren sphere. Moerpmod-
elling of star-forming regions showed that in case of midtip
ionizing sources, geometrical effects affect the physmalper-
ties (i.e electron temperature and ionization structuféhese re-
gions (Ercolano et al. 2007; Jamet & Morisset 2008). Therimiio
geneities of the Interstellar Medium (ISM) have been takeo i
account within the Hi regions using the filling factor. This de-
scribes the fraction of the total volume of thalHegion with high
dense gas while the remaining volume is considered to beghf ne
gible density|(Osterbrock & Flather 1959). Recently, dethimod-
els show that the density variations assuming opticallgkthiigh
density gas clumps give rise to inhomogeneities in the teatpe
and ionization parameter (Giammanco et al. 2004, 12005)s,Tau
single value per physical magnitude, usually extracteohfaospe-
cific area of the region, is not necessarily representafiits phys-
ical conditions.

Itis in very nearby GHIIRs (i.e. ab<6 Mpc), where ground
based optical telescopes can achieve high linear spasialutéon
(i.e. <40 pc arcsec!), enough to resolve the different elements
(i.e. star clusters, ionized gas, dust, etc.), playing airothe inter-
action between the massive stars and its surrounding ement.
Also, it is there where the variations of the physical andnical
properties of the ionized gas can be properly sampled.

From the observational point of view, the study of these re-
gions would benefit from high quality spectroscopic data thap
in an un-biased way the surface of the GHIIR. Nowadays, the
technique of integral field spectroscopy (IFS), able to récsi-
multaneously the spectra of an extended continuous fiefdrsof
the possibility of performing such a mapping. At presenidis
of GHIIRs based on IFS are still scarce. An example is pravide
by |Garcia-Benito et al! (2010), who analyzed one of thehtrig
est GHIIRs in NGC 6946. Also, Lopez-Sanchez etlal. (2018} p
sented a detailed study of a star-forming region at the |dinét
of GHIIRs in terms of Ky luminosity and size in IC 10, our clos-
est starburst. Recently, we presented a 2D spectroscaogigséof
the second brightest H region in M 33, theTriangulum Galaxy:
NGC 595 [(Relafio et al. 2010). There, we showed how the dptica
extinction map and the absorbedvHuminosity are spatially cor-
related with the 24m emission fromSpitzer, and how the ioniza-
tion structure of the region nicely follows theaHshell morphol-

ogy. Moreover, we evaluated the reliability of differemdiratios

as metallicity ¢) tracers. In a companion paper, we presented a
novel approach to model these complex structures. Thergewe
produced our observations by jointly fitting the radial pesfiof
different optical (i.e. K, [O1]AA3726,3729, [Q11]A5007) and
infrared (i.e. 8um, 24 um) magnitudes to a set of CLOUDY-based
photoionization models (Pérez-Montero et al. 2010).

Our experience with NGC 595 shows the importance of carry-
ing out an analysis using the combined information of op&cel
infrared data together with modelling. However, given ttubver-
sity, the sample of GHIIRs studied by means of this methagiplo
cannot be reduced to only one example. Instead, studieshef ot
regions sampling a different range in the parameter spacéivbe
desirable. We present here, the analysis of a region witffereint
morphology, and relatively lower metallicity and higlxHuminos-
ity: NGC 588. This region is located in the outskirts of M 3Btlee
end of a spiral arm, at a radius efl4' (i.e. ~ 3.42 kpc for a dis-
tance to M33 of 840 kpc; Freedman et al. 1991). This area ptese
H 1 emission|(Verley et al. 2010; Gratier eflal. 2010). Howenwer,
local Hy (or CO) emission has been detected towards NGC 588
(Verley et all 201/0; Israel et al. 1990). With a size~o80” x 50”
(i.e.~120 pcx 200 pc at our assumed distance), NGC 588 has been
classified within the ring-like class (Sabbadin et al. 1988)stel-
lar content has been thoroughly studied (Jametiet al. 20€l4erp
2006]Ubeda & Drissen 2009). The different estimates for its total
stellar mass range betweenl.3 x 10® and~ 5.6 x 10° M with
an age for the burst o 3.5 — 4.2 Myr and low metallicity (i.e.

Z ~ 0.4Zy), consistent with direct measurements using long-slit
(12+log(O/H) = 8.30, Vilchez et &l. 1988). NGC 588 containe
Wolf-Rayet (WR) stars. One of them was classified as WNL while
the other as Ofpe/WN9, an intermediate object between Of and
WN stars|(Massey et al. 1996). From the kinematic point ofvyie
TAURUS-2 Fabry-Perot data show how NGC 588 seems a rela-
tively evolved system, with its ionized gas kinematics duaéd by

a collection of large stellar wind shells (Mufioz-Tufiora&t1996).
Finally, a relatively faint and point-like X-ray emittingarce as-
sociated with this region has been detected (Plucinsky |2088).

In this work, we combine 2D optical spectroscopic observa-
tions with thePotsdam Multi-Aperture Spectrophotometer (PMAS,
Roth et al. 2005) and infrared imaging wiitzer. These will con-
stitute the first published results from data obtained with new
PMAS’s CCD. A modelling of NGC 588 intending to reproduce
the observed magnitudes will be presented in a companioerpap
(Pérez-Montero et al. in preparation). We describe themfasions
and data processing to create the maps of the relevant mdgsiin
Sectior 2. The main observational results are presenteddtidB
[B. Finally, we summarize our main conclusions in Sedfion 4.

2 OBSERVATIONSAND DATA REDUCTION
2.1 Observations

The IFS data of NGC 588 were obtained on October 9-10, 2009
during the commissioning run of the ndWtsdam Multi-Aperture
Soectrophotometer (PMAS, |[Roth et all 2005) CCD at the 3.5 m
telescope at the Calar Alto Observatory (Spain). The new BMIA

x 4k CCD is read out in four quadrants which have slightlyetiff

ent gains|(Roth et dl. 2010). Data were taken using the LerayAr
Mode (LARR) configuration which is made out of 6x 16 array of
microlenses coupled with fibres (hereafipaxels). We used thel
magnification which provides a field of view (FoV) 06" x 16" .
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the spectra were traced on a continuum-lamp exposure eltain
before each target exposure. We extracted the target aplegtr
adding the signal from the central traced pixels ant its freigh-
bours. The spectra were wavelength calibrated using thesexes

of HgNe arc lamps obtained immediately after the science-exp
sures. We checked the accuracy of the wavelength calibrage
ing the [O|]A5577A sky line, and found standard deviations of
<0.14A, which allowed us to determine the centroid of line with
an accuracy of7 km s at~5 000A.

Fibres have different transmissions that may depend on the
wavelength. The continuum-lamp exposures were used tg-dete
mine the differences in the fibre-to-fibre transmission andh-

i tain a normalized fibre-flat image, including the wavelerdghen-
dence. This step was carried out by runningfthéer f | at . pl
script from the R3D package (Sanchez 2006). In order to lygmo
nize the response of all the fibres, we divided our wavelength
ibrated science images by the normalized fibre-flat. To edém
the accuracy of the fibre-to-fibre response correction, wedfia

100 pc

Figure 1. Mosaic to map NGC 588 overplotted on a continuum-subtracted
Ha direct image from NOAO Science Archive (Massey et al. 200He

orientation is north up and east to the left. The khage is shown in log-
arithmic stretch to better enhance all the morphologicaiuies of the Hi
region and covers a range of 3.4 dex.

