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ABSTRACT

Context. The modern-era spectral classification of O-stars reliegitirer the Walborn or the Conti-Mathys scheme. Since botthese
approaches have been developed using low-quality phgtbgrdata, their application to high-quality digital dataghit not be straightforward
and be hampered by problems and complications that haveehbegn appreciated.

Aims. We investigate the correspondence between photograptiidigital classification of low luminosity O-type stars (dfgand giants) of
solar metallicity.

Methods. Using high-resolution spectra obtained with the FSBG 2.2 m telescope in La Silla and following the premiseshefWalborn
and Conti classification schemes, we determined the spégbes and luminosity classes of 19 Galactic O-type stadscampared them to
those attributed by Walborn and Mathys based on low-quéktg.

Results. Our analysis reveals that timeor phologicalspectral types assigned using high-resolution data atersgsically later (by up to 1.5
subtypes) then those attributed by Walborn. By means ofdhodile simulations, we show that part of this discreparsayore likely caused by
the combined fect of stellar rotation and high spectral resolution on thyetll of helium lines used as spectral type indicators. Iiitiatd we
demonstrate that at least for narrow-lined stars the ‘ianat efect” does not disappear when the high-resolution spectrdegraded to the
resolution of the Walborn standards. We also find eviden@syfstematic dierence between our high-resolutiqnantitativespectral types
and those assigned by Mathys.

Conclusions. Rotation and spectral resolution are important third patans in the spectral classification of O-type stars. Toinb&liable
spectral classes within the Walborn approach, the unknarifee standard spectra must be compared at the same resalotl sini . Owing
to resolution fects, the Conti approach might also need to be updated.

Key words. stars: early type — stars: fundamental parameters — binapectroscopic — galaxies: Milky Way

1. Introduction the interstellar medium with heavy elements, creating nd-

] . ] ) . _gions, and exploding as supernovae. In the distant Uniyerse
Despite their scarcity, massive stars play an importa® il ey gominate the integrated UV radiation in young galaxies
the history of the Universe. They are the main engines djivifassive stars are possibly key objects for studying and rande
the chemical and dynamical evolution of galaxies, e”r'gh”%tanding exciting phenomena such as the cosmic reionisatio
andy-ray bursters.

Send g@print requests toN. Markova, .
e-mail:nmarkova@astro.bas.bg In the past decade, our knowledge of the physics of mas-

* Based on observations collected at the European Orgamidati  Sive stars has drastically improved because of important de

Astronomical Research in the Southern Hemisphere, Chiienpro- velopments in massive star modelling (both in their intexio
gramme ID 072.D-0196 and outer envelopes), and continuously higher quality mlase
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tions collected from the ground and space. Despite the mem#lathys (1988) for stars in common is investigated, and a pos-
dous progress made so far, a number of new challenging sible explanation of the derived discrepancies is providée
sues (regarding both theory and observations) have emergpectral types determined in the framework of the Walborh an
that need to be addressed urgently. Among these are the ‘w€akti-Mathys schemes from our high-resolution observatio
wind problem’ in O-type stars, the wind momenta of Galactiare compared in Sectigh 5. Finally, in Secfidon 6, we summaaris
B-supergiants being significantly lower than predicted,ltle- the main results of our study and comment on some implica-
haviour of mass loss at the bi-stability jump, theeets of ro- tions these findings might have in the future. Extensive com-
tation and magnetic fields, and wind clumping. For a compmaments on each sample star and an atlas of the corresponding
hensive review on the status-quo of massive star reseaitth, viaigh resolution spectra are presented in the appendix.
emphasis on radiatively driven mass loss, the interestatkre
is referred tol(Puls, Vink, Najarro 2008).

For the particular case of O-stars in our Galaxy, the i

vestigation of the aforementioned open problems, espgciafhe total sample consists of 40 bright € 10 mag) O-type
those related to stellar winds, requires a large sample of @gars in the Milky Way originally classified as dwarfs, gi-
jects to be analysed to diminish the error caused by the uncgiits, and supergiants, with spectral types ranging fromaO3 t
tain distances. Since Galactic O-type stars constituten@oii- BQ.5. The targets were observed with the FEROS spectrograph
tant reference frame to investigate metallicifieets, this point (Kaufer et al| 1999) at the ES®PG 2.2m telescope in La

is also crucial for extragalactic surveys. Though easy s8i€e Silla on the 4th and 5th of February, 2004. Each spectrum cov-
ble with small and medium size telescopes, Galactic O-staig a wavelength range from about 350 to about 920 nm with
have not been widely observed to derive consisitent stefldr 3 spectral resolutioR = 48 000. Exposure times ranging from
wind parameters from quantitative spectroscopy, and n@mang to 2500s were used to obtain a typical signal-to-noise ra
than 50 objects have been studied in detail (Herrero/et 2;20tio (hereafter BN) of 150-200 per resolution element. One-

Rep0|ust etal. 2004; Bouret et al. 2005; Martins et al. 2‘30%‘mensiona|, Wave|ength-ca|ibrated Spectra were exdags-
Dufton et all 2006; Marcolino et al. 2009). ing the FEROS pipeline.

The main goal of our project is to increase the number For our present study, we considered only the subset of
of Galactic O-type stars with reliably determined physgal the sample dwarfs and giants (19 in total) to diminish the
rameters, using high-quality spectra and applying the outh effects of stronger winds on the outcome of the classifica-
of quantitative spectroscopic analyses. On the basis of ng¥h analysis. The stellar IDs along with our present and
data and incorporating similar data from previous investigprevious spectral classifications by Walborn_(Walborn 1972
tions, we plan to reinvestigate the latest calibrationstfiese [1973:/Walborn et al. 2002) ard Mathys (1988) are presented
stars ((Martins et al. 2005a), to address the important tuestin Table[1. We note that for three sample stars that have been
of macroturbulence and itdfect on the derived sini s and to classified by neither Walborn nor Ma’[hyS, pre\/ious classific
inVeStigate the Weak W|nd problem in stars Of SOIar meta.”iﬁons based on low-resolution photographic Spectra and MK

ity. Since theabsolutecalibration of the various relationshipsstandards were adopted (Column 4 of Table 1).
between physical parameters and observed spectral charact

istics (e.g., line strengths or, equivalently, spectralets) re-
quires reliable estimates of all involved quantities, asugh 3. General comments
investigation of the accuracy of the spectral types androst
ity classes initially assigned to our targets and an updateo
binarymultiplicity status are required. The modern-era O-star spectral classification relies dreeit

In this first paper of the series, the main results from ttiee Walborn or the Conti-Mathys schemes, both being some-
spectral classification of the low luminosity stars in ounpée what related to the MK system defined essentially in terms
(dwarfs and giants) are presented. A second paper providofgstandard stars. In particular, based on a careful inyasti
the physical properties of these stars derived by meanseof tion of MK standards observed at a spectral resolution twice
latest version (V10.1) of the state-of-the-art model atphese that of the MK atlas, Walborn (1971, 1972, 1973) developed
coderastwinp (Puls et all 2005) is currently in preparation and two-dimensional empirical system for O-type stars of so-
will be published soon (Markova et al. 2011, hereafter Papar metallicity. This system was additionally worked out by
I1). A third paper concentrating on the spectral classifizat Walborn and coworkers, and transferred to digital data of
and model atmosphere analysis of the supergiants in oudeangimilar (Walborn & Fitzpatrick 1990) or higher (Walborn éi a
is planned for the near future. 2002) resolution. Since the Walborn approach relies on a vi-

The present paper is structured as follows. In Sedfion fjal inspection of the spectra, and the visibility of cerlaies
we describe the stellar sample and the observational rahteaind certain line ratios are used as criteria, it is usuafigrred
underlying the project. In Sectidn_3.1, we outline the maio as amorphological classification. Independently of and
steps in our classification procedure. Section] 3.2 deals wiimultaneously with the morphological approach, Conti and
the possible binarifgnultiplicity among the sample stars. Incollaborators|(Conti & Alschuler 1971; Conti & Leep 1974;
Section[#4, the correspondence between our high-resolut@onti & Frost 1977) developed an alternative method based on
mor phological and quantitative classification and the clas-logarithmic ratios of equivalent widths (EW) of certain he-
sifications attributed by Walborn_(Walborn 1972, 1973) arldim and metal lines, calibrated against MK spectral types.

