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ABSTRACT

Context. The quantitative study of the physical properties and chah@bundances of large samples of massive blue starfiat di
ent metallicities is a powerful tool to understand the ratamd evolution of these objects. Their analysis beyond tiieyMVay is
challenging, nonetheless it is doable and the best way &stigate their behavior in flierent environments. Fulfilling this task in an
objective way requires the implementation of automatidyamistechniques that can perform the analyses systertigtiténimizing

at the same time any possible bias.

Aims. As part of the ARAUCARIA project we carry out the first quaative spectroscopic analysis of a sample of 12 B-type su-
pergiants in the galaxy NGC 55 at 1.94 Mpc away. By applyirg riethodology developed in this work, we derive their stella
parameters, chemical abundances and provide a charatitaminf the present-day metallicity of their host galaxy.

Methods. Based on the characteristics of the stellar atmospiregdormation codeastwinn, we designed and created a grid of mod-
els for the analysis of massive blue supergiant stars. Alaitiy this new grid, we implemented a spectral analysis élgor. Both
tools were specially developed to perform fully consistgmantitative spectroscopic analyses of low spectral uéisol of B-type
supergiants in a fast and objective way.

Results. We present the main characteristics of eusrwino model grid and perform a number of tests to investigate thahiéty

of our methodology. The automatic tool is applied afterwtard sample of 12 B-type supergiant stars in NGC 55, deriviegstellar
parameters, Si, C, N, O and Mg abundances. The results taditat our stars are part of a young population evolving tdwa
red supergiant phase. For half of the sample we find a remlerkagibeement between spectroscopic and evolutionary s)askést
for the rest larger discrepancies are present, but stiliwithe uncertainties. The derived chemical compositiarishio an average
metallicity similar to the one of the Large Magellanic Clowdth no indication of a spatial trend across the galaxy.

Conclusions. The consistency between the observed spectra and our steltkels supports the reliability of our methodology. This
objective and fast approach allows us to deal with large $esrip an accurate and more statistical way. These are twiskags to
achieve an unbiased characterization of the stars andhbsiigalaxies.

Key words. Stars: early-type — Stars: fundamental parameters — @alastellar content — Galaxies: individual: NGC 55

1. Introduction Simon-Diaz & Stasifska 20111 ahd Bresolin et al. 2009%gre

) ing at the same time access to chemical species that are not
The latest generation of large telescopes has opened a Widgessible through H Il region studies (like Si or Mg), and
range of possibilities in the study of massive blue stars, gt gistances where nebular results strongly rely on tecfesig
lowing for the first time analyses of resolved stars beyor®d thyhich need to be carefully calibrated (the so-called strong
Magellanic Clouds, even to nearby galaxies beyond the lifjae methods, [ Pageletl 79). Moreover, blue supergiant
its of our Local Group. This new observational capability igi5rg present themselves as very promising distance todica
especially important not only to reach a better knowledge fﬁrough the application of the wind-momentum—luminoséy r
the nature of these objects, but also to understand the ehepyionship (WLR, Kudritzki et dll_1995) and the flux-weigtite

cal and dynamical evolution of their host galaxies (e.g. et gravity—luminosity relationship (FGLR. KudritzKi et/al023).
2009). The last two decades in particular have witnessed e Y P )

use of massive stars as reliable metallicity tracers, cempht- In order to fully understand the nature of these objects, it i
ing the classic approach based on H Il regions (see for instafequired to perform accurate analyses on large samples ®f ma
sive stars both in the Milky Way and external galaxies. Whils

Send offprint requests to: N. Castro (e-mailhorberto@noa. gr) current multi-object spec_trographs are certainly capabf@o-
* Based on observations obtained at the ESO VLT Large Progeamgiucing such large collections of spectra ( )4
171.D-0004. the accurate modeling of their atmospheres is an intritigica
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complex task, involving non-local thermodynamical edurilim ~ stars in NGC 55, noted by Gieren ef al. (2005), particulamly i
processes and strong stellar winds, hence requiring th@fuséerms of their evolutionary status.

highly sophisticated stellar model atmospheres. The itapbr The work presented in this paper is divided in two main parts.
advances accomplished in the modeling of massive blue stiathe first one, Sec] 2, we present a detailed descriptidheof
atmospheres (Santolaya-Rey et al. 1997; Hillier & Mille@&9 tools we have designed for the analysis of massive blue stars
Puls éf all 2005), together with the improvement in the compat low spectral resolution. The goodness-of-fit criteria #me
tational facilities provide us with the tools to overcomesh is- parameter space covered by our model grid, along with severa
sues. With regard to the analysis technique, several aliees tests to identify the limitations and the reliability of omethod-
have been proposed byfldirent authors to minimize the sub-ology are also presented. In the second part, we analyzei2 ea
jective component present in the widely udgeeye techniques, B-type supergiant stars observed in NGC 55, using the previ-
by introducing objective, automatic and fast methods, sag:h ously discussed tools (Sekt. 3). We will use the resultsudyst
the methodology employed by Mokiem et al. (2005) based ame chemical distribution of the present day metallicitythif

the genetic algorithm PIKAIAL(Charbonneau 1995), the gridyalaxy, in addition to constraining the evolutionary ssadfithe
based method proposed ver (2007) or the principat cosmalyzed massive blue stars, in SEtt. 4. Finally, Selioro5 p
ponents analysis (PCA) algorithm designed@hﬂ% etwaides the final remarks and comments.

(2008). In this work, we present a new automatic grid-based

technique implemented over a grid of models calculated tluigh

latest release of the model atmospliere formation codeast™ 2, A grid-based quantitative analysis technique

winp (Santolaya-Rey et 8l. 1997; Puls etlal. 2005), specificall o _ _ _
designed and optimized for the study of O- and B-type stars '|>rii1e quantitative analysis of optical spectra 0%'[

the optical and infrared range. The combination ofhewmn  Stars is based on well established methods | ret
code and a grid-based technique enable us to perform, in-an2806,| Searle et al. 2008). At high spectral resolution, tae d
jective and fast way, the analysis of B-type supergiantdien ttermination of temperature and surface gravity is basechen t
optical domain at low spectral resolution. This provideseayy ionization balance_of dlierent ionization stages of the.same el-
efficient way to handle the analysis of data collected by largénent (e.g. Sil¥Silll), and the fit to Balmer lines wings re-
Spectroscopic surveys. SpeCtlvely (Seb_M_QELLe_aD_eﬂhL_lﬂ)99) A S“ghtly modifiechte

E&gque is applied in the analysis of low spectral resolutiatad

The growing interest in the nature of massive stars a houah the t t d it oriteri th
their host galaxies has propelled the development of severa CUdh e lemperature and gravity criteria are In€ same,
ricting the analysis to individual (metal) lines at lowesp

studies within diferent members of the Local Group, for A . i
example: in the nearby Magellanic Clouds (Lennon &t al. 20 al reS.O“f'O? IS unrehabl;e: Ttr;]e best ?pproa_ch IItS to répci;r
olleston et dl. _ : _ he main features present in the spectrum simultaneously, a
RI lleston leolj?o‘ﬁ med—e—e'tl ”n SIIHO&_O_“E' IKIr Ftlaulzggwas suggested by Urbaneja et al. (2003, 2005a) in the asalysi
Mokiem |[2007at Trundle etldl. 2007), M 31 (Venn et apf NGC 300 B-type supergiant stars. This technique has been
2000: Tr!!nc.ls et Al 2002), M 330 (Monteverde & Herterd SO successfully applied in the analysis of massive b s
1998 [Monteverde et . 2000; Urbaneia etlal. 2005b. [201¥y-M (Bresolin et al[2006), NGC 3109 (Evans etal. 2007) and
NGC 6822 [(Muschieloketal.[ 1999 Vennetal. 2001)C 1613 (Bresolinetal. 2007). .
NGC 3109 [(Evansetall 2007), WLM. (Venn et al.2003; The complete spectral analysis consists of two steps. In the
Bresolin et al. | 2006; | Urbaneja efal._2008) or IC 161§rst one, the fundamental stellar and wind parameters are de
(Bresolin et all. 2Q07" Garcia etlal._2010). Moreover thedlved by using a fixed set of models. The determination of the
studies have extended to galaxies beyond the Local GroG sam_lcal abundances_ls carrled_out in a second step.by cemput
such as NGC 300 (Bresolin et al. 2002 Urbaneja Et al. 200439 tailored models. With the ultimate goal of performingagu

Kudritzki et al. [2008) or NGC 3621 (Bresolin et al. 2001) thgtz’itive studies of low resolution spectra of OB-type s\gients
latter being at a distance 66.7 Mpc. " at different metallicities in a systematic and objective way, we

_ . ; i alaorith :
The ARAUCARIA projedl (P.l: W. Gieren) Gieren et Al. have implemented an automatic algorithm to determine tle st

= o 4 . : lar parameters by identifying those models in our grid thiatim
2005) is an ambitious project devoted to investigate thects mize the dfferences with respect to the observed optical spectra

that the environment could have onffdrent distance indica—é%

tors. To that end, a number of nearby galaxies (NGC 68 x? minimization). In the next sections we describe the main

IC 1613 WLM. NGC 3109. NGC 55 NGC 247 NGC 300 an mponents of our automatic analysis method.