Gaussian to four emission lines distributed along the whpéetral
range in an extracted, wavelength calibrated and flat-fimicected
arc exposure. We used the ratio between the standard devaatd

the mean flux in each line as a proxy for the accuracy of the-filbre
fibre response correction. For those lines in the centralgfaur
spectral range, this correction was very good, with ratfos 2%.
In the blue and red edges these ratios reached value&2%#, due
to the contribution of fibres affected by vignetting.

In the next step, the three exposures taken for the same point
ing were combined in order to remove cosmic rays, using the
i ncombi ne routine in IRAH] Flux calibration was performed us-
ing the IRAF taskst andar d, sensf unc andcal i br at e. We
co-added the spectra of the central fibres of the standarexqta-
sure to create a one dimensional spectrum that was usedaim obt
the sensitivity function. For wavelengths larger than 460ahe
uncertainty in the flux calibration is* 1%, while across the bluer
spectral range (i.e<4 OOOA), the associated error can reactb%.

Given the large size of the new PMAS’s CCD, the four cor-
ners of each exposure suffer from telescope vignettinghBbal.
2010). Due to the way the fibres of the LARR are arranged at the
entrance of the spectrograph, a maximum of two columns cddibr
at the east and west sides of the LARR were affected by this. Th
wavelength range affected was larger for those fibres |daatere
towards the edge of the spectrograph and could be w8t898 A
in the blue end and from-6 498A in the red end. These parts of
the spectra were masked and then we used the offsets cominande
to the telescope and the PMAS acquisition images to corisaruc
mosaic datacube.

After creating this datacube, maps for the different ob-
servables were derived following the methodology preskie
Relafo et al.|(2010). Basically, we performed a Gaussiatofit
the emission lines using the IDL-based routingfi t expr
(Markwardt| 2009) and derived the quantities of interesteach
individual spaxel. Then, we used these together with théipos
of the spaxels within the datacube to create an image seitabl
be manipulated with standard astronomical software. Hireave
will refer to this with both termsmap andimage.

Even after having allowed for“2of overlap between tiles, vi-

We used the V600 grating and thex2 binning mode achieving
an effective dispersion of 1.58 pix ', and a~3.4 A full width
half maximum spectral resolution. With the new PMAS’s CQOf t
covered spectral range was from 3620 to 6 80@r most of the
spaxels. This permits us to observe the main emission lim#sei
optical from [O11]AX3726,3729 to [$1]A\6717,6731. However,
for ~40 spaxels, always at the edge of the LARR, this spectral
range was slightly reduced due to the vignetting associaiéd
the 3.5 m telescope. This prevents us from obtaining inftiona
for the [ON1]AN3726,3729, [$1]AN6717,6731, and H emission
lines in some specific areas (see also se€fign 2.2).

We made a mosaic of 6 tiles to map most of the surface of
NGC 588. The distribution of the different tiles is shown iig
overplotted on the H emission-line image from National Optical
Astronomy Observatory (NOAQO) Science Archive (Massey 2t al
2007). Contiguous tiles had & @ overlapping, to make easier a
common relative flux calibration of the data. In total, we &®d a
field of 30’ 0x 44’0 which at the distance of NGC 588 corresponds
to ~120 pcx 180 pc.

We obtained three exposures of 400 s per tile. Atmospheric
conditions during the observations were non-photometrittgpi-
cal seeing ranged betweefi2land 1'6. The sky transparency dur-
ing the observing nights presented variationsab %. All the data
were taken at airmassesl.1 in order to prevent strong effects due
to differential atmospheric refraction.

In addition to the science frames, continuum and HgNe arc
lamp exposures in order to minimize the effects due to insémnt
flexures. Also, a nearby sky background frame was obtaingdgiu
the second night by moving the IFU off-target.

Finally, exposures of the spectrophotometric standard sta
BD+28D4211 were obtained in order to correct for the insom
response and perform a relative flux calibration.

2.2 Datareduction and map creation

The first steps of the data reduction were done through the P3d1 |gaF is distributed by the National Optical Astronomical @vato-
tool that is designed to be used with fibre-fed integral-fegectro- ries, which are operated by the Association of Universif@sResearch
graphs |(Sandin et 8l. 2010). After trimmimg, combining tberf in Astronomy, Inc., under cooperative agreement with théddal Science
guadrants and subtracting the bias level, the expectetidosaof Foundation.
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Table 1. Observed and extinction-corrected emission line fluxesnat
ized to I(H3)=1 from the integrated spectrum of NGC 588\){s the red-
dening function normalised to#from|Fluks et al.|(1994).

Emission Line Aobs f(n) IOVIHB) — IVIHB)corr
3727 [0n] 372552 0255 19220048  2.317+ 0.091
3868 [Neill] 3866.01  0.227  0.3880.013  0.46%E 0.020
3889 H8+He 3886.21  0.223 04280014  0.50%: 0.021
3970 He+[Nem]  3966.03  0.208  0.1520.011  0.179+ 0.013
4101 kb 4099.02 0180  0.1990.013  0.274k 0.016
4340 Hy 433819 0133 03920010  0.45Lk 0.020
4861 H3 4859.46 0000  1.0080.016  1.000k 0.021
4959 [Onl] 4957.02  -0.027 15080021  1.524f 0.046
5007 [O111] 5004.90 -0.041  4.4080.049  4.428+ 0.131
5876 He 5872.40  -0.217  0.1540.004  0.140+ 0.007
6563 Ho 6559.34  -0.314  3.5080.034  2.938 0.114
6584 [NiI] 6579.40  -0.316  0.2460.004  0.210f 0.008
6678 He 6674.29  -0.329  0.0360.002  0.031: 0.002
6717 [Si] 6712.40  -0.332 02180004  0.178+ 0.007
6731 [Si] 6726.76  -0.335  0.1420.003  0.124f 0.005

Table 2. Main diagnostic emission line ratios and integrated platgicop-
erties of NGC 588. All the physical properties were estirdaising our
extinction corrected integrated fluxes.

Parameter Valugrr
log ([N 11]\6584/Hx) -1.146+0.077
log ([S11]AN6717,6731/kk) -0.988+0.078
log ([O1111A\5007/H3) 0.646+0.050
log ([O1111AN4959,5007/[Q1]A3727)  0.406-0.069
log Ra3 0.915+0.053
N203 -1.792£0.127
[SHIAN6717/[SIIIN6731 1.435:0.143
log([N 11]A\6584/[011]AA3726,3729)  -1.0480.077
log([N 11]A\6584/[SI1]A\6717,6731) -0.2740.078
c(HB) 0.26+0.03
Ne (cm=3) < 100
Qe (cms™1) 3.9 x 107
Te (K) 11 140+180)
12+log(O/H) 8.16:0.02

(*) Value derived from the [@1] A4363A\5007 line ratio by Jamet etlal.
(2005).

gnetting prevents us from deriving information for someeérin
the central columns of our mosaic. In those maps where (af)lea
one line affected by vignetting was involved, those spawaise
masked and interpolated usihgxpi x within IRAF, for presenta-
tion purposes.