4. Observations and data reduction

3.1. Spectral classification
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Table 1. Sample stars along with spectral classification. Low-tg#mh quantitativeand mor phologicalclassification from
Mathys (Mathys 1988) and from Walborn (Walborn 1972, 1973jlWrn et all 2002) and Garrison, Hiltner and Schild (1977,
GHS), respectively; high-resolutiguantitativeclassification from the present study together waithr phologicalklassification
based on the original datR£48 000) and degraded onds44000). Additional information abowtsini (in km s ; macroturbu-
lence not accounted for) and binarity status of the stadsdspgovided. Binarity status from speckle interferomélfason et al.
2009) and spectroscopy (previous and present). Refergoroesini - estimates: H=|Howarth et al.[(1997); M= Markova et al.
2011 (Paper Il); P-IPenny|(1996); U=IUesugi & Fukudal(1995); CE|Conti & Ebbets|(1977). See text for further information.

Star Previous vsini  Present study

Walborn Mathys GHS Intft/Spst® Morph.(Rsgoog Quant. MorphRso0) Spect’
HD 64568 O3 V((f*) VS 100, M O3 V((f*) 03 V((fY) SS
HD 93204 05 V((f) 05.5 V((f)) VS 115, M 06 V((f)) 05.5V 06 V((f SS
HD 93843 O5 llI(f) 0O5.5 11I(f) VS 100, P O6 lli(fc) 05511 O% lli(fc) SS
CPD-592600 06 V((f)) VS 142, H 06 V((f) 06.5MI 06 V((f) SS
HD 63005 06 V((f) 74,H 0O7.5V((H)) 06.5V o7 V((f) SS
HD 152723 06.511I(f)  O7 I(f) VD, SB1? 123, P  06.51II(f) 0.1l 06.5 1lI(f) SB1
HD 93160 06 lII(f) VS, SB1? 205, U O7I1I() o7V o7 II(f) SB1
HD 94963 06.5 1i() Vs 90,CE O7.51I(f) o7-7.511  O7.51(f) SS
CPD-582620 6.5 V((f)) VS 60,M 08 V((f) o7 1l 07.5 V((f)) SS
HD 69464 086.5 Ib(f) VS 82,P O7.5II(f) 07-7.511  O7 () SE2
HD 93222 o7 lII(f) VS 77,P 081 (f) o7l 7.5 1li(H) SS
HD 91824 o7 V((f) o7V ((f) VS 65,H 08V ((f) 06.5V o7V ((f) S
CD-434690 7.5 1li() 120, M O7 lII(f) 06.5¥Il  O7 lli(f) SS
HD 92504 08.5V((n)) 09V 200,U 085V o9 08.5V SS
HD 151003 09l 09.5 1 VS, SB1? 120,U 09I o9 il 09 1l SB1
. HD 152247 09.5 il 09.511 VS, SB2 120,P 09Il o9l o9l SB2
HD 302505 08.51ll 80,M 091l o8l o9 1l SS
CPD-44 4865 09.7 1l 80,M BO Il 09.511I BO Il SS
HD 69106 BO.5 IVnn 325,H B0.2V 09.7 B0.2V SS

a Results from the speckle interferometric survey of Masaal.e{2009): VD= visually double; VS= visually single object.
b Spectroscopic binarity status: SSpectroscopically single object; SBEB2 = single/double-lined spectroscopic binary; $82= possible
spectroscopic binary.

The quantitativeclassification system of Conti was refined by the V((f)) category; in giants, the He 14686 absorption
Mathys (Mathys 1988, 1939). weakens and can even vanish while the NA4634-4640-

To classify our targets, we applied both the Walborn and t4642 emission strengthens - the 11I(f) category. At types O9
Conti-Mathys systems. In the former case, we considered #@, the primary luminosity criterion is the strength of tH\8
visual impression of our high-resolution spectra andofgll doublet around ki, whose absorption increases with luminos-
ing the premises of Walborn & Fitzpatrick (1990), performeidy-

amorphOlOgicablaSSiﬁcation. However, since the line visibil- Our quantitativedassiﬁcation has been performed by ex-
ity depends directly on the data quality, we refrained frag upoiting the logarithmic ratios lo@ = log EW(Hel14471)
ing criteria related to the initial appearance of certaied and _ log EW(Hell14542), which unambiguously determines
concentrated only oaye-estimatetine ratios, to avoid possi- the spectral type, and Ia”’ = logEW(SilV.14089) —

ble systematictéects caused by the higher resolution (af)S |og EW(Hel14143), which is the main luminosity indicator for
of our spectra. We primarily used the He | to He Il line ratiostars of spectral types O7 and later (Conti & AlscHller 1971)
(particularly those of both Hell 14026 to He 1114200 and For stars earlier than O7, on the other hand, the negativie lum
He 114471 to He 1114541) to determine the spectral subtypg\osity efect in He 1114686 with a demarcation line between
except for the hottest stars where criteria based on the-nitg|ass Vv and Il set at IogEW(HeII4686)=—O.2@ was used
gen ionization equilibrium (Walborn etlal. 2002) were irste (Mathys 1988 and references therein). The equivalent width
applied. For the luminosity class, we followed the Walbapr aof the lines involved in thejuantitativeclassification are pro-
proach and used fierent criteria at dferent subtypes. For ex-vided in the appendix (TableA.1). The accuracy of these esti

ample, at earlier types we considered tife& of luminosity on mates ranges from 0.02 to 0.07 dex, with lower values being
the Strength of both the N 14058 and He 1W4686 emission, typ|ca| of Stronger lines. The errors in |dg’ and |Og W’ are

and the N V1414604, 4620 absorption. At spectral types from

06 to 08, the main luminosity indicators are Hel1686 and

N 1ll 114634-4640-4642: in dwarfs, the former line appears log EW(Hell4686) larger than -0.25 determines the luminosity
strongly in absorption, accompanied by weak N Ill emissiatiass V.
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between 0.05 and 0.07 dex (i.e., less than half a subtypé), an

about 0.1 dex, respectively. = SF
Our final morphologicaland quantitative classifications 8 SE E
are listed in Cols. 7 and 8 of Tatlé 1. Column 6 givesini - = o
estimates as adopted in the present study, primarily dresvn f ;; 1k o e E
Pennyl(1996) and Howarth et/ al. (1!@,‘:{} present. Otherwise, |
individual data provided by Uesugi & Fukuda (1995) or de-  — OF o @ O E
rived in Paper Il were used instead. g 1 3 © E
3.2. Spectroscopic binarity E/ e E
It is well known that spectroscopic binarity can signifidgnt ok ‘ ‘ ‘ ‘ -
bias the classification of stars, modifying the visual apaeee ‘ “ spi(w@\bo%m) 10 2
of the spectrum and altering the observed equivalent widths S:
of lines used as spectral type and luminosity class diagrsost =
This point is particularly important in the case of hot massi £ 2F E
stars where the number of doultaultiple systems seems to be § ©
very large (e.gl, Mason et &l. 2009 and references therein). & TE co w o E
To investigate the binary status of our targets, we checked /L 5 7 777777777777777777777777 - o - E
the literature for knowfsuspected binaries among our sample <
stars and found that three of them — HD 93160, HD 151003 ¢ _;: 3
(Gies|1987), and HD 152723 (Fullerton etial. 1996) — have &
beensuspectetb be single-lined spectroscopic binaries (SB1), 2 —2 E
because of theiV, -variability. Large variations inv, were o Bg | | | | E
also detected for another star, HD 64568 (Solivella & Niemel o 50 100 150 500 550
1986). SinceV, - variability can be caused by binary motion, Vsini (km/s)

but may also originate from stellar pulsations gmdvind ef-

feCtS, we decided to keep th& -variables in our target list F|g 1. Top Comparison of our high-reso|utiomn0rpho|ogi-

for further clarification. Meanwhile, we rechecked therlite cg| spectral types and those attributed by Walborn by means
ture for newer results and found that one of our sample st@fsiow-resolutionphotographicspectra 1 = 1.2 A), for 14