NGC 7793) have been targeted, both photometrically and-spec

troscopically. An important part of this ESO long-term @aj 2.1. rastwinp grid of models

is focused on the young stellar population of these galgses . . .

for instancé Evans et Al. 2007 or Urbaneja ét al. 2008), aed ofhe cornerstone of the analysis of massive blue stars isritie g
of its main results has been the discovery and partial etgploi®f model atmospheres employed to reproduce tfferint fea-
tion of the FGLR of BA supergiant stars as a distance indicatt/r€s of the spectrum. Because of its high computatiofial e
(Kudritzki et al 2008). Within the context of the ARAUCARIA Ciency, we have used the model atmosphiaeformation C(_)de
project, we presented the first qualitative analysis of imass FASTWIND (Santolaya-Rey et al. 1997; Puls et al. 2005). This code
blue stars in NGC 55 (Castro ef 08, hereafter COS)teidhatakeS into account NLTEfEects in spherical symmetry with an
in the Sculptor filament at.24 Mpc [Pietrzyhski et al. 2006; explicit treatment of the stellar windffects by considering a
Gieren et al. 2008). We now present the first quantitativéyana-like wind velocity law (Schaerer & Schmutz 1994), and by
sis on a sample of B-type supergiants in this galaxy. Thikiya €nsuring a smooth transition between the pseudo-statitopho

step for characterizing the prominent population of blussie SPhere and the inner wind layers. The main advantage with re-
spect to other similar codes is the possibility of genecateal-

istic models in a short period of time, a crucial point forltirg
1 httpsj/sites.google.coysitg/araucariaprojegt large sets of synthetic spectra.
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Fig. 1. Distribution of the models in the loes—log L/L; plane
(black dots). To illustrate the stars that can be analyzdd wi

this %rid evolutionary tracks with rotation of Meynet & Masid

) are plotted. The Humphreys—Davidson Limit is also
shown in the upper part of the diagram (solid line).

2.1.1. Stellar parameters

Figure [1 shows the location of our models in the
Hertzsprung—Russell (HR) diagram, along with the evolu-
tionary tracks from_Meynet & Maeder (2003) for an initial
equatorial rotation of 300 knT$ and solar metallicity. As
can be deduced from this figure, our parameter selection cor-
responds to stars with initial masses betweed — 60 M.
Since we have constructed the grid with constantdeyal-

ues instead of log, our models define constant luminosity
sequences.

Radius (R.). For each given paiTes, log g] the radius was
calculated from Ny by means of the FGLR (see Hg. 1).
Note that this relationship was observationally establish
for supergiant stars, but we have also used it for models that
would represent stars that do not belong to this luminosity
class. This, however, has nfiect on the analysis.
Microturbulence (£). Three diferent values of the microtur-
bulence, 7, 17 and 27 km’s were considered for the calcu-
lation of the model atmospheres. A larger number of values
were used in the computation of the formal solutions. This
procedure does not lead to inconsistencies in the spectrum
as long as the value used in the formal solution does not de-
part far from the value used in the model atmosphere. Hence,
the formal solutions were calculated wiglequal to 5, 7, 10,

12 kms™ (in the case of model atmospheres computed for
7kms1), 15, 17, 20, 22 kns* (for 17 kms?), 25, 27 and
30kms? (for 27 kms?).

Eachrastwino model is described by nine main parameters (we- Helium abundance (HgH). The helium abundance by
assume that the winds are homogeneous). Ideally, all of them number is sampled with four points0®, Q1 (solar), 015
should be considered free in our grid of models. Howeves, thi and 02. We note here that, although our lowest value is be-
would imply the calculation of a very large number of modelst  |ow the primordial He abundance and hence is physically not
explore the full parameter space. Therefore, we fixed and con realistic, it was set to avoid boundary issues, as prewousl
strained some of them based on the previous knowledge of the discussed.

physics of these objects. This saves a significantamoumtrof ¢ — Metallicity (Z). Five values were used, froi = 0.25 to

puting time, without introducing any relevant limitation ihe
analyses. A brief description of the criteria used to fix sahe
the parameters follows, as well as the specific range exgplare

each case. As a general rule, the boundaries of the model grid

1.25Z, in steps of @5, with the solar references taken from
.1(2009). For each metallicity, the elemental
abundances (excluding He) are scaled by these values.

were defined aiming at avoiding observed stars too closeeto th- Terminal velocity (V.,). For each model, this parameter was

grid’s limits.

— Effective temperature Ter). We computed models with

obtained from the escape velocityed) by using an em-
pirical calibration based on the works by Kudritzki & Ruls

(2000), Crowther et al[ (2006) and Markova & Puls (2008).

temperatures between 9000 and 35000 K, in steps of 1000 K. According to the studies of Lamers efal. (1995) and

This interval covers objects with spectral types ranging

~A1-08, for solar metallicity.
— Surface gravity (log g). Whilst our main interest here is
the analysis of supergiant stars, we extended the caloofati

to higher gravity values. In order to select the gravities fo
each temperature, we considered the FGLR (Kudritzkilet al.

2003). As shown by Kudritzki et al._(2008), this quantity is
empirically related to the luminosity of normal blue super-
giants

MISIR = (3.41+ 0.16) (loggr — 1.5) - (8.02+ 0.04) (1)
where M{S-R is the bolometric magnitude, and
loggr = logg — 4log(Ter x 107%). Supergiant stars
of luminosity class la and Ib, exhibit a range of Igg
between~ 1.0 and 15 dex. For objects with a temperature
of 25000 K, this means log ~ 2.6 — 3.1 dex. Our models
were calculated covering a lag range between.9 and
2.5dex, with an upper limit of log = 3.7 dex (i.e., main
sequence stars are not considered in this grid).

(1999) there is a bimodal relationship between
both quantities, with an abrupt change at the location
of the so-called bi-stability jump’. Contrary to this idea,
[Crowther et al. [(2006) argued that there is no such break
in this relationship. Rather, these authors propose a $moot
transition around 20000 K. With the goal of emulating the
empirical values, a monotonous trend was considered in the
range of temperatures where the jump is located,

y 1.10 Tor < 15KK
— — }1165 log Ter — 47.62 15kK< Ter < 24KK  (2)
Vesc 341 Ter = 24KK

To account for metallicity #ects we assumed that the
terminal velocity scales with metallicity as..(Z)
20912 (Leitherer et al. 1992, see also Kudritzki & Rlls 2000,
Vink et alll2001 and Kudritzki 2002).

— Wind velocity law, 8. We adopted an empirical linear re-

lationship betweep and T, based on results obtained by
lUrbanejal(2004) and Crowther et al. (2006) for Galactic B-
type supergiants with temperatures in the rard®000—
~31000 K. Beyond those limits we used fixed values:
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Table 1. Spectral features used in the determination of the fun-
damental parameters.

3.60 Ter < 10kK
={-140(Tez10% +5 10kK < Ter < 30kK 3
g 0.70 (et T > 30KK © lon __A(A) | lon A(A)
= HI  4101.74| Hell 4542.80
. HI 4340.47 | Sill 4128.07
— Mass loss rate M). For each combination dfe, 10g g, &, Z HI  4861.33| Sill 4130.89
and He¢H, we considered 3 éfierent values for the mass loss Hel 4026.19| Silll 4552.62
rate[Puls et al[ (1996) showed thaffdient combinations of Hel 4387.93| Silll 4567.84
mass loss rate, terminal velocity and radius can produce the Hel ~4471.48| Silll  4574.76
same emergent synthetic profiles as long as the optical depth Hel 4921.93| Silv_ 4116.10

: . ) : Y 15
Irg\:ggfrl]r;tlc?)ig?:ri f%rinsdr%?g:]h d\\//vmgfegfo_t fl;/el é (F;*éo%etérsNOtes' At low-resolution the lines of Sill 41287 A and SilV
: - oo P 411610 A could be blended with O Il transition.

in our grid, variations oM are equivalent to variations of

Q. In order to use realistic mass-loss rates for each model,

we applied the empirical relationship between the wind mos, ¢0/1ar parameters determination
mentum and the stellar luminosity found als”
(1995) ano_Kudritzki & Puls/ (2000) to define a prop@f To avoid a subjective and time-consuming procedure we have
value. The wind momentum—luminosity relationship is démplemented a straightforwarg? technique, similar to the

fined by methodology proposed by Lefever et al. (2007). The observed
spectrum is compared to a grid of synthetic models, in a numbe
of relevant optical lines. To characterize the goodnesfittiie