3 RESULTS

3.1 Integrated properties

Here we analyze the integrated spectrum for NGC 588, oltaine

after co-adding the signal ef1 000 spaxels. The sky substracted
spectrum is shown in Fif] 2, where we used two different nérma
ization factors in order to better display all the observeaise
sion lines. The positions of the detected nebular emissites|
were marked with labels. In addition, several sky line reald
are clearly visible. Flux for the main emission lines was mea
sured usingspl ot within IRAF, which integrates the line inten-

sity over a locally fitted continuum. As was showrl in Relafiale
(2010), bothspl ot andnpfi t expr give similar results for the
high signal-to-noise integrated spectrum. We derived duslen-
ing coefficient, c(H8), from the F(H)/F(H3), F(Hy)/F(HB) and
F(Ha)/F(HP) line ratios. We performed a linear fit (by minimiz-
ing the chi-square error statistic) to the difference betwie the-
oretical and observed Balmer decrements vs. the reddeaing |
(Fluks et al.. 1994), while simultaneously solving for théeefs
of underlying Balmer absorption with equivalent width, EM
We assumed that the EM/ is the same for all Balmer lines
(e.g..Kobulnicky et al. 1999). The theoretical Balmer linéensi-
ties were obtained froin_Storey & Hummer (1995) assuming Case
B, T. = 10* K, n.=100 cn1 2 (typical values found in Hi regions,
Osterbrock & Ferland 2006).

We derived a mean extinction for the region4f = 0.548.
Given that the Galactic extinction in the line of sight to NGB8
is AG% = 0.146 (Schlegel et al. 1998) most of it is intrinsic to
NGC 588 and agrees within the uncertainties with previoua-me
surement on its brightest partd ¢ = 0.49 — 0.81,Melnick|1979;
Viallefond & Goss 1986; Melnick et &l. 1987).

Table[1 presents both the measured and extinction-codrecte
fluxes. Errors were estimated using the formula presented in
Castellanos et al. (2002a).

EW )1/2

Oline = Ocont X N1/2(1 + NAX

@
whereoqont IS the standard deviation in a continuum close to the
line of interest,V is the number of pixels sampling the linBJ1//
is its equivalent width and\\ is the dispersion i pix~!. The
quoted uncertainties of the reddening corrected line fltedesinto
account the measurement and reddening errors.

To investigate if the nebular properties derived from latig-
are representative of the wholelHegion, we compared our flux

measurements from the integrated spectrum of NGC 588 to the

values presented hy Jamet et al. (2005) land Vilchez et 988)1
who used long slit at position angle (P.A-) —45° including the
main ionizing cluster in NGC 588 (e.g. see Fig. 1lin_Jametlet al
2005). Most of our measurements present a difference wstreat

to HB when comparing with previously reported measurements that
can range betweern8% (e.g. [O111]1\5007 and HeA6678) up to
~64% in the case of H8+H&3889. This indicates that it is not
trivial how the line ratios measured at the brightest knatsd those
for the Hil region as a whole. This issue will be explored in more
detail in Sed_316.

Table[2 contains the principal diagnostic emission-lintéosa
measured from the integrated spectrum as well as the physiea
rameters derived from them. Given the blue-shift for M 33 trel
presence in the sky substracted spectrum of strong resithrahe
Hgi 4358 sky-line, it was not possible to measure thel[P\4363
nebular line and thus determine the electron temperaflireky
means of the [@1] A4363A5007 line ratio. Another possibility
would have been using [I5] A\ 4067 and/or [NI1]\5755 together
with [S1]JAN6717,6731 and/or [N]A6584. To search for these
lines, in addition to the total spectrum, we created a spetty
co-adding the spectra in an aperture efspaxels centred at the
peak of emission for the ionized gas. In this way, we incrédke
signal-to-noise ratio — and thus, our detection limit — simmly
the brightest spectra were included. However, these featwere
detected neither in the total spectrum nor in the one innglthe
brightest spaxels. Thus, we assumdd af 11 140 K, as derived by
Jamet et al! (2005) from the [@] A4363A5007 line ratio to esti-
mate the electron density{) and used the tagkenden, based on
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Figure 2. Integrated spectrum of NGC 588 obtained by co-adding theasiof all the spaxels in the field of view with two differentmualizations to better
visualize the different observed emission lines. Fluxesimrarbitrary units. The sky spectrum was created by comyittie spectra corresponding to the

vigneting-free fibres of the background frame.

thefi vel program|(Shaw & Dufolr 1995) included in the IRAF
packagenebul ar . The derivedn. was consistent with being be-
low the low density limit.

Another quantity quoted in Tallé 2 is the ionization paramet
defined as:

Q(Ho)

- 47 R2n.

Geft (2)
whereQ (H,) is the number of ionizing photons per second emitted
by the starsR; is the Stromgren radius of theIHregion andn. is

the electron density. We estimated the number of ionizirmqis
using the expression provided by Kennicutt (1998):

Q(HO)(sfl) =7.31 x 1011L(Ha)(erg sfl) (©)]

and the extinction corrected dH luminosity reported by
Relafio & Kennicult/(2009). Since the sulfur line ratio issistent
with being below the low density limit regime, we assumedaefa
value ofn. = 20 cm~2. Also, we utilized a Stromgren radius of
80 pc which is an approximated value inferred from theikhage.
Table[2 also includes several metallicity sensitive lingosa
The most widely used is probably tH23=([O 11]1A\3726,3729+
[O 1111AN4959,5007)/H index (Pagel et al. 1979). However, the
Z — R23 relation is two valued and thus, independent metallic-

per or the lower branch. Instead, the metallicity of NGC 588
falls in the knee region of theZ — R23 relation, where un-
certainties can be as high as 0.7 dex. Alternatively, one
use the N203g(([N n1]1A6584/Hx)/([O 11]A5007/H3)). We de-
rived a metallicity of 12 + log(O/H) = 8.15 and 8.18 us-
ing the parametrization proposed by Pettini & Pagel (2004 a
Pérez-Montero & Continil (2009), respectively. Thus foe thur-
pose of this section, we will consider as the characteristtal-
licity of the region, the mean of those derived from the N2 and
N203 parameters: 8.#3.02. This value agree within the uncer-
tainties with thel2 + log(O/H) = 8.17 metallicity reported by
Jamet et al.| (2005), is slightly lower than the expected evals-
suming that this region follows the metallicity grandieat M 33
(8.28+0.08, | Rosolowsky & Simon_2008) and0.15 dex lower
than the value reported by Vilchez et al. (1988).

can

3.2 Structureof theionized gas and the stellar component

In Figure[3, we present the Hand [O111]A\5007 flux maps for
NGC 588 derived from our PMAS data. Contours reproducing
archive continuum images in the red and blue spectral baaas h
been overplotted for reference (see caption of Fig. 3 foaitigt

ity tracers are needed to determine which of the two branches Our PMAS data cover the whole southern part of the region plus

is appropiate for NGC 588. One possibility would be the
N2 = log([N 11]\6584/H) line ratio. According to the empiri-
cal parametrization proposed by Pérez-Montero & Confiadg),
we derived a metallicity ofi2 + log(O/H) = 8.16. This re-

sult does not point in a conclusive manner to either the up-

most of the northern one. This GHIIR is dominated by emission
from a broken elongated ring-like structure with major anidon
axes of~ 40" and~ 25" (i.e.~160 pc andv100 pc), respectively
and at P.A~10° and~10C. In addition, there is a bridge of ion-
ized gas emission joining the two halves of the ring-likeisture
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Figure 3. Left: Map of the observed B flux derived from our PMAS data. Each spaxel hd$’'ax 1" size. A logarithmic stretch covering 2.4 dex was used to
better enhance all the morphological features. Units dograry. Contours correspond to thizband direct image from NOAO Science Archimbt al.
) and show the location of the ionizing stars within tegion. The orientation is north up and east to the left. Trakpe this continuum image, at
coordinates RA(J2000): 1h32m45.7s, Dec.(J2000): +30838hs, marks the origin of our coordinate system and willeapas a cross in the following
figures for referenceRight: Similar map for the observed [@]A5007 flux. The logarithmic stretch covers 3.3 dex and costogpresent the HST-WFPC2
image with theF'336W filter (program 5384; P.I. W. William), convolved with & ® Gaussian filter.