(HD 152247) had been recognized as a double-lined specgars (dwarfs and giants) in common. The X-scale correspond
scopic binaryl(Sana etla. 2008); another one (HD 152723) wasspectral types from O2 to B2. Stars consid¢saspected
resolved as a close double systemViband speckle interfer- to be SBs are additionally marked with large circlBsttom
ometry, while for other 12 objects (flagged with “VS” in col-The spectral type discrepancy as a functionvsini. To
umn 5 of Tablé Il ) a “null companion detection” in the angulaliminate binarity €ects on the observedsini, stars con-
separation range 0."03§ p <1."5 andAm < 3 mag was re- sideregsuspected to be SBs have been discarded. Note that
ported (Mason et al. 2009 and references therein). We keptthe adoptedsini -estimates do not account for théests of

two binaries in the present sample with the primary goal of ifnacroturbulence.

vestigating the #ect of binarity on the outcome of our spectral

classification.
We also tried to constrain the spectroscopic binarity statia’dets is listed in Column 10 of Talile 1: “SS” denote spectro

of all sample stars by our own. To this end, we adopted the f§EOPically single objects, “SB2” are double-lined, and 13B
lowing criteria as indications for possible binarity: (jropos- Sindle-lined spectroscopic binaries.

ite spectrum:; (i) discrepant shifts, widths d@edstrengths of N summary, following our approach we confirm the binary
lines in the spectrum; (iii) large fierences iV, andvsini status of HD 152723 and HD 152247, provide strong evidence

when measured at fiérent observational epochs; (iv) peri®f @ companion in HD 93160 and HD 151003, and suspect du-
odic variations in photometry afat radial velocity; and (v) Plicity in HD 69464.

discrepant spectral classification from various obseonati
epochs. Since physical phenomena thedirom binarity can
give rise to periodic photometric and -variability while dis-
crepant spectral classifications might be due to third patam
effects (see below), these last two criteria were consideriyd 0d.1. The present high-resolution morphological

as suggestive. classification and the Walborn results
A comprehensive description of our findings for each star

is presented in the appendix. The spectroscopic statuseof 1§ Investigate whether the results derived by means of the
Walborn scheme might be influenced by the spectral resolu-

2 With respect to our targets, the consistency between the th@n, we compared ounorphologicakpectral types with those
datasets is good, to withial0 km s?. attributed by Walborn, based on low-resolutiani(= 1.2 A)

4. Comparison with previous classifications from
low resolution spectroscopy
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photographicspectra, for 14 stars in common (see Column 2 of
Table1). As illustrated in Figll 1 (top panel), the high-fesion
digital classification tends to result in somewhat later (by up 1.0
to 1.5 subtypes) spectral types than those derived by Walbor
This discrepancy is larger than the error in therphological
classification (typically less than one subtype), thusificant.

An interpretation in terms of variable windfects or possible
binarity does not seem likely, since all targets are low humi
nosity objects, i.e., have low-density winds, and the nigjor

of them do not appear to have a companion. In addition, the
distribution of the data suggests that the derived disecrepa 0.5 w w w w w =
might be present at intermediate subtypes only. Since tfie ma O ETE eey 0 RO
spectral type indicator at these subtypes is alie-estimated

ratio of either He +1I 14026 to He 1114200, or He 114471 1
to He 11 14541, this result implies in turn that within the high-
resolution digital spectra either Hell 14026 and He h4471
appear to beisuallystronger or He 1R4200 and He 1h4541
appear to beisuallyweaker (or both), compared to their corre-
sponding strengths as estimated from petographicspec-
tra.

R = 30000 ]

emergent profile
e}
o
R R A e L L

Apart from stars with discrepant spectral types, our
analysis shows that there are also others with identical
morphological classifications as derived from high- (digi- 0.5 TP vy peo PP e
tal) and low-resolution (photographic) spectra. One of¢he lambda(A)

(HD 64568) is a very early O3 dwarf (see below); two other

stars (HD 152723, 06.5 and HD 151003, 09) are considered@- 2. Examples illustrating the sensitivity of the central depth
be spectroscopic binaries (present study); and the finahteo Of He 114471 and He 114541 to stellar rotatiorMsini =60
among the fastest rotators in our sample (CPD -59 2600, @#lid), 100 (dotted), 150 (dashed), 200 (dash-dotted) Ky s
vsini =142 km s and HD 92504, 08.5;sini =200 km s1). and spectral resolutiorR(= 30000 (top), 4000 (bottom)).
The latter finding is quite intriguing since it might implyah Model profiles from rastwip, calculated atTer =38 KK,
the encountered discrepancy is also related to rotatiorte®ie 109g=3.7 and logQ=-7.72, with logW'=-0.19 corresponding
this possibility in Fig[dL (lower panel), where theffdrences to subtype O6.5.

in spectral type are plotted againgini . At least for our sub-
sample, the spectral type discrepancy indeed refers owsitr
relatively slow rotationy(sini <120 km s* ).E The only excep-

tion is HD 64568 withvsini = 100 km s, which, however, Thatrotation should influence the depths of He I and He II
has not been classified in terms of tge-estimatedatios of |ines diferently is to be expected from thefidirent intrinsic
He I to He Il but instead exploits the relative strengths &ftii  widths of these lines, caused by the Staffleet (linear in He I
gen lines of diferent ionisation. and quadratic in He I). This point is illustrated in Fig. 2,evh

Summarizing, our analysis shows that using high reso@¥nthetic profiles for He 4471 and He 114541, as calcu-
tion digital spectra of O-type stars of solar metallicity result@ted from arasrwino model atTer =38 kK, logg=3.7, and

in somewhat latemor phologicalubtypes, where this discrepJOg_Q=—7-7.ﬂ have been convolved with four valueswini ,
ancy iS more pronounced in narrow_"ned stars. Whlle keeplng the Spec'[ra| resolu'[lon f|Xed %t?:o OOO (tOp

panel) and 4 000 (bottom panel). The main result of our calcu-

lations is that at the same temperature, surface gravigmeh
High-resolution against low-resolution morphologicallumi- ical abundances, mass loss rate, and spectral resolvingrpow
nosity classes. A comparison of the luminosity classesrdetthe eye-estimatedatio of He 114471to He 1114200 can in-
mined in this work with those attributed by Walborn for 14licate diferent spectral types, depending wsini. A com-
stars in common shows perfect agreement for all but two st@@ison of the profiles shown in Figl 2 indicates that the
- HD 94963 and HD 69464. This finding suggests that at leasprphologicalspectral types for fastvgini >150 km s?')
for dwarfs and giants the luminosity class criteria withiret and slowly ¢sini <100 km s*') rotating stars can fier by
Walborn scheme are noffacted by resolution, rotation, afed about half (atR=4 000) to about one and a half @30 000)
origin of data.

R = 4000

emergent profile
e}
o
A A A e L L

4.1.1. Influence of rotation and spectral resolution

4 Q=M/R, Sisthe optical depth invariant for recombination-based
diagnostics such asH introduced by Puls et al. (1996) to charac-
terise the strength of the wind. ld@=-7.72 M in M /yr, R, in Ry)

3 Similar results apply for the three stars classified bgepresents the case of a low density wind, originating inaallomi-
Garrison, Hiltner and Schild (1977), see TdHle 1, Column 4. nosity O-type star.