109 Dmom = X 0g L./Ls + Do differences are evaluated through the following the expression
~231logL,/L, + 1594 (4)
1 Niines 1 n, . 2
whereDpop is the modified wind momentum (10Bmom = = 1 Z('JiyobS) )
log (MV,RY?)). The values fox andD, used in EqC4 were Mines 4=5' M o

derived from a linear regression to data from previous studi

(Crowther et al._2006;_Mokiem etldl. 2007b;_Lefever et alvheren, is the number of wavelength points in the spectral
2007; Markova & Puls 2008). line j, yobs andy; are the observed and synthetic fluxes respec-
For each set of stellar parameters threedentQ values tively (the indexi runs over the set of models), and the un-
are considered: the one derived from Ely. 4, @gand two certaintyo is estimated according to the signal-to-noise ratio
others with logQ increasefiecreased by 0.5dex. Finally,(SNR). Eventually, the average of all the transitions issin

we set a lower limit foM at 10°® M, yr2, since at this low ered, with all the lines having the same weight. The methasl wa
mass loss rate the windfects on the optical profiles are negtested giving more weight to those lines that could have more
ligible. impact on particular stellar parameters (e.g. siliconditzons in

The metallicity dependence of the mass-loss rate is ahe dfective temperature). The results revealed a better match
counted for with a power-law(Z) o Z™. For the exponent, on average when no extra weights were imposed. The selected
we use the results from_Mokiem et al. (2007b) that founithes are listed in Tabl@ 1. This selection is based on thervis

m = 0.83 based on the analysis of Galactic, LMC and SM&nge, the quality of the data and previous knowledge of hode
stars. ing these spectral features.

The stellar parameters, and their uncertainties, are -deter

mined through two steps, aiming at accounting foffedent

2.1.2. Atomic models

The atomic models used in the calculations will play an im-

portant role not only in the determination of stellar parame™
ters but also in the computational time required per model.

Detailed atomic models of HI, He |-|Iﬁﬂr@02), Sill-

-1V (N. Przybilla 2007, private communication) and of G|
Il (Becker & Butlef[1988; D. Kunze 1998, private communi-

cation) are explicitly considered (see below) during thel-st

lar parameters determination. The inclusion of O is critica
since at low spectral resolution the line of SilV 4116A and
Sill 4128 — 30 A are blended with several OIl transitions.

During the chemical abundance analysis, detailed models fo

CII-11l (Eberl[1987; Eber & Butléf 1988), N II-ll[(Butler 198
Becker & Butlell 1989) and Mg Il (K. Butler 1998, private com-
munication) are also incorporated for the calculation ef tii-
lored models.

sources of uncertainties:

From they? distribution generated by EQl 5 we selected all
those models with a2 value below itsy? minimum plus
15%. This percentage was not chosen arbitrarily, but us-
ing a sample of high resolution spectra with SNR larger
than 150 obtained as part of the IACBBpectroscopic
database. We carried out their analyses by a classic method
(McErlean et all_ 1999) and with our ney¢ minimization.

By comparing the results, we could identify the percentage
that recovered similar errors in both methods.

Those models with g2 that fulfill this criterion were chosen

to derive the stellar parameters. The values and theirserror
were calculated by averaging all these models, weighted by
e 05" (normal distribution probability), and their standard
deviations respectively.

We note here that the oyher spt_acies are treated in an implic’ The IACOB spectroscopic database (Simon-Diaz et al.répara-
way to account for blanketiglocking efects. For further de- tion) presently contains 200 high quality spectra of O- and B-type

tails, the reader is referredt al._(2005).

Galactic starsR = 46000,SNR > 150)
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Fig. 2. Stellar parameters derived for the Galactic star HD 14818 (1000 andSNR = 100). The panels show the parameters
obtained in each Monte Carlo (MC) iteration, the averageieslare marked by a red solid line (see text for more detdits).
mean error obtained from the standard deviation in eachlation is marked by red dashed lines while the dispersiohénMC
simulation is shown by blue dashed lines.

We investigated thefiect that applying dferent percentage  re-calculated (through the step described before). This al
cuts would have on the derived parameters. For example, thelows us to evaluate the impact that the SNR and the con-
difference between a 10% or 20% cut is very small when tinuum rectification have on the results.
compared with the errors, with an increment~0R00K in
the dfective temperature uncertainty.

— This method was complemented with a Monte Carlo simula-
tion. Given the SNR of the spectrum, a random array of 100 Both steps produce a set of errors in the final stellar parame-
elements around the continuum position was defined. Né@Fs. We are aware that they are notindependent and batfeesti
re-rectifications of the stellar continuum were performed utions are linked to the spectral SNR and the intrinsic urdert

ing these shifts, then the stellar parameters and errors wis introduced by the grid design. The final uncertaintessit
from the quadratic sum of these two uncertainty sources.
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Fig. 3. Best fit model for the spectrum of HD 14818 degradeRto 1000 andSNR = 100. The lines used in the analysis (marked
in the plot) are well reproduced. The rest of transitionse®f them interstellar features, were not considered irittaysis.

2.2.1. An example: HD 14818 Comparison to synthetic spectra

To illustrate the determination of the stellar parametevs, Three sets of stellar parameters in the range of OB supérgian
present the application of our algorithm to the case of tars (loggr ~ 1.0 — 1.5dex) were randomly chosen from our
Galactic B-type supergiant HD 14818. A high quality opticanodel grid and analyzed according to the method presented in
spectrum is first degraded to the characteristics of our RORSect[2. Tablgl2 presents the input parameters of the mouietls a
data,R = 1000 andSNR = 100. They? calculations were ap- the stellar parameters recovered by the method. At thistispec
plied on individual wavelength windows, covering the spaict resolutlon,_ plﬂferent com_bmatlons of parameters, like microtur-
features shown in Tabl@ 1. Each wavelength range was clyrefljulence, silicon and helium abundance, can produce sipiéar
selected to include the entire line profile. Figlife 2 displthe files which has a clear impact on the uncertainties. Neviersse
results obtained from the Monte Carlo simulation for eaati-in our algorithm recovers the input values within the errors.
vidual parameter. As indicated, the spectral resolutitdi &nd The analysis yields a better estimate of the wind parameter
the set of lines were selected to represent the conditiotiseof Q When Hx is incorporated. This also produces a slight variation
spectra that will be analyzed in the forthcoming section (s in the rest of parameters, but always within the uncertesnoif
not included in our analysis since it is not available in thee the previous results obtained withoutrHit seems possible to
of the NGC 55 stars). constrainQ even without K, just relying on the rest of Balmer
lines (mainly HB). Only for the very hot case (30900 K) we find
The quality of the final results is illustrated by Fig. 3, wler|arge diterences when &lis not included in the analysis, with
the observed spectrum of HD 14818 is compared with a modej shift of 020 dex respect to the input value. For the other two
atmosphere computed for the parameters obtained by our aggses, the dierences with respect to the input value do not ex-
matic analysis algorithm, described in previous sectiditdte ceed 005 dex.
that only the lines listed in Tablg 1 (marked in the figure) are Additional tests were performed with the spectra degraded t
considered and fitted for the analysis. SNR = 50 (see TablE]2). As could be expected, a wider set of
models are compatible with the observations in this casehwh
translates in larger uncertainties. Nevertheless, thetipgram-
2.2.2. Tests to the method eters and the recovered values are in good agreement, always
within 1o

Before applying the routine to the analysis of real data, are ¢
ried out a number of tests to check the reliability of the pr(b?mparison to Galactic stars
posed methodology. In the first one we analyzed a sample o

mraeesesc{)nrfge?ecs tSpv?/gtrgoggi’:jeerggdth";it:;lgi;’g]‘lgf iﬁ?:é FGoa:Ia E?The results obtained in the analysis of the three Galactic su

' iants are collected in Taljle 3, along with the pararaeter
stars (HD 209975 09.5 Ib, HD 38771 B0.5 la and HD 1481% bymgmmmﬁlung% amﬂ?mwgm)_ S
B2 la), originally from the IACOB spectroscopic database. liegricted the comparison to these two works because we want
both cases, the test spectra were degraded to 1000 and {5 minimize the possibleftects introduced by the application
SNR = 100 to simulate our FORS2 NGC 55 spectra. Taking gifrerent stellar atmosphere codes; here, we are interested in
Into account that our FORS2 data do not mclqde thelide, o performance characteristics of our methodology. Butt-s
we decided to repeat the tests to evaluate the impact ofdnclysg ;e disrwino models, although there are some unavoidable

ing this line (columns 'Output’ and 'Outpte’ in Tabled2 43 igerences. For instance, Repolust ét’al. (2004) kept the
respectively).