from ~[170,—7"0] to ~[—7/0,—3'0F at P.A~ —70°. The mor-
phologies of the 14 and the [Q11]\5007 maps are very similar
but show some rather subtle differences which indicate tme-c
plex ionization structure, which will be explored in mordalkin
section 3.6. The main ionizing cluster, as depicted by tlchiae
continuum images, is not at the centre of the ring like stmgtbut

at ~2/0 from the peak of emission in# Finally, there are also
several secondary peaks of emission, most of them in thé-nort
ern half of the region, which are associated with very masgie.

30 — 45 M) individual ionizing stard (Jamet et al. 2004).

3.3 Extinction distribution and dust

The distribution of the extinction was derived by means eflta

and H3 emission line maps. We assumed an intrinsic Balmer emis-
sion line ratio of Hv/HB3= 2.86 (Osterbrock & Ferlafd 2006) for a
case B aproximation and. = 11150 K and used the extinction
curve ol.@@. We included alcorrection to take
into account the 4 absorption line due the underlying stellar pop-
ulation. This absorption feature was clearly visible in aacled
spectrum extracted in an rectangular area with low surfaicgt
ness in the emission lines located~at[—12”0, —17”0] of about

2 Hereafter, the reported positions will refer the relaticerdinates to the
main ionizing cluster.

10" x 8”. However, it was not detected, and thus impossible to be
fitted for individual spaxels.

The reddening map was created assumin@g — V)
Ay /3.1 (Rieke & Lebofsky 1985) and is displayed in the left panel
of Fig.[4 with the 24um image fromSpitzer overplotted with con-
tours. This map shows how irregular the extinction distiidouis
with low values of reddening~ 0.00 — 0.25). This strongly con-
trasts with the findings 04) who, using {slitg
reported an almost constant extinction®&fB — V') = 0.11+0.02
and reinforces the need of 2D unbiased spectral mappingae ch
acterize the physical properties of GHIIRs. The opticabexdng
map presents three maxima that spatially correlate verlywit
the maxima of dust emission in tigpitzer 24 ;,m and 8um bands
(see Fig[h). This is consistent with the idea of extinctiansed
by absorption of dust associated with the GHIIR. Other djast-
configurations would have caused a different set of mapsefor
ample, if dust were behind the region, there would not hawenbe
a counterpart in the&Z(B — V) map to the peaks in the map at
24 pm. In the right panel of Fid.]4 we present the absorbed H
luminosity - defined as the difference between the totahektn-
corrected kv luminosity and the K luminosity corrected for the
foreground Galactic extinctiory (B — V')=0.044, (Schlegel et Al.
) - obtained using our derived reddening map with ther8
contours overlaid. A comparison of these two panels showsthe
24 um emission presents a more compact distribution towards the
centre of the region and correlates better with the absdrlaetl-
minosity map than the 8m emission. This was seen in otheniH
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Figure 4. Left: Reddening map for NGC 588 obtained assuming an intrinsitHA = 2.86 and a correction ofAin absorption for HB. The extinction law
of[Fluks et al.|(1994) an@'(B — V) = Ay /3.1 (Rieke & Lebofsky 1985) were utilized. The map has been clweebwith a Gaussian filter with=1" to
better trace the extinction structure. The2# emission was overplotted with contours. The intensityt@ors are at 2, 5, 10, 20, 40, 60, 80, 95 per cent of
the maximum intensity within the region. A 1% contour levetresponds to adBvalue. Right: Absorbed Ha luminosity of NGC 588 with 8«m emission
contours overplotted. The contour levels correspond ta#mee percentage as for the 24 case. Here, a 1% contour level corresponds te aalue.

regions like NGC 604 (Relafio & Kennicutt 2009) and NGC 595
(Relafo et &l. 2010). The 24m emission has proved to be a good
tracer of the recent star formation for a large range efliminosi-
ties, ranging from moderate IH regions to dusty powerful star-
bursts (e.d. Rieke et al. 2009; Calzetti et al. 2010). Théiapzor-
relation between the & luminosity and 24um maps indicates the
infrared band as a star-formation tracer also in low dustrenv
ments, such as NGC 588. Due to the low spatial resolutionef th
70 pm and 160um Spitzer bands we were not able to compare the
emission at these wavelengths with our reddening rikgpschel
data, which will be available soon to the scientific commynmitill
permit a proper comparison to be made in the future.

34 WR stellar population

Relafio et al. (2010) presented a novel and simple technide-
tect WR stars in a swift way and compared its results to aagsi
more time-consuming techniques. Using the same set of wibser
tions (i.e. the datacube), one can identify the WR candilbie
simulating the action of narrow filters and creating contimusub-
tracted maps at the emission bump at 47}’xqme blue bump) and at
5700A (the red bump), characteristic of WR stellar emission, and
localizing the peaks of emission, afterwards. Then, thelicktes
can be confirmed by extracting the spectra of the associgged s
els. Following this methodology, we confirmed previous leagaed

the main ionizing clusters. Here, we apply the same metloggol
to NGC 588.

There are two known WR stars in NGC 588 that have been
widely studied in the past. The first one, named UIT-011 by
Massey et al. (1996) - MC 3 hy Drissen et al. (2008) - was detkct
for the first time using narrow band imaging by Conti & Massey
(1981) and was spectroscopically confirmed/ by Massey & Conti
(1983) later on. It was classified as WNL willlyy = —7.9 mag.
The second one, named UIT-008 is a transition Of/WN9 star.
Both stars were modelled using multi-band photometry wi t
HST bylUbeda & Drissenl (2009). They derived effective temper-
atures of 57000 K and 32000 K and bolometric luminosities of
log(L/Ls) = 6.48 and 5.97, for UIT-011 and UIT-008 respec-
tively.

Fig.[3 presents the continuum substradika bump map af-
ter convolving with a ¥-Gaussian. We identify two main peaks
of emission whose positions agree well with those previouesi
ported for UIT-011 and UIT-008 (Drissen etlal. 2008). No iaxial
WR in NGC 588 was found. The extracted spectra for the twe star
is presented in Fill6 and show clearly both thes andred bump.