6 N. Markova et al.: Spectral classification of Galactic @rst

Vsini=60 km /s CPD —58 2686 V((f)) log W'=—0.07

HD 93222 7 III(f) log W'=—0.03

HD 94963 6.5 II(f) fog W'=—0.01

4000 4200 4400 4600 4800
Lambda

Fig.3. A set of FEROS spectra illustrating tltembinedeffect of rotation and high spectral resolution on the centegtld

of the strategic He R4026, 4471 and He 1#4200, 4541 lines, for stars of similar spectral type (adtatted by Walborn)
and similarlogW, as measured from our high-resolution data. Note that infallborn scheme the O7 subtype is defined by
He 114471 ~ He 1l 14541, whereas in our spectra H24471 is always deeper than Held541 (although its EW is actually
smaller, logW’ < 0), indicating a spectral type of O8-8.5.

subtypes, where slowly rotating stars display a later quéaty the resolution of the standards. In this process, one expleet
Similar results have been obtained for Helll 144026 and morphology of the degraded spectra to closely resemblethat
He 1l 214200 determining thenorphologicalspectral types the low resolution classification standards. To our knogéed

from O5 to O6.5. however, this expectation has not been so far checked wesihg r
lllustrative examples of theombineckffect of rotation and data.
high spectral resolution on the visual strength of stratéts | For a first test of this issue, the original, high-resolution

and He Il lines are shown in Fif] 3, where the FEROS spec#pectra of our targets were degradedrted 000f (using the
of three narrow-lined sample stars, originally classifie@#.5 IDL procedure “rebin.pro”), and subsequently classifiett fo
- O7 by Walborn, are displayed along with 19 -values from lowing the Walborn criteria. In Fid.14, we confront the spatt
our high-resolution EW measurements. The central depthstyfes obtained in this way to those attributed by Walborn for
He 1 14471 and He 114541 lines obviously react in the waystars in common. Although the agreement between the two data
predicted by our model calculations, and indicate a somewlsets has improved (compared to the one shown in the top panel
later spectral type, namely O8 to 8.5 depending simi . of Fig.[d), the spectral types based on thegradedspectra
Thus, we conclude that the established discrepancy K€olumn 9 of Tabléll) still tend to be somewhat later than¢hos
tween high- and low-resolutiomor phologicalspectral types derived by means of thehotographicclassification, where
(mostly for stars of intermediate subtypes) is likely rethtat again this discrepancy is more significant in narrow-lin2dss
least in part, see below) to the interplay between stella-roTo check whether this finding depends on the procedure used to
tion and spectral resolution leading tdfdrent depths of He | degrade the spectra, we repeated the process using an own IDL
and He Il lines, where the profiles become deeper at lower grocedure based on convolution by Fourier-transformspénd
tational speeds and higher resolution. We emphasize that t&ined similar results.
stars with identical intrinsic parameters bufteient rotational The dfect of significantly diferent spectral resolving
speeds, there will be a decisiveffdrence in spectral typespower on the overall appearance of the spectrum is illus-
derived by either morphological or quantitative classtfma trated in Fig[h, where the original, high-resolution speat
whereas the morphological types will vary according to ot@f one sample star with relatively narrow lines (CPD -58 2620
tional (and resolution)féects, types derived by a quantitativeysini =60 km s'), classified as 06.5 by Walborn (1973),
classification will be rather unique, since rotational lmtexing is shown together with its rebinned spectfirEven at this
preserves the EW and thug. low resolution, the spectrum of CPD -58 2620 obviously does
not resemble that of HD 93146, the classification standard of
06.5V, but is similar to that of 15 Mon, the classificationnsta

4.1.2. The modern-era morphologicalclassification.

. 5 which matches the quality of the photographic spectra used b
Itis well known that the overall appearance of a stellar spegaihomn, namelyaa = 1.2 A.

trum is strongly dependent on its resolving power. Because Here the original spectrum has been degrade@=t8000 A1 =

of this, the modern-era morphological classification isaligu 1.5 A) to match the quality of the standards shown in the Walland
performed using (original) spectra that have been degramledFitzpatrick atlas.
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1.5 [ H

L CcP—582620 6.5V((f)) R=48000 |
1.0 —

- R=3000 ]
0.5 —
0.0 ‘ ‘ il

4000 4200 4400 4600 4800

Fig.5. The spectrum of the narrow-lined star CPD-58 2626irfi =60 km s') at the original resolving poweR=48 000 and
degraded tdR=3 000. Spectral classification from Walborn based on lowktyjuphotographic spectra. Note that Hel4471
appears of similar strength as Held541 in the degraded spectrum, indicating the O7 subtype.

i) The remaining discrepancies shown in Hig. 4 might be

= 3 caused by the intrinsic flerences in the classification tech-
E Py E nigues applied in th@hotographicanddigital classifica-

=2 ] tions: while in the former case the eye responds to the to-
gvl 1 — o e 7 tal flux transmittegblocked by the investigated lines (re-

‘ g © O calling, that in the early seventies of the last century the
e S @O @Y E classification was performed by viewing the spectrographs
= E © E through a microscope), in the latter it is guided by the cen-
£ - ] tral depths of the lines. Consequently, both estimatesimigh
S _ot E deviate from each other to some degree, particularly at in-
=4 ] termediate subtypes where théfdiences in line strength
o -3t : : : : : are smaller than in other regions.

2 4 6 8 10 12

i) Since O-stars are often embedded in emitting gas, under-
estimated nebula contamination of He | lines in the photo-
graphic spectra might lead to systematicallffatient clas-
sifications from those originating from the high-resolatio

SpT(Walborn)

Fig. 4. Comparison of oumor phologicakpectral types, based
on the high-resolution spectra degradedrtet 000, and those -
digital data.

attributed by Walborn using low-resolution photograplies iii) Finally, there is a certain chance of line profile variléip.

tra (A1 = 1.2 A) for 14 stars in common. The X-scale cor- . . .

., Owing to the systematic character of the discrepancy, we
responds to spectral types from O2 to B2. Stars consid- consider this possibility. however. less likel
eredsuspected to be SBs are marked with large circles. P Y ' Y-

Thus, we have to conclude that part of the discrepan-
%gs betweermorphological classifications attributed using

dard for O7. Thus, and at least for the case of narrow-lingel .\ < tion digital and low-resolution photographjec-

stars of intermediate spectral type, it appears that déggakle tra (Fig.[d) is due to some additiondfects to resolution and

high-resolution spectra to the resolution of the Wal_boemst ratation alone. This point was also discussed by Walborh/et a
dards does not necessarily guarantee that they will rege J010)

the morphology of the corresponding standards, since & thi
case the comparison objects (the one under consideratibn an
the standard) might haveftBrentvsini. The larger the dier- 4.2, The present high-resolution quantitative
ence, the larger thefiet in derived spectral type. classification and the Mathys results
The results outlined above are somewhat surprising since
(i) we degraded our spectra to the resolution of the photSince the Conti spectral type classification relies on tigalo
graphic data, and (ii) we classified the same stars as Walbdithmic ratio of the measured equivalent widths of H&K71
i.e., the resolution and rotationafects should be the same irand He 11 14541, it is essential to investigate the corre-
both data sefd.Since there are still dierences, additional ef- spondence between the present equivalent width scale and
fects must be at work. What might theseets be? that from similar studies using low-resolution spectrag(e.
Conti & Alschuler| 1971 Conti & Frost 1977; Mathys 1988,

7 Note that the corresponding spectral types might still lzesdil 1989), to provide a useful comparison. We limit ourselves to
against the standards due to rotationfibets, but both (ours and the study by Mathys (1988), which has the largest overlap wit
Walborn’s) in the same way, see below. our stellar sample.
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In the top panel of Fid.]6, our EW measurements for He |

14471 (asterisks) and He A4541 (diamonds) are compared to 1.of ]
those fronl_Mathys (1988) for nine stars in common. Despite I ® P
the small number of objects, a clear trend for Hel4b41is 081 /<>® ]
visible, indicating that our measurements result in system . i /,/g,@-” 1
cally stronger EWs than derived by Mathys. A linear fittothe 3 ©-©[ Y /é@ :
corresponding data confirms this notion, displaying a nex-z = i R < 1
offset in the EW scale (in A) for this line given by = 0.4 /é% h

EW4541(ours) (-0.096:0.06)+ (1.01+0.11)- EW4541(M88). r /%@ i
Interestingly, no indication of any shift was found in the EW 0.2r e 8
scale of He 114471 TR

EW4471(ours) (-0.01+0.06)+ (1.01+0.1) - EW4471(M88). 0oLl : : :

@]
o
O
N

0.4 0.6 0.8 1.0

These results imply that at least some of our targets might EW (present study)

appear as a somewhat earlier spectral type than denoted by
Mathys (1988). The data shown in Fig. 6 (lower panel) indi-

cate that our spectral types tend to be earlier, by half aypebt s 2F
Though this discrepancy is comparable to the error budget of 3 i
our quantitativeclassification, it might be significant because = | E
of its systematic character (see Secfibn 6). &

Concerning luminosity classes, perfect agreement between /L
the presenguantitativeluminosity classes and those attributed [ T ST T
bylMathys(1988) was established for the nine stars in common ff * +