Table 2. Results of the analysis of three synthetic spectra caledlaith FASTWIND (parameters listed under coluhhnput’) degraded té&r = 1000 andSNR = 100, 50.

T309G329 T265G280 T134G166

Input Output OutputHa SNR =50 Input Output OutputHa SNR =50 Input Output OutputHa SNR =50
Test (KK) 309 308+0.8 308+11 302+20 265 261+0.8 258+ 11 259+16 134 133+ 06 132+ 05 130+ 0.7
log g (dex) 3.29 325+ 0.08 326+ 0.08 320+ 0.15 2.80 274+ 011 272+0.11 274+ 0.13 1.66 165+0.17 166+ 0.07 163+0.16
£(kms1 14.0 136+ 3.3 144+ 4.1 130+ 6.4 17.0 175+ 4.0 179+59 150+ 80 200 225+53 196+ 34 205+50
He/H 0.10 012+ 0.03 013+ 0.04 012+ 0.05 0.12 015+ 0.04 014+ 0.05 013+ 0.05 0.16 015+ 0.04 016+ 0.04 012+ 0.05
Si/Sig 1.00 101+0.25 094+ 0.24 087+0.28 0.75 078+ 0.30 066+ 0.30 082+ 0.0.27 0.80 097+0.23 081+0.23 089+ 0.27
log Q -1270 -1290+035 -1262+020 -1289+033 | -1230 -1230+020 -1231+0.20 -1234+0.20 | -1220 -1224+020 -1219+020 -1228+0.10

Notes. The resulting parameters withouteHare gathered in columiOutput’. The process was also repeated including, kb estimate the féect of its absence on the stellar parameters
('Output+Hea’). TheSNR = 50 case considersdd

Table 3. Results of the procedure for three Galactic stars degradRe-t1000 andSNR = 100, 50.

HD 209975 HD 38771 HD 14818

RO4 Output OutpwtHa SNR =50 uo4 Output OutputHa SNR =50 uo4 Output OutputHa SNR =50
Ter (KK) 320 327+10 323+15 320+33 265 272+16 269+20 254+33 201 183+ 0.7 189+ 13 189+19
log g (dex) 3.20 336+ 0.09 332+ 0.08 329+ 0.20 2.90 311+ 0.10 311+ 0.11 300+ 0.20 240 251+0.11 245+ 0.14 240+ 0.18
£(kmst 10.0* 147+53 144+ 50 139+ 75 180 145+ 46 141+43 113+ 6.0 17.0 159+39 139+ 37 119+59
He/H 0.10° 0.11+0.04 011+ 0.04 012+ 0.05 0.10 015+ 0.04 016+ 0.04 014+ 0.05 0.15 011+0.04 014+ 0.05 012+ 0.05
Si/Sig 1.00° 0.85+0.30 108+ 0.24 083+0.28 1.00 0.91+0.29 095+ 0.26 081+ 0.27 1.00 0.87+0.30 087+ 0.29 076+ 0.27
log Q -1267 -1269+038 -1245+020 -1253+025 | -1267 -1301+0.29 -1293+0.25 -1311+0.32 | -1322 -1303+020 -1315+020 -1318+0.11

Notes.The results, summarized in this Table, with the errb@i{put’) are compared with analyses performed (though wifecént observational data) by Repolust étlal. (20884 and Urbanela
(2004) U04). The columri Output+Ha’ gives the values returned with the incorporation af. ihe SNR = 50 case considersdd The parameters marked with ** were kept fixed.
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microturbulence fixed to 10 knT% considering it as a secondaryof 0.20 dex. The chemical analysis is performed in two comple-

parameter; HD 14818 was analyzed by Urbdnkeja (2004) wittentary steps. First, an automatit fitting algorithm is used.

an early version ofastwino that did not include line block- However, the main features were sometimes weak or blended,

ing/blanketing, which explains the fiérence in temperature and a second visual check is required.

(and gravity) with respect to our values. The abundance uncertainties are estimated from this new set
The main conclusion of these tests is that there is a goefimodels, taking into consideration the SNR of the observed

agreement between the values obtained by our algorithnregbplspectra. Therefore, the range of abundances defined by the un

to the low spectral resolution data and the previous stumiesd certainties, for each individual species, account for tratfre-

on high spectral resolution data. to-feature scattering, in a similar way as it would be dona in
We note that there are importantiérences in logQ for the  classic analysis.
three stars, although the values are consistent withinrtioese The precision achieved in the chemical analysis depends not

Synthetic Hr profiles depend not only on the wind parametergnly on the quality of the spectra, but also on the spectyz ty
but also on the fective temperature and surface gravity. Thugnd on the reliability of the atomic models. For a mid B-type,
changes in these two fundamental parameters will modify ¥gost of the considered transitions cannot be detected(efiay
shape with the consequent adjustment of the value recof@redare not present at these temperatures, or they are too weak to
Q. The uncertainties in the stellar parameters will propag@t detected at this low resolution and SNR). Note, howevet ttea
log Q as well. The difterences we have found could also be a rgg 1| and Sill features are stronger for late B-type starswso
flection of real changes in the observed profile, due to th@tisecan extract accurate information for those species. In #dasim
Ha profiles collected in dferent observational campaignsaH fashion, for a given spectral type and SNR, the abundance un-
is variable in these kind of stars, Markova et al. 2005). F§ina certainties will depend on the metallicity, with the exgditin

we should keep in mind that there could be (somépdénces that errors become larger with decreasing metallicitynavally
inherited from employing dierent versions of the same modeteaching the limit where only upper limits could be placed.
atmosphere code. Nevertheless, in spite of theferdnces, the For each individual element, we attended to a particu-

values recovered by our method are comparable with the ofgs qroun of spectral features (see_Urbanejalet al. 2005a and
suggested by these other works based on high spectral +e | 7). Briefly, the lines considered for the dhem

tion data. ) ) cal analysis, and summarized in Talkle 4, were:
As in the case of the synthetic models discussed above, we

performed the analysis of the observed spectra degradetoals - - )
SNR = 50. The outcome of this test is the same: the loss of Silicon. We used the transitions of Silll 455267 — 74 A,
information due to the lower SNR is reflected in larger uncer- Sill4128-30Aand Silv 4116 A. The lines of Sill are only
tainties. available at low temperatures, B2 and later spectral types.
Both sets of tests confirm the reliability of the technique the other hand, the profile of SilV will be accessible at late
in finding the main stellar parameters. The quality of theadat O and early B-type stars. . N
(SNR) and the available observed wavelength range define thre Oxygen.The analysis looks for the best fit to the transitions
accuracy that can be achieved. We have shown that, by usingaround 4076, 4319, 4350 and 4416 A; at low spectral resolu-
enough information (see Takl@ 1), it is possible to reachdsol tionthey are in fact blends. There are additional O Il feasur
results, making our analysis algorithm a very promisind foo around 4585 and 4700 A, but they are blended with other el-
the analysis of large collections of optical spectra of OB st ements. The latter will be used as a consistency check for the
Our main focus is the analysis of supergiant stars. Hence we abundance derived using the other O Il lines.
have designed the grid and selected the spectral featuresfo — Nitrogen. Some of the most prominent N features in the
analysis accordingly. However, this methodology can béiegp wavelength range covered by our FORS2 spectra are blended
to other spectral typdsiminosity classes. Of course, this would  with other elements (for example around 4650 A), but there
require diferent diagnostic transitions, afdirent set of models, are still some isolated features that can be used to comstrai
and would present ffierent challenges. The reader is referred to  the nitrogen abundance. The study was centered on 3995,
LLefever et al. [(2010) for a thorough discussion and appticat 5007 and 5045 A. Note that if nebular subtraction is not ac-
of a very similar methodology in the case of Galactic dwad an  curate, the [O 1] 5007 A transition could severel§exct the

giant stars. overlapping nitrogen line.
— Carbon. Given the spectral quality and the wavelength
2.3 Abundance determination range ¢ 3900- 5000A) the strongest ClI transition is

) 4267 A. We consider that the results based (only) on this
Once the fundamental parameters have been determinedowe pr |ine are currently not as reliable as for the rest of the sgeci

ceed with t_he analysis of the chemigal abundances. As_s_hown sed Lennon et 4. 2003). Alternative lines are 39121 A,

by lUrbaneja et al. (2008. 2005a), it is possible to derive-ind Ehough too weak in mang/ cases. The Clll transitions around

vidual chemical abundances from low resolution opticalcspe 4650 A. while blended with O and N. could serve as a sec-

tra of early B-type supergiants because of the relative lomn ondary’check '

ber density of metal lines (hence minimizing the blendsmédi Magnesium Ifs abundance is determined using the line of

from different species) and because there is a good number OfM I 4481,&. Note that this t " Id be blended with

relatively strong features that can be easily detectedoWwirlg 9 - NOte that this transition could be biended wi

these considerations, the methodology applied in the atemi Al 4479 A (Lyubimkov et al[2005).

abundance analysis relies on simultaneously modelingalli-

agnostic lines for a given species. Figure[4 illustrates the results of the chemical analysis of
Using the derived stellar parameters, a new set of tailorefD 14818. The main diagnostic lines used in the elemental

models is computed for each star under analysis by varyiag tibundance determination, identified in the figure, show algoo

abundances of the relevant species (C, N, O and Si) in stepatch with the final model.
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Fig. 4. Comparison of the finalhstwino model (red), including the ffierent species considered in the chemical analysis (He, C, N,
O, Mg and Si) with the low resolution spectrum of HD 1488« 1000 andSNR = 100) in black. The plot also displays the best
model-0.20 and+0.20 dex in the abundances of the elements included in blue m@hgespectively. The final model provides a
good match to the observation. The key diagnostic metalifeatare identified.