The cases of NGC 595 and NGC 588, iniHegions, as well
as existing ones for starburst galaxies (e.g. the AnntdhZe; 70,

Mrk 996, NGC 5253, IC 10, Bastian et/al. 2006; Kehrig et al.&200
James et al. 2009; Monreal-lbero et al. 2010; Lopez-Sémehal.
2010) illustrate the effectiveness of IFS in the finding ahdrac-

WR stars in NGC 595 and discovered a new one further away from terization of the WR population. At this stage, the posgipibf
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Figure 5. 4650-4750A map derived from the PMAS data after convolv-
ing with a Gaussian of=1"0. Continuum was subtracted by averaging the
spectral ranges of 44991540A and 4755-4805A. A logarithmic stretch
covering~0.3 dex was used to better enhance the peaks of emissiorisLabe
with the detected WR are included and white contours detnéee spaxels
utilized to create the extracted spectra. Contours coorespo the contin-
uum subtracted? broad-band direct image from NOAO Science Archive
(Massey et al. 2007). The orientation is north up and eadtddeft. The
main ionizing cluster, at coordinates RA(J2000): 1h32mg3Dec.(J2000):
+30d38m55.1s, marks the origin of our coordinates system.

using this technique routinely should be taken into accdarpar-
ticular, it would suit perfectly in the case of WR finding inlggies

at larger distances and, more important, with large grasliartheir
velocity fields. Here, the traditional technique of seamhdandi-
dates via imaging first, and spectroscopic confirmatiomatsls,
might well miss some of the WR populations since bhee/red
bump might move outside the spectral range of the narrow filter. On
the contrary, the methodology presented here can be easiy m
fied and implemented to define what can be cadigthetic tunable
filters that take into account the movements of the galaxythus
preventing these losses. An additional advantage of usirigte-
gral Field Unit, especially if it has a large field of view istHetec-
tion of runaway WR stars ejected by the central star cludténe
region (Dray et al. 2005). In particular, IFS-based instents with
relatively large field of view like PPak/PMAS (Kelz et/al. B)Qor
MUSE (Bacon et al. 2010) are (or will be soon) under operation
They open the possibility of carrying out surveys of largmgkes

of galaxies where this kind of simple techniques could bé¢i@ar
larly useful.

3.5 Kinematicsof theionized gas

The superior spectral resolution of the present obsemnstitvice
that of the observations of NGC 595, allowed us to derive éteos
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Figure 6. Extracted spectra for two detected peak of emission in thA®M
continuum subtracted 465@1750A. Vertical arrows mark the position of
the expectedblue andred bumps.
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Figure 7. Velocity field derived from the I3 emission line. Contours cor-
respond to the continuum subtractedv Hirect image from NOAO Sci-
ence Archive|(Massey etlal. 2007). The orientation is noptand east to
the left. The main ionizing cluster, at coordinates RA(ID0Qh32m45.7s,
Dec.(J2000): +30d38m55.1s, marks the origin of our coatem system.

ity field maps from the strongest emission lines. In Elg. 7 vens
the map corresponding toH No relevant differences were found
from the map derived using [@]A5007. The velocity field has a
complex structure with values ranging betweet90 km s* and
—110 km s™*. The north-west part of the region seems to be more
redshifted than the south-east, which is the region withdridd3
surface brightness (see Hig. 3). In the surroundings ofdabtation

of the stellar cluster, marked in Figl 7 as a black cross etiern
pronounced velocity gradient: the north-west part hasoieds of



—120 km s ! while the south-east has velocities-o170 km s~ 1.

The velocity separation 0£25 km s ! between these zones and
the location of the stellar cluster, corresponding to a aigjoof
~30 km s7! in the galaxy plane (inclination of M 33,= 56 deg
van den Bergh 2000), and the symmetry of the velocity field sug
gest the existence of a shell expanding in the interior oféigéon.
The shell expansion velocity,30 km s71, is slightly lower than
the values observed in high luminosityiHegions of a set of spiral
galaxies (Vzp ~ 40 — 90 km s™!,|Relafio et al. 2005) and also in
NGC 604 (v, ~40 km s*,[Yang et al. 1996). However, based on
a kinematic study of NGC 588 and NGC 604, Mufioz-Tufion et al.
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3.6.2 Lineratiosinthe BPT diagnostic diagrams

Diagnostic diagrams, where different areas of a given diagr
are occupied by gas excited via different mechanisms, haee b
widely used to study the ionization conditions of the ISM tte
optical spectral range, the most popular are probably tHE d&-
grams, first proposed by Baldwin et al. (1981) and later wesde
by [Veilleux & Osterbrock [(1987). Their wide use to study the
ionization conditions in star-forming and starburst gaax(e.g.
Alonso-Herrero et al. 2010) is due to the fact that they ingol
emission lines that are relatively strong and line ratics tave

(1996) suggest that NGC 588 is more evolved than NGC 604 and (almost) no dependence on the extinction.

therefore, we would expect lower velocities for the sheaillthie first
region than in NGC 604, consistent with the result found here

In order to check whether the winds coming from the stellar
population within the Hi region could produce the expansion of
the observed shell, we have made a crude estimation of teéikin
energy involved in the shell and compared with the input tkine
energy from the stars. Using thexHuminosity of the region from
Relafio & Kennicutt/(2009), we predict an emission meashM)(
of 4000 (pc cm®) for an Hii region radius of 140 pc, correspond-
ing to the aperture radius used to obtained thelttninosity. The
EM is then used to derive & ne >ms 0f 5 cm™? and integrat-
ing over the Hi region volume we derive a total ionized mass of
~6x10° M. Assuming, as an upper limit that the whole mass has
been swept up by the shell we obtain a kinetic energy for tle# sh
of 3.8 x 10°! erg. Starburst99 models (Leitherer el al. 1999) using
ranges of values for the stellar masslof 6 x 10> M and age
of 3.5 — 4.2 Myr, a Salpeter initial mass function, and metallici-
ties of Z=0.004 and 0.008 give a range of kinetic energy irgfut
5.9 — 64.2 x 10%! erg, at least twice as high as the upper limit of
the kinetic energy of the shell. This crude calculation shokat
the winds from the stellar cluster within NGC 588 are ablenwm p
duce the observed shell in thelHegion and create the observed
H/ morphology with holes and filaments shown in Hiyy. 3. More-
over, the lower energy associated with the shell, 30 ki som-
pared with values closer to 100 km 'sfor younger, less evolved
regions|(Relafo et al. 2005), is consistent with with thdifigs by
Mufoz-Tufion et al| (1996).

3.6 Characterization of theionized gas
3.6.1 Density structure

Electron density can be determined from the ratio between tw
lines of the same ion emitted by different levels with simigx-
citation energies. We used the i 6717/[SI1]\6731 ratio in our
analysis. As is shown in the lower right map of Hi§. 8, no stice
for the n. was found. We measured a meas{andard deviation)
[S1IA6717/[SI1]A6731 value of 1.2G£0.17), which is consistent
with the value derived from the integrated spectrum (sede[@b
For the assumed temperature, this implies.aof ~250 cn 3
and agrees within the uncertainties with the values regadote
Vilchez et al. |(1988) and Jamet et al. (2005). This valuetlier
electron density corresponds to the density of the clumpkinvi
the region and differs from the r.m.s. electron densityvéetin the
previous section using thed-surface brightness of the region. The
ratio of both density estimates is a measure of the volunatifra
occupied by dense clumps.

With the present 2D unbiased mapping, one can determine
these line ratiogocally. In this way, it is possible to evaluate their
dependence on the position within the GHIIR and relativéaser
brightness of the area under study. Moreover, one can matma c
parison between integrated and local values.

We present the maps for the three available line ra-
tios involved in the BPT diagrams - namely [NA6584/Hy,
[SHIAN6717,6731/K, and [O11]A5007/H3 - in Fig.[8. These
maps show that the ionization structure in NGC 588 is complex
The [N11]\6584/Hx and [SI11AN6717,6731/k maps present a
rather similar structure. In both cases, the minimum istiedaei-
ther at the peak of emission indi.e. ionized gas) nor at the one
for the continuum (i.e. stars) but in the middle point betw&eem.
Then, line ratios increase outwards, following the ringictre of
the region.