The discrepancy between our present and the Mathys EW = —1 <& E
scale for He 1114541 is dificult to interpret. On the one hand, =
binarity cannot be an issue, because both double and single 725 ‘ ‘ ‘ ‘ 1
stars are involved. On the other hand, a higher precision of > 4 5 s 10 1o
our measurements can be expected, because of the higher qual SpT(M88)

ity of our spectra. This higher quality will allow us to con-
sider the contribution of the broad Stark wings more colyectFig.6. Top Comparison of our high-resolution equivalent
Given thatin He 1114541 the wings are more extended than iwidths (in A) of He | 14471 (asterisks) and He L4541
He 114471 (linear against quadratic Starfkegt), we specu- (diamonds) with those from Mathys (1988), for nine stars
late that the ffect of a higheR and 9N on the measured EWsin common. Dotted lines represent linear fits to the corre-
will be more pronounced in the former than in the latter line. sponding data. Note the non-zerfiset in the EW scale of
To conclude, the luminosity class criterion in the Contile Il 14541 .Bottom Comparison of the corresponding high-
scheme is rather insensitive to change®Rjrwhile the spec- resolutionquantitativespectral types. Spectroscopic binaries
tral type indicator seems to be sensitive, though at a (Vevy) are highlighted by either large circles (top panel) or filtéd-
level. monds (bottom panel).

mer is nowearlier, by up to 1.5 subtyps(Figure[]’, lower
5. Correspondence between quantitative and panel). _ _
morphological spectral types Thus, it appears that because of the higher quality of
present-day optical spectra (which increases the accuwfcy
It is important to verify the consisitency of the two alternaguantitative measurements and decreases the number ef unre
tive schemes for the classification of O-type stars. Eashiedl- solved binary systems), the consistency between the tsiela
ies (Conti & Leepl 1974; Mathys 1988, 1989) have shown thfitation schemes can be significantly improved leading topra
quantitative(either photographic or low-resolution digital) andically equal results (provided thaor phologicaklassification
morphologicalclassification based on photographic data aie performed using high-resolution spectra degraded down t
consistent to withirone to two subclassewith the former be- R=4 000).
ing systematically later (on average, by roughly half a tjpéc
subtype).
The same comparison, but between the pregeantitative ) ) )
and the presemhor phologicaklassifications based on our desing high-resolution ES®MTG FEROS spectra and apply-
graded spectraR=4 000), indicates a closer agreement (withiff'd the Walborn and the Conti schemes, we have performed

+0.5 subtypes) without any systematic trend (Elg. 7, top hane s ;s finding is a natural consequence of our resuits from. kct
When considering the correspondence between the high raggnely that within the high-resolution spectra Helll 14026/
lution quantitativeand morphologicalspectral types, we find He | 14471 can appear deeper than Heldi200/He Il 14541, al-
evidence in our data of a systematidfeience, where the for- though their EWs are smaller.

6. Summary and future perspectives.
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angular separation can easily be lost, we consider thimati

= 3 as a lower limit.
E oF 3 For spectral classification, our analysis shows that bina-
< ] rity may or may not fect the derived spectral tyfi@minosity
= 1F E class, depending on the magnitud&etience, separation, slit
& LA orientation etc. In any case, and as might be expected, fthis e
/‘\ Qe MR i @ ] fect does not lead to systematic discrepancies (provideskth
= i 3 coo® R e systems are not used as standards), but ‘only’ increasesthe
e certainty in the derived classification.
€ —2¢ E
EO/ Y ‘ ‘ ‘ ‘ 2. Correspondence between the present morphological classi-
< 2 4 6 8 10 12 fication and the Walborn resultswithin a sample of 14 stars,
SpT(ron,mrph) we found evidence of a systematic discrepancy between our
mor phologicalspectral types and those attributed by Walborn,
/g\ 3E ] with the former being later by up to 1.5 subtypes (Eig. 1) sThi
£ ] discrepancy is larger than the corresponding uncertaiatiel
g 2 E thus significant. Concerning luminosity classes, no ewden
2 B E of any systematic dlierence between our determinations and
g S - those from Walborn was found. In our present understanding,
I B S & E the systematic discrepancy imor phologicalclassification is
= : & O O due to an interplay between stellar rotation and spectsa-re
S —1F oo < E lution (Figure§® anfll3) as well as technicafeiiences in the
< < classification process of photographic spectrograms agithti
% -2 3 ] spectra (Fig.4). Another important outcome of our analigsis
= _=zf ‘ ‘ ‘ ‘ 3 that at least for narrow-lined stanggini <100 km s?) the “ro-
& 2 4 6 8 10 12 tational éfect” does not necessarily disappear when the high-
SpT(ours,morph) resolution spectra are degraded to the resolution of thed¥al

standards (Figures] 2 apH 5).
Fig.7. Top  High-resolution quantitative versus

morphological spectral types based on our high—resolutiog c d bet th ¢ titative classifi
spectra degraded toR=4000. Bottom High-resolution orrespondence between the present quantitative classiiic

quantitative versus high-resolutionmorphological spec- tion and the Mathys resultswithin a I|m|teq sgmpl_e of nine ,
tral types stars, we found that the spectral type criterion in the Conti

scheme, loyV', is sensitive to changes in the spectral resolving
power (presumably due tdfects on the EW of He 114541),
while the luminosity class criterion, lo@V”, is insensitive.

a spectral classification of 19 Galactic O-type dwarfs and %p particular, the present high-resolutiqnantitativespectral

ants. We have investigated the correspondence between tA%€S tend to be systematically earlier (by typically hast-

high-resolution classifications and those attributed bybatm  YPE) than those attributed by Mathys. Although compartble
(Walborfl 1972, 1973) based on low-guality photographicspe€ corresponding errors, the established discrepandytroe
tra and those assigned by Mathys (1988) using low-resaiutigignificant because itis systematic.

digital spectra. In addition, we have also investigatedsthec-

troscopic status of our targets. The main results can be sum-Correspondence between the present quantitative and

marised as follows. morphological spectral typesAlthough diferent from ear-
lier results, the modern-erquantitative and mor phological

1. Spectroscopic binariesUsing photometritspectroscopic classifications appear to be mterpally conS|stent. (p’“’?““d
that themor phologicalclassification is performed using high-

data from the literature in combination with results fromsr- ; . .
wino model atmosphere analysis (Paper 1), we confirm the tE;_solutlon spectra degraded R4 000). This result, if con-

nary nature of HD 152723 and HD 152247, provide strong e jrmed by bette_r statistics, mlght_ help us to improve the accu
Jacy and consistency of Galactic O star classification after

idence of a companion in HD 93160 and HD 151003, and s X
pect possible duplicity in HD 69464. Four of these stars a?grrespondlng new atlas of standard sta-a4 000 has been

members of clustgassociations and one is a field star. Thug,et up and published (see below).

the binary fraction among our sample is 26 percent if both the From the results outlined above, one might conclude
cluster members and the field stars are considered. Givén that the quantitative classification is more robust than the
the majority of our targets has never been monitored photoerphologicabne. This conclusion, however, would be some-
metrically or spectroscopically, and that systems withitatb what premature since it would be based on a very limited sam-
periods too long for an easy detection and too short for atir@le of stars that furthermore does not include supergignts.
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the other hand, a spectral type discrepancy of even halfa sGbnti, P. S., Leep, E. M. 1974, ApJ, 193, 113
type, if confirmed on the basis of higher quality statistngght  Conti, P. S., Frost, S. A,, 1977, ApJ, 212, 728
be significant and therefore require the Conti scheme to genti, P. S., Ebets, D. 1977, ApJ, 213, 438
updated using the power of high-quality spectral obsesmati Crampton, D. 1971, AJ, 76, 260

and line profile simulations. Such a thorough study is for&/ampton, D. 1972, MNRAS, 158, 85

s PR - Duflot, M., Figon, P., Mayssonnier, N. 1995, A&AS, 114, 269
seen v,wthlh our collaboration in th&/LT-FLAMES Tarantula Dufton, P. L., Smartt, S. J., Lee, J. K. et al. 2006, A&A, 45852
Survey (Pl: C.J. Evans).