N. Castro et al.: Quantitative Study of Massive Blue StalN@C 55

Table 4. Metal features considered for the chemical analysis.

Silicon Carbon Nitrogen Oxygen Magnesium
lon A& [lon A& [ lon A& |lon A(A) | lon A(A)
SilV. 4116 | CIl. 3919 | NIl 3995 | Oll 4076 | Mgll 4481
Silll 4552 | CIl 3921 | NIl 5007 | Oll 4319
Silll 4567 | CIl 4267 | NIl 5045 | Oll 4350

Silll 4574 Oll 4416
Sill 4128
Sill 4130

3.1. Stellar parameters

The stellar parameters of our sample of 12 NGC 55 B-type su-
pergiants, obtained from the application of the analysithod
ology described in the previous sections, are listed in &f&hl

: ; The left side of Figdl6 anld 7 show the comparison of the ob-
E servations with tailored models computed for the pararseter
rived in this work. It can be seen that these final models pl@vi
a good match to the (in some cases rather noisy) observed spec
tra. The right side of the figures display lgg isocontours on
the Ter — log g plane. Each black dot represents a model in the
grid, whilst the white dots identify those models fulfillirige
X% - x2,, criteria defined in Sedf. 2.2.

See - 3 The impact that the SNR has on the derived parameters (un-
- certainties) can be gauged from these plots. For stars likd A
and B 31, the models that reproduce the observations enclose a
relatively smaller area in th€y — log g plane than in the case
& ‘ of C1.45. The higher quality is clearly reflected in the range of
stellar parameters, i.e. synthetic models, that are cabipatith
the observed spectra. Note how the wide range of tempesgature
and gravities covered by our grid prevented, for our 12 sthes
presence of borderffects, i.e. objects located too close to the
Fig.5. Distribution of the objects selected for the analysiémits of the model grid.
over NGC 55. The image was taken from tB&S archive

(http:/archive.stsci.edu/cgi-birydss form). The black cross marks .
the optical galactic center. 3.2. Chemical abundances

With the stellar parameters in hand, we performed the aisadys
o ) the elemental chemical abundances as described ifSédth2.3
3. Quantitative spectral analysis of NGC 55 B-type  results are compiled in Tablé 7. The characteristic metglli
supergiant stars given in the last column, is obtained averaging théedéences
) of the derived O, Mg and Si abundances relative to the solar
In CO8 we presented the first spectral catalog of massiNgerence, taken from Asplund et al. (2D09). Projectecadists
blue stars in NGC 55. Very briefly, optical spectra 6200 {4 the galactic center are given in the second column, irsufit
sources were collected with the FOcal Redyloar dispersion ihe semi-major axis.
2, Appenzeller etal. 1 : . .
Egr%(gr'?glgigp?e ((I\:/OL'ELSJTZ). The instrument w:sggéljii::)g)g% Cv/ietr.y The final models presented in Figukés 6 Ehd 7 include the de-
the 600B grism, providing optical spectra in the ranrg@900— rived elemental abundances. Overall, these figures show go
6000 A at a res'olvin oweR ~ 1000. A complete descriotion agreement between the final tailored models, computed &r th
g powe : P SCI1p final abundances, and the observed spectra. The average abun
of the data and the reduction process can be found in the—afo&gnce uncertainty in these chemical analyses0i®5 dex. with
mentioned referen.ce. the case of C45, with its poor SNR, reaching 0.30 dex. Our re-
From this previous work, we selected twelve B-type sup

. . P . . SUPELLits indicate that it is possible to chemically charagtethese
giants for a detailed quantitative analysis. The selecti@s P y

based on the good SNR, spectral type and the lack of obvi(ﬁ%ﬁ E\;v;tg%%ogrpéagllon, even for cases of relatively IOHRS

contamination by other sources, including strong nebures| )

(when possible). The selection of spectral types betweerQa We note here that the derived Mg abundances, based solely
and early B-types guarantee that the main spectral feataresOn the Mgll 4481 A feature, could beffacted by a blend
quired for the analysis (see Tafle 1) are available. The star With Allll 4479 A. Following the arguments in the works by
spatially distributed across the galaxy (see Elg. 5), whidh [Lyubimkov et al. (2005) and Dunstall ef/al. (2011), a small ef
allow us to investigate the distribution of its chemical quosi- fect would be expected, given the low metallicity of NGC 55.

tion. Tabld® summarizes all the relevant information, a aee  Moreover| Urbaneja et al. (2005b) suggested that thereégja n
provides revised photometry. The stars are identified follg ~ ative luminosity dependence of the strength of the Al lll @47
cos. line, making its contribution even less relevant for superg
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Fig. 6. Left panels: NGC 55 spectra (black) and best fit model (rethinbd by our automatic method plus the detailed abundance
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Black dots represent all the grid models; the models whosanpeters have been averaged to produce the stellar pararaste
highlighted with white dots.
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Table 5.NGC 55 stars analyzed in this work.

D RA(J2000) DEC (J2000)  SpT_ SNR

(1) (2) (3) (4) (5) (6) (7)
A8 0:15.44.18 -39.1458.20 00.71 62 @67:0005 20079=0.010
Cl44 0151129 -39:12:34.55 BOl 79 .BBO+0.005 19331z 0.007
Cl9  0:14:4554 -39:12:38.17 Bl 86 B®A4+0004 19504 0.009
C113 0:14:51.86 -39:10:57.35 Bll 60 2@22+0004 19254 0.006
C145 0151131 -39:12:5040 Bll 38 Z@4+0007 197140012
A17  0:1551.42 -39:15:57.60 Bll 79 2@6+0.007 20157 0.008
D27  0:14:28.73 -39:10:17.76 B2l 76 B95+0004 19373+ 0.007
A27 0155803 -39:14:27.60 B2l 66 4@0+0.006 20050+ 0.010
C153 0:15:14.64 -39:13:36.12 B25| 45 204+0005 19837 0.007
B31  0:15:32.22 -39:14:40.20 B2.5I 95 .585+0.005 19561+ 0.007
A26 0155545 -39:15:30.60 B25I 96 .584+0005 19197+ 0.005
A1l 0154517 -39:15:56.15  B5I 130 .095+0004 18874+ 0.005

Notes.The columns list: (1) star identification; (2) right ascems{hh:mm:ss); (3) declination (dd:mm:ss); (4) spectrpéty(5) signal-to-noise ra-
tio of the spectrum; (6) apparent V magnitude; (7) apparerddnitude. New calibrations have reveled issues in thaghdd NGC 55 photometry
catalog in C08, here a revised photometry is shown for ths stageted (Castro et al. in prep).

Table 6. Stellar parameters obtained for the NGC 55 stars by the attomlgorithm presented in this work.

ID Ter log g & He/H log Q
) (2) 3 “4) 5) (6)
A_8 27700+ 1200 291+0.13 203+58 014+005 -1279+0.33
Cl44 26200+ 1500 283+0.15 178+63 010+005 -1293+0.30
C19 17400+ 1500 237+0.18 118+33 015+005 -1337+0.27
C113 24200+ 1400 269+0.15 177+57 015+005 -1260=+0.20
C145 21500+2500 273+024 190+61 012+005 -1365+0.36
A17  22500+2300 285+0.16 207+53 010+0.04 -1390+0.33
D.27 19400+ 1600 241+0.15 144+46 010+0.05 -1318+0.20
A27 16300+ 1100 213+0.19 204+57 012+0.05 -1290+0.20
C153 18200+2000 254+026 164+58 010+005 -1373+0.35
B_31 16700+ 900 209+0.13 204+56 014+005 -1283+0.20
A_26 16100+ 1000 215+0.17 171+65 012+0.05 -1286+0.20
A1l 14400+ 1000 194+0.18 118+3.7 010+0.05 -1264+0.20

Notes. The columns list: (1) star identification; (2)fective temperature (K); (3) surface gravity (dex); (4) matarbulence (kmsl); (5) helium
abundance (by number); and (6) the Q parameter.

stars, even more since Mg |1 4481 A presents the oppositesbeha
ior, with the feature strengthening with increasing lunsiityp

3.3. Comments on individual targets

Here we discuss some details of individual targets, alorth wi —
problems encountered during their analysis.