The [Om]A5007/H3 map is roughly similar to the
[N n]A6584/Hxy and [SII]AA6717,6731/kk maps but its value
varies in the opposite sense. Moreover, there are two main
differences. The peak of [@]A\5007/H3 (maximum for this
line ratio) is broader than the peak for [NA6584/Hx and
[S1IAN6717,6731/kk (minimum for these ones). More relevant,
there is an area of 5” x 13" centred at~ [770,—8"0] of
elevated [Q11]\5007/H3 values that do not show specially low
[N 11]A\6584/Hx and [SI1]AN6717,6731/kk.

In order to better assess how the ionization conditions @an
in different parts of NGC 588, we divided our data in three lu-
minosity bins, which sample the low, medium and high surface
brightness areas of this GHIIR. In Figl 9, we present the-posi
tion of each individual spaxel in the BPT diagnostic diagsaio:
gether with the borders that separatel Hegion-like ionization
from ionization by other mechanisms according to severtias
(Veilleux & Osterbrock 1967; Kewley et al. 2001; Kauffmanreé
2003; Stasinska et al. 2006). As expected, all line ratiesaathin
the typical values expected for aniHegion-like ionization.

However, there are differences between the diagrams associ
ated with the different luminosity bins. Firstly, the ranggob-
served values varies from0.3 to~0.6 dex for [O111]A5007/H3,
from ~0.6 to ~1.1 dex for [NII]A6584/Hx and from ~0.5 to
~1.1 dex for [SI]AN6717,6731/kk, with larger ranges in those
areas with lower surface brightness Secondly, as indicaied
the position of the red triangles, higher [NA6584/Hx and
[S11IAN6717,6731/kk ratios and lower [Q11]A5007/H5 ratios are
detected in the areas of lower surface brightness. Thisesighat
the degree of ionization gets smaller with increasing disgafrom
the ionizing source.

How do these results compare with our findings for NGC 595?
In general, the tendencies in the differences between thgrated
values and those for the individual spaxels in NGC 588 ardaim
to those found in NGC 595. However, the range of observed val-
ues in NGC 588 is smaller. This is seen inl[R\\6717,6731/k
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is north up and east to the left. The main ionizing clusteaardinates RA(J2000): 1h32m45.7s, Dec.(J2000): +30838hs, marks the origin of our

coordinate system.
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and specially in [Q11TA5007/H3, where the range for NGC 595

estimate how physical-chemical quantities like metailigielative

is twice as large and can be understood in terms of the differe abundances and ionization parameter vary within the redion
mapped area. While in NGC 588, we map just up to the border of this section, we will explore the behaviour of the differénatcers

the ring, in NGC 595, we were able to go into the very low swefac
brightness component, further away from the shell.

An interesting result stands out in Fid. 9 after comparirgy th
mean line ratios (red triangles) for each bin with those mesab
for the integrated spectrum (blue squares): the case of N&C 5
shows that independently of the utilized line ratio, inttgd val-
ues are more representative of the ionization conditiortkerow
surface brightness areas (L8 25%L(H8)max), Which occupy
~70% of the region, than of those in the brightest parts. Meggo
[N 11]\6584/Hx and [SI1]A\6717,6731/kk ratios derived for the
integrated spectrum differ by0.3 dex from those derived with
long-slit (i.e. green diamonds and yellow inverted triaasyl Sim-
ilar effects have been found in the few GHIIRs mapped upate-d
at such a level of detail (Pellegrini et/al. 2010; Relafiol 22@10).
However, when observing H regions with long-slits, these are
usually the selected areas to be observed. Thus, this stsuitd
be taken into account when interpreting the ionization @t
in GHIIRs in distant star-forming galaxies, specially ifibeations
derived from observations of local iHregions are utilized. As an
example, atv 25 — 40 Mpc, NGC 588 would occupy-1 arcse
on sky, which is the typical size that nowadays IFS-basetluns
ments can resolve under typical seeing conditions. At &urthis-
tances, the situation would become even more uncertai® sinc
typical spaxel would sample in addition some emission aatet
with the Diffuse lonized Gas.

3.6.3 lonization parameter

Line ratios presented in previous section are useful toysthd
ionization properties of a given region/galaxy. Howeverhtve

of the ionization parameterl). This can be estimated from
the ratio of lines of the same element that trace two differen
ionization states (e.g. []AA\4959,5007/[Q1]A\3726,3729).
Assuming that the metallicity is known, one can also use
the [ONI]A5007/H3 or the [SII]AA6717,6731/kk line ra-
tios. The [SI1]1A\6717,6731/k is presented in Figl]8, while
the maps for [Q11]AN4959,5007/[Q1]AN3726,3729 and
[O11]AN3726,3729/H8 appear in Fig[_10. In all three cases the
observed structure is the same: ratio values correspondihigh
ionization parameters are found between the peak of emigsio
HB and the main ionizing cluster, while ratio values typical of
lower ionization parameters are found outwards, followtimgring
structure of the nebula.

This is better seen in Fig. 11 which shows a good correla-
tion between the different tracers for the three flux binseund
consideration. Also, as in the BPT diagrams, integrated ta
tios are not dominated by the brightest zones of the gas but by
the larger low surface brightness areas. In particulaferdihces in
the [O1111AA4959,5007/[Q1]A\3726,3729 ratio between the inte-
grated values and those of the spaxels with high surfacétbegs
can be of~ 0.5 dex on average and as high-ag.8 dex.

Do these line ratios make consistent predictions of the
ionization parameter? For the purpose of this discussion we
will use the expressions provided hy Diaz etal. (2000) as-
suming a metallicity of 0.3 . Note that small variations
of the metallicity (i.e. allowing for a range between 0.2 and
0.4 Z.) would imply an offset in the estimatetbgU be-

3 We have employed 12 tog(O/H)o = 8.66, from Asplund et all (2004)

a more detailed view of the ionization structure, one should and the metallicity derived in Sdc.8.1.



tween -0.20 and 0.15 dex. Also, in order to minimize the ef-
fect of the extinction, we utilized the [§AN6717,6731/kk
line ratio instead of the [8]A\6717,6731/k# ratio and as-
sumed HB=Ha/2.86. Fig.[ 11 also contains the locus of line ra-
tios that trace the same ionization parameter and show ¢hatd:
ing to these relations, [@]A\4959,5007/[Q1]1A\3726,3729 and
[O 11]AN3726,3729/H predict relatively consistent results while
the [SI1]AX6717,6731/k would correspond to smaller ionization
parameters, even when considering the integrated spedmwuany
case, in the quantification of the ionization parameter veerant
taken into account the fraction of ionizing photons leakimg Hii
region which can be up t&'50% (Zurita et al. 2000; Relafio et al.
2002).