. . . . Garcia, M., Bianchi, L.: 2004, AphJ, 606, 497

_Concerning thenorphologicatlassification, & possible s0-garison, R, F., Hiltner, W. A., Schild, R. E., 1977, ApJS, 351
lution of the problems identified in the present study reemiir Georgelin, Y. P., Georgelin, Y. M. 1970, AZAS, 3, 1
an update of the corresponding approach. This revision tmighles, D. 1987, ApJSS, 64, 545
comprise the following steps: (i) selection and observe(&t Herrero, A., Puls, J., Najarro, F. 2002, A&A, 396, 946
relatively high spectral resolution angdNg of classification Howarth, I., Siebert, K., Hussain, G., et al. 1997, MNRAS4 2865
standards, which will be used to create a new digital atlas dteast, W. M. 1958, MNRAS, 118, 618
perseding the one of Walborn & Fitzpatrick (1990); (ii) deve Feast, W., Stoy, R., Thackeray, A. et al 1961, MNRAS, 122, 239
opment of a new classification technique that allows the-sp&g!llerton, A., Gies, D., Bolton, C. T. 1996, ApJS, 103 475
tra of both unknown and standard stars to be compared at Kilk;?]rr; A'[')St\?:r'{ \(/?/;Jl::bb;(s)lgg&ssbetgg Tgfg?é;hﬁNM&stg'g&
same r_esolutlon andgsini, a_md (iii) recIaSS|f|cgt|on of as many efevre),/’L., ;vlarchenk’o, S Mt A. otal. 2000, A&A, 507”1141
Galactic O-stars as possible (observed uniformly and at

. . &/ato, H., Malaroda, S. 1981, PASP, 93, 714
sameR as the standards) to be used as a firm basis for futytg .+ 1 Malaroda. S. Garcia B. et al. 1990 ApJS, 71, 323

studies. Levato, H., Malaroda, S., Morrell, N. et al. 1991, ApJS, 7898
First steps in this direction have been undertaken withen thoden, L. 0. 1965, ApJ, 141, 668
“Galactic O-stars Spectroscopic Surv@gyOSSS)” (PI: J. M. Marchenko, S., Mfiat, A., van der Hucht, K. et al. 1998, A&A, 331,
Appelaniz) and theVLT-FLAMES Tarantula Surv&yWithin 1022
the GOSSS survey, a digital atlas of Galactic O-type stars fr Marcolino, W., Bouret, J-C, Martins, F. et al. 2009, A&A, 4887
both hemispheres will be created and published, to supersbtirkova, N., Bianci, L., Efremova, B., Puls, J. 2009, BlgA3, 21
the one of Walborn & Fitzpatri¢K (19D0) in terms of both th&arkova, N., Puls, J., Scuderi, S. et al. 2011, (Paper llyéparation
quality of the data (! ~ 200,R ~ 2 500) and the number of Mart!ns, F., Schaerer, D., H!Il!er, D.J. 2005a, A&A, 436480
standard stars included. Within thy“T-FLAMES Tarantula Ma'tins, F. Schqerer, D., Hillier, D.J. 2005b, A&A, 441,573
; . . . Mason, B. D., Gies, D., Hartkopf, W. I. et al. 1998, ApJ, 11818
Survey project, on the other hand, we plan to publish a digiy s, B p. Hartkopf, W. I., Gies, D. et al. 2009 AJ, 137,835
tal atlas of standard O-type stars using high-resolufitindm Massey, Ph. DeGioia-Eastwood, K., Waterhous, E. 2001, AP,
about 40 000 to about 80 000), high signal-to-noigtl($500) 1050
spectra collected from the ESO public archive and the IACQWRathys, G. 1988, A&AS, 76, 427
database (Simén-Diaz etial. 2010). To diminish the coetbinMathys, G. 1989, A&ASS, 81, 237
effects of resolution and rotation and ensure consistency witloffat, A. F. J. 1977, IBVS.1265, 1
the modern-erguantitativeclassification, the spectra will beMoffat, A. F. J. and Seggeviss 1979 A&A, 70, 69
degraded tdR=4 000, and subsequently used to create an atf4grrell, N., Garcia, B., Levato, H. 1988, PASP, 100, 143
of unprecedented quality. Morris, P. 1961, MNR_AS, 122, 325
Finally, we point out that although updated with respect f4€Sterov. V. V., Kuzmin, A. V., Ashimbaeva, N. T. et al. 199&AS,
. . e 110, 367 (11y182)
the resolution and rotationaffects, the classification of O-type
: . ) S ) Penny, L. R. 1996, ApJ, 463, 737
stars might still b.e.subject to significant third paramefégas Penny, L., Sprague, A. , Seago, G. et al. 2004, ApJ 617, 1316
related to metallicity (see Markova et al. 2009 and refeeencpenny’ L. R., Gies, D. 2009, ApJ, 700, 844

therein). Penny, L., Gies, D., Hartkopf, W. 1993, PASP, 104, 588
Peton-Jonas, D. 1981, A&AS, 45, 193
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Walborn, N. R. 1972, AJ, 77, 312 the variable C Ill emission that is fiierent from that suggested by
Walborn, N. R. 1973, AJ, 78, 1067 Walborn et al.|(2010).

Walborn, N. R., Fitzpatrick, E. 1990, PASP, 102, 379

Walborn, N., Howarth, I., Lennon, D. et al. 2002, AJ, 123,275

Walborn, N., Sota, A., Apellaniz, J. M. et al. 2010, ApJ, 71143 HD 93843 - This star was initially classified as O6 Il1(f)_(Walborn
1972), and later on reclassified as O5 IlI{f) (Walborn 19723)plying

the quantitative approach, Mathys (1988) assigned O5(.IThe
morphology of our spectrum agrees well with the O6 IlI(f) ides-
Appendix A: Comments on individual stars. tion but with C Ill in emission. Following the definition of ¢hnew
Ofc category (see above), we would denote it by O6 IlI(fcattis
HD 64568 - This star was classified as 04 V((f))one subtype later than the designatiof by Walbornlet alqR@thich
(Garrison, Hiltner and Schild 1977), O5 V_(Loden 1965; Créonp is O5 |li(fc). The measured lo§V' = —0.37 is consistent with the
1972; [Peton-Jonas 1981), and O3 V((f*)) (Walborn etal. 300205 5 subtype. In the interferometric surveyl of Mason ét 2009),
The FUVUV spectrum is also consistent with the O3 V((f))HD 93843 is flagged as an object with a “null companion debetti
classification|(Garcia & Bianchi 2004). The visual appeeeaof our The star does not seem to show variations inVits (Gies[1987).
spectrum is identical to that shown in Walborn et al., sugggshe  The model atmosphere analysis does not reveal any disaefian
same O3 V((f*)) designation. The discrepant spectral tgmsigned the shifts and widths of strategic lines (Paper Il). Indiativsini -
at different observational epochs might indicate that HD 64568 ise8timates derived in fierent observational epochs agree within the
binary. This possibility seems to be supported by the det®i-  corresponding uncertainties (e gsini =120 km s* ,[Conti & Ebbets
variability (Solivella & Niemela 1986), but the good agremmh be- [1977: ysini=95 km s, [Howarth et all 1997vsini =100 km s?,
tween the model and the observed spectra (Paper Il) argd@goor  [pennj/ 1996). We suggest that HD 93 843 is a spectroscopisiaty
of the single-star hypothesis. The star has not been phatically e opject.
monitored and its shgtong-term behaviour is completely unknown.
Lacking direct evidence of possible binarity, we are inetinto
consider HD 64568 as a single object with- variations caused CPD -592600 - Walborn (1973) classified this star as 06 V((f)).
more likely by stellar pulsations (afai wind variability). In this case The morphology of our spectrum resembles that of HD 101199, t
then, the spectral type discrepancy could be due to reasbestban primary standard for the 06 V((f)) subtype (Walborn & Fitinick
spectroscopic binarity. 1990), and consequently we assign O6 V((f)) to our targetedk lwg
W = -0.17 and log EW(4686}% —0.24 indicate O6.5 XIlI. A lit-

HD 93204 is classified as O5 V/((f)) by Walbcrh (1873) and consid?rature research shows that CPD -59 2600 has never beewvatbser

. ] . tematically. A i f individualsini -estimates d
ered as a standard of this subtype. Walborn et al. (2002ategehis systematcaty comparison of Individuatsini -estimales does

. . not show any significant variations in this parameter (egini =
designation, whereas Mathys (1988) proposed O5.5 V((D).100h- 1 4 |1y 51 [Conti & Ebbets 1977y sini =142 km s, [Howarth et al.
resolution spectrum is identical to the one shown_in Walletral. ' '