— A_8. This is an 09.7 | star whose main features are well

12

represented by our final model. At this hot temperature
(27700K) the Mgll line has vanished and the Silll lines™
are weak. At the same time, Hell lines are present, allow-
ing for a precise determination of th&ective temperature.
The SilV line, blended with OIl, is well reproduced. The
apparent slight discrepancy around the Ol 4079 A line is
most likely due to an féect of the normalization inside the
Hé wing. Note also that the O 11 441416 A blend is weaker
than the prediction. He Il 4686 A shows also a clear mis=
match but, without a reliable wind estimation we cannot go
further in its analysis.

C1.44.The main spectral features are well reproduced by the
final model, with the exception of some transitions like: He |
4686 A, possibly fiected by the wind, and not considered
in the analysis; or SilV 4089 A, not included because of its

blend with O 1. The O Il doublet at 441416 A is also poorly
reproduced, though the rest of the oxygen lines are consiste
with the obtained abundance. At this temperature the Mgl
line is quite weak. The transition of N 11 5007 A is filled by
nebular contamination.

C19.The final model shows a good global match to the ma-
jority of the considered transitions. The lines of O, Mg and
Si are not particularly strong at this temperature, but trey
well reproduced. The temperature derived corresponds to a
spectral type cooler than the one assigned.

C1.13. This B1 supergiant presents a very nice match be-
tween the final model and the observed spectrum. The blends
of 0114079 A and 4319 A show the largestigirence, but

still within the abundance uncertainties 60.25 dex. Some
contamination by nebular emission is still apparent in the
NIl 5007 A line. The Mgl is weak, as expected for this
temperature.

C1.45.This spectrum has the lowest SNR ratio in the sam-
ple and this is clearly reflected in the errors derived for the
stellar parameters. Figure 6 shows a large spread of compat-
ible models in thé¢ — log g plane. Nonetheless, the model
corresponding to our solution reproduces well the main fea-
tures. The observed N 11 3995 A line is not well represented
by the model, and the transition at 5007 A is contaminated by
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nebular emission. As typical for a B1 |, the Mg |l transition — A_17. This object shows a discrepancy at the continuum

is weak.
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0.9
1.2
1.5
1.8
0.39
0.74
1.09
1.44
1.80

2.15

around H, likely due to the rectification arounddHvings.
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Table 7. Stellar abundances determined for Si, Mg, C, N and

O. 65: T T T T T T
ID plpe  Ei®  &®  en® &% ew® [Z/Z6] 6.0 -7 et mm e E
© 751 843 783 869 /.60 s [60 - iR E
A8 064 718 727 733 828 -- 037 T C
Cl44 022 708 771 756 807 --  -053 S sk R .
Cl9 -011 680 723 795 866 680 -051 B S "]
C113 -006 707 760 763 845 692 -045 N S T I et E
C145 022 713 807 817 834 700 -044 R S5 R ]
A17 Q75 706 777 764 837 702 045 4ok o e IIIII T
D27 -032 701 737 828 826 727 -042 B ]
A27 080 704 777 852 807 698 -057 35F 9, E
C153 028 725 752 822 863 728 -021 C 22007,
B31 050 710 722 825 859 726 -0.28 30k L ]
A26 078 743 748 822 860 733 -015 48 46 44 42 40 38 36
A_11 068 717 —— —— —— 7.20 -0.37 log T (K)

Notes.The projected radial distance of the stars to the opticakecef Fi9- 8. The_ sample stars in the HR diagram. Dashed lines mark
NGC 55 normalized by the major semi-axjs, (~ 16) is displayed as the evolutionary tracks df Maeder & Meyhet (2001) at SMC
well (o/po). Negative values o/p, mean that these stars are locatetnetallicity with an initial rotational velocity of 300knTs.
westward of the galactic center. The solar abundances ssadefer- Those stars that have shown large discrepancies between the

ences ¢) were taken from Asplund et al. (2009). spectroscopic mass and the evolutionary one are markedlyy gr
@ & =log (X /H) + 12 (by number) squares or diamonds (see text for additional details).

The parameters and abundances derived reproduce We"éQFabundances, supplies us with the necessary information

yes':t_ofgttahsplectLunfw. The mi‘gn.esz'témt“.g”f:'“on IS We(?it(HN%t%cuss their evolutionary status, as well as to carry owtra-c
In F1g. € lack of symmetry Iy~ distribution around the Eig{)ison with the predictions of current evolutionary mad#&Ve

average values. There is a plume of suitable models towa ;
high temperatures that also fulfill our goodness-of-fitecrit fron? tﬁz?stilssaasnlcael.wlst;.s 10 NGC 550f 26434 0.037 mag

ria.
— D_27.The line of He | at 4144 A presents a mismatch. Note
that this line is not included in the analysis. 4.1. Stellar properties

— A_27. This B2 | is well represented by the final model

Besides from the mismatch around the 5007 A region, t
rest of the spectral features are well reproduced.

Table[8 gathers the fundamental stellar properties defived
e stars. The color excess of each object was calculated us-

X : .ing observed photometry (see Table 5) and the syntheticsolo

— C153.1n spite of the low SNR spectrum obtained for thi gtained frompthe final tgil(ored models), adopting %/he exitmc
star, the match between the main features analyzed and Rre by Cardell I[(1989) and a total-to-selectivéiretion
best model is quite good. The spectrum also displays SOPio R, = 3.1, although several authors have shown that Rgh
residuals of nebular contamination at [O 111] 5007 A. are not rare for massive stars (see, for instance, Bonambs et

— B_31.This .B_2.5 supergiant star is nlcel_y reprodgced by OW017 of Bestenlehner etlal. 2011). Only for one of the objects
model, as itis shown in Fig@] 7. The main transitions used (81 g, \e find a non-physical value (i.e. negative), althougly ver
the analysis are well reproduced. __small and compatible with zero within the error bars. Thehhig

— A.26. This B2.5 | star shows a good agreement with theqjination of the galaxy, as well as the fact that these aisje
model. Its better SNR ratio results in a well constraineabet . ¢ be, to some extent, surrounded by ionized gas, could
parameters. The oxygen lines are weaker at this temperaiigs ihe observed photometry which would explain this nega-
but they are all well modeled except for Ol 4079 A. Thejye value, an fect also suggested by Evans étlal. (2007). Three
latter issue may be caused by the continuum rectification, @her objects, AL7, A 26 and C53, present high reddening val-
in A_17, or residuals from cosmic ray subtraction. ~  yes~0.4 mag, whilst the rest of the sample shB(B-V) values

— A-11.This star has the best SNR spectrum, and this is rggnsistent with the mean value derived by Gieren et al. (2008
flected in the small uncertainties. Itffective temperature g(B - /) = 0.127+ 0.019 mag, from multi-wavelength observa-
suggests a spectral type a bit earlier than the one propoggfs of Cepheid stars.
by CO08. At these cool temperatures the transitions of Oll, Webster & Smith[(1983) studied a sample of 7 H I regions
NIl and Cll are very weak or have even completely vanyistriputed along the southern half of NGC 55, approxinyatel
ished. The Silll lines are weak but the transitions of Siltoyering the same range in galactocentric distances agaiur s
(although blended with Ol lines) become stronger and gl sample. From their publishe@l(Hg) values we can obtain
low us to derive #ective temperature and constrain the S'“reddening values by adoptirE(B — V) = 0.676C (Hp) (Seatoh
con abundance. [1979). The H 1l regions present reddening in the range 0.16—

0.32 mag, with a simple mean &{B - V) = 0.24 + 0.07 mag,

with 3 H I regions showingg(B — V) > 0.3 mag. The mean

value of our sample;(B-V) = 0.20+0.14 mag, compares well

In this section we discuss the results obtained for our samwipl with the nebular mean, albeit with a larger scatter.

12 B-type supergiant stars in the galaxy NGC 55. The physical The distribution of the stars in the HR diagram is

characterization provided by the stellar parameters aethéh shown in Fig.[B, together with the evolutionary tracks by

4. Discussion
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Table 8.Photometry and fundamental parameters recovered fronathple analyzed in NGC 55.