Both, the spatial variations of the different line ratiogds
Fig.[8) and the observed excess in thel[3A6717,6731/kk ratio
when compared with photoionization models (see[Eiy. 11hatie
rect consequence of the ionization structure of the GHII&R@m-
stitute a nice observational counterpart to the 3D modedtaadt-
ture of ionized regions. These changes are obvious acressdps
whereas the comparison of the different line ratios in [Elftraces
the ionization structure in the line of sight since areas iied
ent degree of ionization are traced by different ions. Siuadiy,
the expressions provided by Diaz et al. (2000) were defivethe
integrated spectra produced by one single ionizing staweer,
the situation in a GHIIR like NGC 588, where the ionizing star
are distributed in 3D in an irregular manner, is much more -com
plex. In this scheme, the characteristic size of the diffemnes
of the ionization structure will be determined by the aretiitire of
the GHIIR (i.e. by the relative distribution of the ionizisgurces).
Thus the lower ionization species such$S, will delineate the
more extended and common component whiiie™ will be con-
fined to different high ionization zones at the vicinity o&tfon-
izing sources. A model predicting the two-dimensional obeiele
structure of the region designed to match our observatisna i
preparation (Pérez-Montero et al. in prep.).

Using the [O1111AA4959,5007/[Q1]1A\3726,3729 as a base-
line, we can compare our results with those for NGC 595
(Relafo et al.| 2010). NGC 588 presents higher values of
[O 111AX4959,5007/[Q11AX3726,3729, which would imply dif-
ferences irU ranging betweer-0.7 and~0.4 dex, being these dif-
ferences larger when we are closer to the main ionizing etuat
similar gas densities (as is the case for NGC 595 and NGC 883),
ionization parameter depends on the characteristics abttizing
stars, the geometry of the region and the filling factor. Reigg
the stars, the hotter these are, the higher number of ignjzim-
tons they produce, and thus, a higher ionization parametecally
expected. In general, the lower the metallicity of the rag®and
the younger the stellar population is, the larger numbeiob&hars
is expected. These tendencies can be seen by modellingesf int
grated spectra of H regions ionized by given stellar populations
(e.glLevesque et al. 2010). Thus, the lower metallicity GQNS88
and the youth of its stellar population with respect to NGG 59
can, at least partially, explain the difference betweenottserved
[O 111AX4959,5007/[Q11AA3726,3729 line ratios. However, 2D
detailed modelling also showed that the relative distrdsuof the
ionizing sources is an important parameter (Ercolano!&G0Y7;
Jamet & Morisset 2008): GHIIRs with more sparsely distrilit
ionizing sources have lower ionization parameter. In tlease, a
detailed modelling of the region will help to disentangle tklative
role of geometry and filling factor (Pérez-Montero et alpmep.).

NGC 588 with PMAS 13

3.6.4 Metallicity tracers

Ideally, metallicity is calculated in a direct manner. Thégjuires
the determination of the electron temperature via deteatfathe

- e.g. - faint [01111A\4363 line. Another possibility is the use of
certain combinations of strong emission lines for which eioal
and/or theoretical calibrations have been establishek, e will
focus on those that can be evaluated using emission lineswaitir
spectral range. In particular, we will see the spatial itigtion of
the metallicity tracers as well as explore their reliapiis proxies
of the metallicity.

The map forN2 = log([N 11]\6584/Hx) was presented in
the upper left corner of Fid.]8 while those for 223 and the
N203 parameters appear in Fig.]12. None of them presents a uni-
form distribution. A comparison of the maps presented insFig
12 andID shows how th&/203 and N2 parameters are mod-
ulated byU (i.e. the higher values o/ correspond to the ar-
eas showing the lowelN203 and N2 values). TheR23 parame-
ter presents a different distribution due, in great measar¢he
anomalous high [@1])\5007/H3 values measured at the south-
east of NGC 588 (see sectibn 316.2). This quadrant prespicaty
values oflog(R23)20.9 very much at the turnover region of the
R23 — Z relation while the other areas of NGC 588 have a rela-
tively uniform distribution with typical values dbg(R23) ~0.8-

0.9. As we stated in Sec. 3.1, given the measured values ahd th
the Z — R23 relation is two-valuedR23 is not a reliable metal-
licity tracer for NGC 588 and will not be discussed furthetthirs
section.

The dependence of the remaining metallicity tracers on
the ionization parameter is better seen in Higl 13 where we
grouped the data in three bins of degree of ionization using
[O 11171AA4959,5007/[Q1]AN3726,3729 tracer as baselimg203
varies from—2.8 to —1.3 dex when going from high to low val-
ues of the ionization parameter whilg2 varies from—1.9 to
—0.8 dex. Also, the comparison of the mean and integrated ratios
shows how measurements 8203 and N2 are dominated by the
areas with lon7, which mostly correspond to zones of low surface
brightness.

How these variations in the measured ratios translate
into uncertainties in the metallicity determination? To- an
swer this question, we used the calibrations proposed by
Pérez-Montero & Contini (2009) falv2 and N203. The relation
between the predictions of the two parameters is shown iflHEg
The integrated spectrum gives consistent estimates of ¢tallin-
ity for both tracers with a mean @2+log(O/H) = 8.16 (see Sec.
[B), and in agreement with those reported by Jamet et €5§20
Since the utilized calibrations were derived empiricalyng data
for integrated spectra, this is not particularly unexpeckéereafter,
this value will represent the reference metallicity for NG&B.

The first result extracted from Fifg. 114 is that independently
of the utilized tracer, we derive different values for thetafiec-
ity which depend on the position in the IHregion at which the
measurement is taken: the range of predicted metallicitbesrs
~0.6 dex when usingv203 and up to~1.0 dex forN2. Thus,
N203 seems to be more reliable metallicity tracer thé.

The second result is that the values of the metallicities pre
dicted in the zones of low excitation using the different in-
dices show less variation between them than those in the high
excitation zones. Both indices predict rather low methiés
in the latter, but the effect is bigger faW2, where the rel-
ative underestimate can reaeh0.5 dex. The ionization struc-
ture of the region gives a good explanation for this. Wheee th
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Figure 12. Maps of the different observed line ratios that trace theaitigity: left: the R23 parameterjght: the N203 parameter. Contours correspond to the
continuum subtracted dd direct image from NOAQO Science Archivm@owﬁ}e orientation is north up and east to the left. The mairziagi
cluster, at coordinates RA(J2000): 1h32m45.7s, Dec.(@26@0d38m55.1s, marks the origin of our coordinates syste
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Figure 13. [N 11]\6584/Hx vs. N203. The color/symbol code is as in Fid] 9. The number of data tpoias well as the range of
log([O 111]1AX4959,5007/[Q1]AN3726,3729) considered are indicated in the lower righteoatf the individual diagrams.

cessed through the CNO cycle and enriched with nitrogen is
poured into the ISM. This contamination can be observalipna
spotted by the detection of areas in the ISM with higher rela-
tive abundance in nitrogen. The chances for these detsction

a priori low, since the time scales involved in the dilutioh o
this nitrogen are relatively quick (e.g. Monreal-lbero e2910).
However, this kind of data, that maps the ISM from the clos-
est vicinity of the polluting stars to the more external paot

the GHIIR offer an invaluable opportunity to look for such in
homogeneities. Here we will look for areas of enhanced géno
abundance by means of the [NA6584/[SI1]A\6717,6731 and
Massive stars, via their strong winds and supernovae explo- [N 111A6584/[O11]AA3726,3729 ratios.

sions, eject all the heavy elements previously synthestzed The maps for our two relative abundance tracers under
tributing to the metal-enrichment of the gas. In particutdur- consideration are displayed in Fi@g.115. No inhomogeneities
ing their main sequence to earlier WR phases, material pro- are detected in any of them, not even in the vicinity of

[O 111AX4959,5007/[Q11AA3726,3729 ratios are low only gas
with a relatively low degree of ionization emits along theeliof
sight, but where higher values of this ratio are found ther $ig-
nificant contribution from zones with a higher degree of zarion,
closer to the ionizing stars. This leads to a deficiency inkhe]

line intensity (see e.g. Levesque el al. 2010) which leadston-

derestimate of the metallicity wheN2 is used as the tracer.