. 1997;vsini =135 km st ,|Penny & Gigls 2009). This finding together
(2002). Consequently, we should denote the star O5 V/(()),it ith th - heti .
our spectra, as well as in Walborn’s, Helll 14026 is of similar with the good agreement between synthetic and observetégitra

strength as He 114200, which is the definition of an 06 subtype.Ilnes (Paper Il) suggests that CPD -59 2600 is likely a siogject

The measured logyV = —0.38 and log EW(4686}-0.17 imply the

05.5 V classification. Within the limits of theW¥-band speckle inter- Hp 63005 was classified as O7 Hy Loden (1D65) and 06 V((f)
ferometric observations, Mason et al. (2009) concludetfia®3204  py [Garrison, Hiltner and Schild (1977). The general appezgaof

is a visually single object. To our knowledge, this star hagenbeen qyr spectrum agrees well with the 07.5 designation: Hé471 is
monitored photometrically or spectroscopically. In Pahewe have  g|ightly deeper than He 14541 , and there are both weak N Iil lines
no problems obtaining good fits to all strategic helium andrbgen iy apsorption and missing C 114650 absorption. Since He 14686
lines using one set of parameters (includvi@ndvsini ). Projected s comparable in strength to He 14541 , the star might be a dwarf,
rotational velocities measured atigrent observational epochs agre@yt the strength of the N 111.14634-4640-4642 emission lines are

perfectly (e.g.vsini =130, Conti & Ebbels 197%sini =130kms*,  more consistent with a luminosity class “lll” rather than™des-
Penny 19€6). All this suggests that HD 93204 is a spectrasatdp ignation. Based on these considerations, we adopt O7.5)Vk(it
single object. draw attention to its somewhat strong N 1l emission. The sneed

We note that_Walborn et all_(2010) have recently reclassifigsy w' = —0.13 and log EW(4686% —0.12 indicate 06.5 V. No
HD 93204 from O5((f)) to 05.5((fc)), where “fc” indicates eh reports about duplicity were found in the literature. Thedeloat-
presence of C [11114647-4650-4652 emission lines of Comparablﬂqosphere analysis has not revealed any spectral discref@aper
strength to those of N 11114634-4640-4642 . Interestingly, in oury)). projected rotational velocities estimated afefient epochs agree
high-resolution spectrumR(about ten times higher than that in theperfectly (e.g.,vsini =73 km s?, [Penny 1996y sini =74 km s?,
Walborn et al. observations), no sign of any C Il emission ba [Howarth et al| 1997y sini =80 km s, [Pennyl 2004). With all this

seen, suggesting that the amount of C Ill emission is tenfigorajn mind, we consider HD 63005 a spectroscopically singlectbj
variable in HD 93204. Similar results have been reportedttioze

stars of the Of?n category: HD 108, HD 191612, and CPB 2561

(Walborn et al. 2010). The physical reason for the variabld @nis- HD 152723, SB1 - This star was classified as O7 by
sion is still not well understood but given that HD 108 and HI1812 |Schild etal. 1(1969) and O6.5 Ili(f) by _Walborn (1972) and
have been recognized as long period binaries with magnetisfian |Garrison, Hiltner and Schild (1977). The appearance of pactsum
interpretation in terms of orbital phase occultation of@alized C Il is consistent with the 06.5 llI(f) designation: Hell 14026 is
emitting region has been suggested (Walborn et al.|2010 efiet- r slightly deeper than He L4200 ; He 114471 and He 1114686 are
ences therein). If confirmed by means of a more detailed figges weaker than He 114541, and there is weak N lll emission. The
tion, the single nature of HD 93204 would require an expliamadf classification determined by means of the measuretlVieg0.12



12 N. Markova et al.: Spectral classification of Galacticters

and log EW(4686)= —0.36 is also 06.5 lll_Mason et al. (2009)log W =-0.07 and log\’ = 0.26, which is indicative of O7 Ill. CPD -
resolved HD 152723 as a visual binary with an angular seiparat58 2620 is a member of a visual binary with 3.7 arcsec separati
of 0.098”. Based on observad - variability, [Fullerton et al.[(1996) The star has been recognised “as a possible radial-veleitgble”,
suggested that HD 152723 is a SB1. This view was supported Wwhich however “does not show any obvious orbital trend irowiy
Lefevre et al. [(2009) who discovered photometric variatiovith a from night to night” (Penny et al. 1993). No information abays-
period of 0.398. The discrepant strengths and widths of strategtematic photometric variations was found in the literatoue a com-
helium and hydrogen lines (Paper Il) also argue in favouhefhi- parison of severdl BV estimates listed in the Reed (2005) catalogue
nary hypothesis. Individualsini - estimates available in the literature(\V/125) suggests that this star might be photometrically fézial he
however do not deviate significantly, e.gsini =110 km s* ,|Balona excellent agreement between theoretical and observeggitrdines
1975;vsini =130 km st,|Conti & Ebbets 1977y sini =111 km s, suggests that it is more likely to be a single object. Lacking ev-
Howarth et al. 1997ysini =123 km s?, [Penny 1996. We consideridence of binarity, we consider CPD -58 2620 as a spectrasaibyp
HD 152723 as a single-lined SB. single object, but draw attention to the discrepancies mirosity
class between the various spectral diagnostics.

HD 93160, SB1 - Walborn (1972) denoted this star by O6 IlI(f).
From the visual inspection of our spectrum, we classify it ddD 69464, SB2? - Walborm (1972) classified this star as
O7 lli(f): He | 24471 of similar strength as He U4541; weak O6.5 Ib(f), and defined it as a classification standard for
He Il 24686 absorption in combination with weak N IM14634- this spectral typéuminosity class [(Walborn & Fitzpatrick 1990).
4640-4642 emission. The quantitative diagnostics\log —0.05 and |Garrison, Hiltner and Schilo (1977) attributed O7 IlI(f)h& visual
log W” = 0.05, indicate a less luminous object, namely a dwardppearance of our spectrum is similar to that of the specttuoan
of the same O7 subtype. The spectral type discrepancy betthee in Walborn & Fitzpatrick ((1990), with one importantfférence: in
presentmorphologicaland Walborn's classification might indicatethe latter, He 1114686 is completely filled in by wind emission,
that HD 93160 is a spectroscopic binary. This possibilitysvii-  while in our spectrum it appears as a weak absorption feaBased
tially suggested by Gies (1987) based \é4n- arguments, the latter on this notion and accounting for He 14471 being somewhat
however being questioned by Levato étlal (1991). Our modabat deeper than He 14541 in our spectrum as well as in that of
sphere analysis has revealed a number of discrepancieg iopth |Walborn & Fitzpatrick|(1990), we re-classify the star frors.6 Ib(f)
cal spectrum, which might be interpreted as an indicatioa ofose to O7.5 II(f). Within the corresponding error, 10g/ =-0.01 in-
companion (Paper Il). The binary hypothesis is supportedhsy dicates the O7-7.5 subtype. In contrast, M = 0.28 is consisi-
large diferences irvsini derived in diferent observational epochs:tent with the star being a giant. Spectral anomalies sucthaset
e.g.,vsini =180 km s*, (Conti & Ebbets 1977)ysini =205 km s, outlined above are usually interpreted as an indication cbm-
(Uesugi & Fukuda 1995)ysini =145 km s (Paper II). This star is panion. Unfortunately, HD 69464 has never been observegrays
very likely a SB1. atically, and no direct evidence in support or against tlussgbil-
ity exists. Individualvsini determinations (e.gysini =71 km s?,
Howarth et al! 1997ysini =82 km s*, |Penny 1926) and/, - esti-
HD 94963 was previously classified as 06.5 lli(f) by Walbornysies (e.g.V: =43 km s, [Cramptoli 1972V, =45 km s, Paper II
(1973) and O7 Ill by Garrison, Hiltner and Schild (1977). Gpec- ) seem to agree well, but this may still be due to observatiselec-
trum of this star agrees with the O7.5 Il subtype. Within there- o The correspondence between synthetic and obseneslit also
sponding error, log” =-0.01 is consistent with the O7-7.5 subysod, except for He 114686 : the observed feature appears peculiarly
type, while logW” = 0.32 corresponds to a supergiant or at leagfrow and weak and may show an inverse P Cygni profile (Pgper |
a giant. The discrepant classification attributed by variauthors |t not due to wind variability or asymmetries, the latter finglwould
at different epochs might indicate that HD 94963 is a SpeCtrQUggest that HD 69464 is a SB2. Systematic spgptratometric ob-