ID lOg OF Mbol E(B - V) BC IOg I—/L@ R/RO MSpeo/ M@ MEvoI/Mo
(1) () ®3) (4) ©) (6) (@) (8) 9)
A8 114+ 0.07 -9.60+0.11 0177+0.014 -2.686+0.096 574+004 322+11 307+103 327+35
Cl44 116+0.07 -1024+0.11 0199+0.017 -2547+0.087 599+004 482+31 574+235 468+58
C19 141+ 0.07 -857+0.13 -0.049+0.016 -1592+0119 532+005 507+56 220+116 217+18
C113 115+009 -998+0.15 0126+ 0.020 -2.375+0.130 589+006 5Q01+24 449+176 401+47
Cl145 140+0.12 -9.26+0.24 0171+0.024 -2.041+0222 560+009 456+57 409+277 285+40
A_17  144+0.08 -9.36+0.26 0377+0.026 -2.185+0.249 564+011 436+37 493+223 298+43
D_27 126+ 0.10 -9.29+0.22 0137+0.021 -1.824+0206 561+009 567+37 302+124 287+35
A27 128+ 0.09 -8.16+0.13 0151+0.019 -1.393+0.114 516+0.05 477+35 112+57 187+16
C153 150+0.11 -913+0.21 0394+ 0.021 -1.653+0.195 555+008 601+75 457+331 260+3.0
B_31 120+ 0.08 -858+0.12 0078+0.018 -1.460+0.096 533+0.05 553+30 137+49 211+16
A_26 132+ 0.09 -9.44+0.13 0392+ 0.017 -1.370+0.111 567+005 882+58 401+183 292+30
A_11  131+0.08 -9.07+0.12 0153+0.014 -1.164+0.111 552+005 930+7.6 275+137 259+22

Notes.The columns list: (1) star identification; (2) flux-weightgdwvity (dex); (3) bolometric magnitude; (4) color excaséB-V); (5) bolometric
correction; (6) stellar luminosity; (7) radius; (8) spesttopic mass; and (9) evolutionary mass.
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|Og MSpec/MO |Og L/LQ

Fig. 9. Left: Relationship between the spectroscopic and evailatip masses derived in NGC 55 (the one-to-one trend is marked
with a black solid line). Right: The logarithm ratio of massgersus their luminosity in this work (black dots), togettwth the
results published previously in other galaxies by Kudiittkall (2008)| Urbaneja etlal. (2008) and U €t al. (2009) (ogiecles).
Those objects that show higher evolutionary mass compaitadive spectroscopic counterpart are highlighted witty gguares

for quick contrast with Fid.18. The opposite behavior is aaded with gray diamonds.

Maeder & Meynet|(2001). According to the metallicity of thesample consistent with the one-to-one relation (left panElg.

sample (Tabl€]7), we consider a linear interpolation betwe); half of the sample shows a very good agreement between

evolutionary tracks computed for the Small Magellanic @ouboth measurements and no systematic trend is evident,twhils

metallicity (Maeder & Meynét 2001) and solar metallicitycks  four stars (A17, A.26, C145 and C153, marked in the figure

(Meynet & Maederl 2003). The evolutionary masses derivedth gray squares) show significantly higher evolutiondrgrt

from the interpolation of these tracks are shown in the lakt ¢ spectroscopic masses. Table 8 reveals that three of them sho

umn of Tabld_B. These results were also checked with the tectre highest color excess in the sample, which could point to a

evolutionary calculations for LMC metallicity by Brott etla nebular contaminatiorfiect in the observed photometry. On the

(2011), finding very similar results. other hand, A27 and B31 show the opposite behavior (marked
The comparison of spectroscopic and evolutionary masseith gray diamonds in Fid.]9). Due to the spatial and spectro-

has been an important source of discrepancy between the-evstopic resolution we cannot rule out additional unresobad-

tionary theories and the stellar atmosphere modeling foades panion(s) that would befiecting the photometry (but are not

(Herrero et all 1992). Improvements in both fields have mingvidentin the optical spectra).

mized this issue. Nonetheless, a systematic shift carbsetitiea-

sured in the analysis of B-type supergiant stars. For icgtan

the analysis carried out by U et dl. (2009) in M 33 revealed ah2. Flux-weighted Gravity—Luminosity Relationship

average dference of M6 dex between spectroscopic and evo-

lutionary masses. Although small, it is still a systemasisuie. Figure[10 shows the flux weighted gravity—luminosity relati

Figure[9 displays the relationship between these two mass &lsip for the NGC 55 stars, together with the results pubtdshe

timations for our NGC 55 B-type supergiant stars. The erro% \Kudritzki et al. KZD_QB)I_LlLtla.n_eja_e_tJaL_(ZﬂmS) and U etal.

in the spectroscopic masses are large enough to make the ). The location of the NGC 55 stars shows a good agree-
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Table 9. Element abundances of Si, O, Mg and estimated Z

-1 * * * * * * 3 averaged over the whole sample.
-10F 3
E E [X/H] Meanz+ o a b
_9 W A Si -0.40+0.15 005+ 0.07 -0.42+0.03
- E (0] -0.30+021 -006+0.18 -0.28+0.09
g _gE 3 Mg -0.49+0.18 011+0.15 -0.53+0.08
£ z -0.40+0.13 009+0.10 -0.43+0.05
§g / Notes.The columnsa andb provide the cofficients of the linear regres-
_6E 3 sion (see Fid.12), which accounts for the spatial chemiisatidution.
5 © E
4§ enough, similar values of enrichment have been recently re-
s ported for O type stars in the LMC hy Rivero Gonzalez ét al.
24 2220 1‘(’)2 . ngex) T4 12 10 @). T_hese al_Jthors find two distinct groups of strongl_y en
F riched objects, with N abundances 7.5 dex and 8.1 dex, wéh th

] - ) LMC baseline N abundance being at 6.9 dex. Our B-type su-
Fig. 10. Position for our NGC 55 sample in the FGLR (blackergiant stars in NGC 55 show a remarkable agreement with the
dots). Previous studies performed by Kudritzki et al. (2008\ apundances of O type stars in the LMC. This strongly sup-
Urbaneja et al..(2008) and U et al. (2009) irffelient galaxies ports the idea that our B supergiant stars belong to a youpg po
are also displayed (open circles), the linear relationgloposed ation evolving away from the Main Sequence towards the red
bylKudritzki et al. (2008) (see EQ] 1) is drawn with a soliddia part of the HR diagram. We see no indication of any object be-
line. The NGC 55 stars th_at have shov_vn stronger d|screpsanq|qg in a blue-loop, i.e. being a post Red Supergiant objest: b
between the spectroscopic and evolutionary masses arethaiides the previous discussion, current evolutionary meoples-
as in Fig[8 (see Se¢l 4.1 for additional details). dict that the blue loops cannot reach the temperatures aftour

jects. Therefore, the main conclusion is then that none edeh

. . . objects is in an advanced evolutionary stage.
ment with these studies, worst for those stars for which We] ystag

have found disagreements between th@edent mass estima-
tions. The other six stars follow the same trend with a sligiit4. Metallicity distribution in the disk of NGC 55

shift towards higher bolometric magnitudes, although ta . o
within the observed scatter of the distributimm/ Previous works based on the study of the emission line spettr

2008). An independent determination of the distance to NéC E' ll regions have found that the present-daymﬁgmetallici ith

based on the FGLR is deferred to a future publication, since ['?_;_glf_c 55is very Sémi:‘:"" to that of thelLMf 5B .
formation from BA supergiant stars, with lag > 1.5 dex, is +Davidge 2005). From our sample o -type supergian

. : stars we find a mean metallicity 60.40+ 0.13 dex (see the first
mandatory to properly determine the distance modulus. column in TabldP), a value quite close to the LMC metallicity

(Hunter et all 2007). We reached a similar conclusion with ou
4.3. Evolutionary chemical status previous qualitative analysis (C08).
. . . We also calculated the I abundance ratio for the four H I
Current massive star evolutionary models, accountingieet- regions for which Webster & Smith (1983) reported the detec-

fects of mass-loss and rotation, predict a tight relatignble- . . . )
; tion of the [O 11]] 4363 A auroral line. This allows us to praig
tween NJC and N/O surface ratios as a consequence of the. ", . . ,
mixing with CNO processed material from inner layers during'lr.(?)Ct _nebuleflr abundlgnces, Vr\]/h:jCh Slre independent obuari
the stellar evolution (e.g. Chiosi & Maetler 1986). Previsiusi- all rlatlogs (_)hstrr]ong- Ine methods. |Re/ité0n tempieﬂlg(ﬁrle
ies have observationally found this relationship in Gatastiars calculated with théemden program in ; using the [O IIl]

(see for instance Przybilla etial. 2010 and references iti)ere4363 (4959f 5007) line ratio and updated atomic parameters,