3.6.5 Relative abundance tracers
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Figure 14. Comparison of the metallicity estimates from N203 and N2 Thlor/symbol code is as in Figl 9, however we include thealigties from
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in the lower right corner of the individual diagrams. Theusof equal estimated metallicities is indicated with a bléee. The data point distributions as
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Figure 15. Maps for line ratios tracing inhomogeneities in the abuwdarl_eft: [N 11]\6584/[SI1]A\6717,6731Right: [N 11]\6584/[O111A\3726,3729.
Contours correspond to the continuum subtractedditect image from NOAO Science ArchiO[D'ﬁ)s orientation is north up and east to
the left. The main ionizing cluster, at coordinates RA(JD0Qh32m45.7s, Dec.(J2000): +30d38m55.1s, marks thenasfgour coordinates system.

the two WR stars. The distributions for both line ratios (not imply alog(N/O) = —1.29 + 0.10. This is in good agreement,
shown) can be well reproduced by a single Gaussian func- within the uncertainties with the nitrogen abundance riggbby

tion with meanfstandard deviation) of—0.34(+0.08) and Ml.ms) and higher by a factor~ef.7 to the one re-
—1.27(£0.10) for the log([N 11]1A6584/[SII]AN6717,6731) and  ported by Vilchez et all (1988).

log([N 11]A6584/[0111A\\3726,3729), respectively. Using the cal-

ibrations given by Pérez-Montero & Contini (2009), thesdues
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4 SUMMARY AND CONCLUSIONS

This work presents a detailed analysis of NGC 588, a GHIIR
in M33. The study is based on the joint analysis of more than

sion in H3 and the main ionizing source decreasing when go-
ing outwards. Also, differences between the integrated land
cal values of theU tracers can be as high as0.8 dex, spe-
cially when using the [@11]1AX4959,5007/[Q11A\3726,3729 ra-

1000 optical spectra mapping in an un-biased manner an #érea o tio and in the high surface brightness spaxelst[{\5007/H3 and

~120 pcx 180 pc, together with mid-IR images in theu®n and

24 ym Spitzer bands. This allowed us to better understand the re-
lationship between the different elements (i.e. stellgyypations,
ionized gas and dust) playing a role in the region. Our manlte
are:

1. Flux averaged properties of the region were derived by us-

ing the integrated spectrum. Differences in the relative inten-
sities from those previously reported (and usually sangptime

[O 111]1AN4959,5007/[Q1]1AA3726,3729 predict similar local ion-
ization parameters and consistent with those estimatetiéante-
grated spectrum of an Hregion ionized by a single star. However,
the [SI]AA6717,6731/kk line ratio departs from these predictions
reflecting the more complex ionization structure in GHIIR&e
higher [O1111AA\4959,5007/[Q1]AA3726,3729 ratios in NGC 588
than those found in NGC 595, specially close to the main &niz
tion source, can be partially explained by the lowest mietgllof

brightest area of the region) range between the 8% and the 50% NG 588 and the youth of its stellar population.

The n. derived from the [31] line ratio is consistent with being
within the low density limit, as reported in previous worlur
derived metallicity is in agreement with previous measiwgets as
well as with the expected metallicity according the metélligra-
dient for M 33.

2. This two-dimensional method reveals complex structare i
the extinction distribution which had not been found witteyir
ous long-slit measurements. Our optical reddening mapeptes
three maxima that correlate well with those for the dust siois
at 24 um and 8um. Moreover, the absorbeddHuminosity map
reproduces the structure observed in the:2dimage fromSpitzer
supporting this band as a good tracer of recent star formatio

3. Using the same methodology as in Relafio et al. (2010), we

confirm the location of the two already detected WR stars im th
region. This consolidates this technique as an efficientraato

8. R23 presents a relatively uniform distribution, with varia-
tions within ~ 0.2 dex. However, since it lies at the turnover of
the R23-Z relation, R23 cannot be considered a good metallicity
tracer for this particular region. Other metallicity tre&are mod-
ulated by the degree of ionization. The range of measuragesal
for both the N203 and theN2 tracers is~1.5 dex. Both ratios
vary with U with variations of up to~0.5 dex on average when
going from high to low ionization parameter. This implies &m
certainty in the determination of the metallicity assoeiatvith the
position where the measurement is made-6f6 dex and-1.0 dex
for N203 and N2, respectively. Thereforey203 seems to be a
more accurate metallicity tracer tham.

9. The N/O relative abundance is homo-
geneous over the whole face of the region ac-
cording to the [NITA6584/[SI1]AN6717,6731 and

find WRs. However, no new WR was detected. Since we mapped [N 11]\6584/[O11]\\3726,3729 line ratios with typical val-

almost its whole surface, the census of the WR stellar comn
NGC 588 can be considered complete.

4. We derived velocity maps from the strongest emissiorsline
No remarkable differences were found between them. We me@su
a velocity difference o& 50 km s~! between the areas of high and
low surface brightness. This implies a smaller kinetic gnéor the
expanding shells than the one expected from the stellarl g
of NGC 588. The velocity field is consistent with NGC 588 being
an evolved Hi region, in agreement with previous studies.

ues oflog(N/O) = —1.29 + 0.10.

10. A common result emerges from our analysis of the line
ratios involved in the BPT diagrams and those tracing mietiyll
and ionization parameter: the comparison between localiand
tegrated values shows that the line ratios from GHIIR in xala
ies at distancesz25 Mpc are likely to be dominated by the
ionization conditions in their low surface brightness ar¢ae.
L(HB)<25%L(HB)mas). This agrees with the results found by
Pellegrini et al.l(2010) after analyzing 2D line ratio map8@Do-

5. We measured the electron density over the whole face of the radus at the LMC.

region using the [8] emission line ratio and no significant vari-
ations forn. were found. The estimated values for theli[Satio
are within the low density regime with a mean value corregpun

ton.=250 cnT 3 for the assumed temperature. This is in agreement

within the uncertainties with the values reported for sfieeireas.
Using the EM of the region reported in the literature, wersate a
< ne > of 5 cm~3 for the whole GHIIR.

6. [N11]\6584/Hy and [SI1]AN6717,6731/k present a ra-
dial structure with values increasing from the centre talsahe
outer parts of the region. In general, [QA5007/H3 shows an
inverted pattern. However, we detected an area towardsothte-s
east of the region with high [@ ]\5007/H3 line ratios but not
particularly low [N11JA6584/Hy and [SI]AN6717,6731/kk ra-
tios. Line ratios involved in the BPT diagrams are typicapbb-
toionization caused by massive stars. However, a largeyera
observed line ratios is found at lower surface brightnessy-v
ing from ~0.5 to ~1.2 dex for [NII]A6584/Hx, from ~0.7 to
~1.7 dex for [S1]AN6717,6731/k, and from~0.3 to~0.5 dex
for [O 111]A5007/H5.

7. We studied the behaviour of three tracers of the ioniza-
tion parameter. In all three cases the ratios corresponditigh
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