X b
although the large uncertainties leave open a broad rangeaS n_Bresoalin et al! (2009). The Gand O** ionic abundances

; ) . then calculated with the prograamic. We then obtained
. d by Prayeilal. Vo' nic. .
Inter ;e(t)?]tlgnssar;qrglcz c:)?tglz;gcstitg(gt?/;;szc\zsan d A-type E;/H as result of the sum of these two ionic abundances. Figure

pergiant stars of the solar neighborhood revealed a verg g d|splayhs the exctellen_t at?]re]?ment be;[jwtﬁen thesg n_ewdafbun-
agreement with the theoretical predictions of single staifwe oﬁ?ggfn(sle%\?%is Seasrj Igr ign{gure) andhe ones derived from
tionary models, in the particular range of stellar massegped The i%clinatior{%f NCE)C %5 aldn with its apparently irred-
by these objectsy20—40Mo. It has to be still proven that this |\ "= 7 0C 22t T2 9 ’aﬂtﬁuﬂ bt forpfnor hglo i-g
is also the case for other mass ranges. Our sample in NGC 55 | pf.’ o Th gaiaxy : Jt o g Dg
contains an heterogeneous group of stars throughout tb@ﬂisfa ¢ gls':)'( 'C\?W')?JT& hir?t F:ge;enggs?blg rsneirgl Iglits%gtl?h:ﬂsntusds of
NGC 55, nonetheless the left panel of Higl 11 shows that th (1983) did Fr)1ot find anp trace of spatial va)?ia-
stars follow the theoretical predictions in a qualitatiease. r in th h tof th I ¥ \ " Fi it

It would seem that our derived N abundances define twg, >, 11€ Southern part ot the gajaxy. 10 investgateisuse,

. ' : e distribution of silicon, oxygen and magnesium were mea-
groups of stars, with the first one clustering around £®%22 . . i
dex (simple mean and standard deviation) and a second onguzﬂed from our sample of B-type supergiants. We show the spa

8.28+0.125 dex. Adopting as N baseline the HIl region values: |Rar is distributed by the National Optical Astronomy

derived by Webster & Smith (1983), 6.68.10 dex and a mean Opservatory, which is operated by the Association of Ursitiers
N/O=0.015, all our stars show a high degree of N processingi Research in Astronomy, Inc., under cooperative agreemith the
N/O=0.15 and 0.69 (mean values for each group). Interestinglytional Science Foundation.
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Fig. 11. Left panel: [N/C] versus [NO] ratios (by number) relative to solar values derived in NBC 55 sample, the average
uncertainty is plotted in the right-bottom corner. The exioinary tracks for three fierent masses (20, 40 and @), are displayed

for solar (solid black lines, Meynet & Maeder 2003) and SMQatieity (dashed gray lines, Maeder & Meyiet 2001). Riganpl:

position of the sample stars in the [@]—Te diagram, using the same color and symbol code that in thpaeiel.

tial trends in Fig[ZIR. The individual elemental abundariies of three Galactic stars, degraded to low resolution and SNR,
to an almost null gradient. In order to quantify these reasultprovided answers that are consistent with results basedgbn h
we fit radially dependent gradients, [H] = a(o/po) + b, to  spectral resolution analysis present in the literature.

our stellar data. We exclude from the fits those_ objects Wélh_v As a first application of our model grid and analysis algo-
ues beyond-2 o of the mean value. In the previous expressioRithm we have analyzed a sample of 12 early B-type supegiant
[X/H] = log (X/H) — log (X/H)e, X/H represents the abun-|ocated in the Sculptor filament galaxy NGC 55. Our method-
dance of each element relative to H by numbXrH). is the so- ology allowed us to obtain a complete characterization e$¢h

lar reference, and is the projected galactocentric distance (thetars, in terms of their stellar parameters and surface iclaém
semi-major axisp, ~ 16 for NGC 55). The parameters of thecomposition, in spite of the low spectral resolution and SNR
linear regressiora andb are collected in Tablg9. ConsideringThe tailored final models provided an accurate match to the ob
the errors in the regression dheients (Tabl€D), all the elementsseryations.

.ShOW a spatial distribution consi.stent with no gradi_enppm:t- Half of the objects in our sample presented a good agree-
ing the results by Webster & Sm . ith (1983), bUI_'nth'S caset_ias ent between thje evolutionary ar?d s?)ectroscopicgmassegs. Fo
not only O, but also Mg and Si. Nonetheless, it would be h'th‘l]e rest, the agreement is not so good, but the results ceuld b
desirable to expand the sample in the western half of thexgala,, ygjgered in agreement within the uncertainties of théyaisa
before drawing a definitive conclusion. The right side of. Eig The location of the stars in the FGLR, for the adopted disgtanc

shows the 2D abundance distribution over NGC 55. There is INGC 55. showed a good correspondence with results olotaine
a clear abundance pattern when 2 dimensions are considere eprevious: studies.

ther. We cannot rule out any projectiofiects that could blur a The average metallicity of the sample is I6gyZs) ~ —0.40

chemical gradient due to the high inclination of NGC 55. dex. Our results indicate that NGC 55 does not sustain radial
abundance gradients, thus confirming previous works based o
HI1l regions. Nonetheless, the inclination and morpholabic
structure of NGC 55 make this galaxy an interesting target fo
Motivated by the necessity of analyzing large samples oif opstudies of the 2D metallicity distribution, key for undeustl-

cal spectra of massive blue stars in an objective way, even fag the chemical evolution of NGC 55. The derived CNO com-
the case of low spectral resolution data, we have undertieen positions show that our stars are evolving away from the Main
steps to implement a grid-based methodology. We first coetpuSequence, and that none of these objects is returning from an
an extensive model grid with the model atmospfigre forma- excursion to the red side of the HR diagram. We have found an
tion coderastwinp. This new grid was specifically designed fo@pparent separation in the nitrogen abundances in two group
the spectral analysis of blue supergiant stars of spegpastO9 both being strongly enriched in comparison with the N baseli

to AO. Secondly, we implemented an algorithm that detersingbundance defined by the HIlI regions. The derived values are
the stellar parameters by finding the subset of models inride gin good agreement with a recent study of LMC O type stars by
fulfilling the criteria of minimizing the dferences with respecﬂRhLer_O_G_o_nZaLez_e_t_hll._(ZQHZ), strongly supporting theaitieat

to the observed spectrum. our objects are evolving directly from the Main Sequence.

We have shown, through a number of control tests, that our We have shown the reliability of our new automatic, objec-
methodology is well suited for the analysis of optical specf tive and fast methodology for the analysis of massive blaesst
B-type supergiants, even in the low spectral resolutiorcse even at low spectral resolution. Its application to largesies
analysis of synthetic models (degraded to the expected-obseill enable us to tackle dlierent issues in a statistical and sys-
vational conditions), showed that the stellar parameterge tematic way. In future work, we will apply this method to an
covered with a high degree of fidelity. Furthermore, the ptugxtended sample of massive blue stars in NGC 55. This asalysi

5. Summary and Conclusions

17



0.5T
0.0
T
~
L o5
-1.0
0.5[
0.0
T
.
O
= _0,5
-1.0
0.5[
0.0
T
~
on
Z -05
-1.0
0.5]
0.0
N
-0.5
-1.0
Eost

N. Castro et al.: Quantitative Study of Massive Blue StalN@C 55

1.0 0.5 0.0 -0.5
+T I

[ [ ]

__ X & ]
1.0 0.5 0.0 -0.5
1.0 0.5 0.0 -0.5

®
=~ -8 ¢ *

[ e T ¢ -9~ 8 ]

[ ™ ®
1.0 0.5 0.0 -0.5 West

Projected p/pq

=120 -0.9Z =063 -0.35 -D.07 0.22

0.50.

“

o

Fig. 12. Spatial distribution of chemical species in NGC 55. Theplotthe left column display the abundance of Si, Mg, O and
Z with respect to solar values (Asplund etlal. 2009) againgiepted galactocentric distange/f,). The mean value is indicated
with a dotted black line and the linear regression with a rash@d line. The linear regressions do not show any cleardainge
pattern with almost null slopes (see Table 9). For oxygenalse show the H Il regions oxygen abundances (blue dots)etkhy
Webster & Smith|(1983) based on the application of strong-thethods. New estimation of O abundances, obtained imvtiris,
based on the auroral line [O 111]] 4363 A measured by Websten#&il (1983) (green stars, see text for additional detallsk plots
#Pthe right column show the 2D distribution maps, followithg color-code shown in the top-right plot.
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will provide us with additional information on the discremy
of masses for B-type supergiant stars, their evolutionFBER
and a detailed description of the 2D galactic chemical ithigtr
tion.
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