scopic binary. This possibility seems to be supported byldnge servations are needed to check this possibility in the utur
spread in individual/sini - estimates available in the literature (e.g.,

vsini =130 km s?', [Uesugi & Fukuda 1995y sini =90 km s?,
Conti & Ebbets 1977). However, the star is regarded as phetrtom HD 93222 - Classified as O7 IlI((f)) by Walborn (1971, 1972),
cally stable [(Kilkenny et al. 1998), with a constait (Gie$|1987). and again by Levato & Malaroda (1981) and Walborn & Fitzywtri
In addition, the model atmosphere analysis does not revgats- (1990). However, Massey etlal. (2001) attributed O8 Il)((The ap-
crepancy except for one: the Held686 absorption line is peculiarly pearance of our spectrumfi@irs significantly from that shown in
weak and narrow with a core that is red-shifted with respedhé |Walborn & Fitzpatrick [(1990), and resembles much more thecsp
position of the other spectral lines (Paper Il). If not calibg wind tral morphology of the O8 IlI((f)) standard Ori, which we adopt in
asymmetries, the latter result might indicate a compositélp, con- our classification. The measured 19¢ =-0.03 and logWw” = 0.28
sisting of an emission feature superimposed on the blue wiran indicate a slightly earlier subtype, namely O7 Ill. HD 9322
absorption profile. At least at present, we consider HD 9496@igle considered as non-variable in both photometry (e.g.ffdal977;
object with an asymmetric wind. Moffat and Seggeviss 1978) aMi(e.g.,l Levato et Al 1990\ sini -
estimates from dierent observational epochs agree quite well (e.g.,
N vsini =65, |Conti & Ebbets 1977y sini =77 km s, [Howarth et al.
CPD -582620 was classified as 06.5 V((f)) by Walbomn (1973} 997.ysini =77 km s, [Penn) 1996). The model atmosphere analy-

and O8 Il by Morrell. Garcia. Levato (1988). The morpholagfiour  sjs does not uncover any spectral discrepancy (Paper Ijhi&lsug-
spectrum is similar to that ot Ori, the classification standard for yests that HD 93222 is a spectroscopically single star.

08 1((f)) (Walborn & Fitzpatrick 1990). However, in Ori as well

as in CPD -582620 the N 11k14634-4640-4642 emission lines are

very weak, and He 1n4686 is deeper than He R4541, suggest- HD 91824 - \Walborn (1972) denoted this star by O7 V((f)), con-
ing the “V((f))” rather than “llI(f)" designation. Thus, welassify this firmed by Garrison, Hilther and Schild (1977). From a visuespiec-
star as 08 V((f)). From the measured equivalent widths, wienate tion of our spectrum, we suggest O8 V((f)) since Hell686 and
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He | 14471 are deeper than He 4541 ; numerous N Ill lines HD 152247, SB2 - According to. Walborn|(1973), this star is a
are in absorption, and weak C Il in absorption and weak N ID9.51)III and, similarly, a 09.5 Il followingl Mathys|(1988). Our
A14634-4640-4642 are in emission. The measuredNog—0.11 and spectrum is almost identical to that of HD 151003, sugggstire
log EW(4686)= —0.05 indicate 06.5 V. HD 91824 was found to besame O9 Il classification. The measured MY = 0.39 is consis-
an irregular variable in both photometiy (Lefevre et al. 208ndV, tent with the O9 subtype; lo§V” = 0.19 corresponds to the lumi-
(Feast 1958). Since the model atmosphere analysis (P Well nosity class “lll” rather than “lI”.[ Balonal (1983) reportetiat the
as the classification analysis (present study) did not tev@aspec- visual brightness of HD 152247 is stable to withi0.05 mag. The
tral discrepancy, we suggest that this variability is mokely due star has never been monitored spectroscopically, but a axdsop
to stellar pulsation than to binarity. This possibility igrther sup- of individual estimates from the literature shows thatvigni ap-
ported by the good agreement between individusihi - estimates: pears to be stable (e.gvsini=110 km s'/Conti & Ebbets| 1977;
vsini = 67 km s (Penny 1996) andsini =65 km s (Howarth et al. vsini =120 km s|Penny| 1996,vsini =112 km s[Howarth et al.
1997). 1997), while itsV, varies (Rabaud 1996; Sana eta. 2008). On the
basis of the detection of an additional weak absorption aapt in
He Il 24686 [ Sana et|a. (2008) suggested that HD 152247 is a SB2
- consisting of an O9 Il and an 09.7 V component. This resuatidi-
CD -434690 - Classified as O7.5 lli(f) by Crampton (1971)onally supported by detected discrepancies in the widHselium
and thereafter by Mathys (1988). The morphology of our Spett ang Baimer lines (Paper Il). HD 152427 is definitely a SB2, rghe
agrees well with the O7 1II(f) designation: Hedk471 is as deep ihe secondary is significantly fainter (by 3 or more magrégitb be

as He 1114541 N Il is in emission, and He 114686 is some- cqnsistent with the “null companion detection’ of Mason [€t2009)
what weaker than He 4541 . We measure lo@/' =—0.20 and 10-  than the primary.

gEW(4686)= —0.23, which is indicative of the O6.5/M type. This
star has never been observed systematically, neither iplettically
nor spectroscopically. A comparison of individual datavided in HD 302505 - Classified as 09.5 Il by Georgelin & Georgelin
the Reed (2005) catalogue did not reveal any significanatiaris in  (1970) and O8.5 Il by Garrison, Hiltner and Schild (197 7ja@ptoh
V andB -V on a longer (year) timescale. Based on several snapsh{#972) listed it as B2 without, however, any reference to dhigi-
observations, Crampton (1972) conclude that this startia¥p- vari-  nal source. Our spectrum, visually, resembles that®fi, the clas-
able. The model atmosphere analysis does not reveal anyaptis-  sification standard of the O9 Il type (Walborn & FitzpatritR90).
crepancy (Paper Il). We consider CD -43 4690 as a spectriwstlyp log W = 0.16 and logWw” = 0.22 indicate O8 Ill. The lack of con-
single object. sistency between the assigned spectral types might beiated as
evidence of a companion. However, this view is not suppdoethe
close agreement between the model and the observed speaprer (
) I). Individual UBV measurements listed in the Reed (2005) cata-
HD 92504 was denoted by 08.5 V (Walborn 1973), and this classjgue suggest that HD 302505 is photometrically stable congér
fication was repeated by Garrison. Hiltner and Schild (19T@)ner imescale (withinAV < 0.1 mag,A(B — V) < 0.1 mag). Thus, we
(1977) assigned O9 V. The visual appearance of our speciiien-  consjder this star a single object, but future photometnid edial-
tical to that of the 08.5 V standard HD 46 149 (Walborn & Fitimk  \e|ocity monitoring is required to check this view.
1990). We measure oYy’ = 0.32 and logv” = 0.11, indicative of
the O9 IV type. IndividualUBV measurements listed in the Reed
(2005) catalogue suggest that the star is photometrictdlyieson a CPD -44 4865 has been classified as 09.5 Ib by Feast et al. (1961);
long (year) timescale. Individudl, - estimates given in various cataiMathys (1988) reclassified it as 09.7 lll. The general apgeee
logues (e.g., 11190 4 Duflot, Figon, Mayssonnier 19957325 {Reed of our spectrum resembles that of HD 48434, the classifigatio
2005) agree well. The model atmosphere analysis has noaleele standard for BO Il [((Walborn & Fitzpatrick 1990). The only tiae-
any discrepancy in the spectrum (Paper Il). This star idylikesingle able diference is that in CPD-44 4865, the lines He 1h4200
object. and He 1124541 are definitely present, while they are missing in
HD 48434. logW' = 0.61 and logW” =0.19 indicate 09.5 IIl, in
good agreement with the classification lby Mathys (1988). Uio o
N knowledge, CPD -44 4865 has never been systematically \cdxber
HD 151003, SB1? was classified as 09 Il (Walborn 1973),h the Reed catalogue (2005), it is flagged as "RV var”, but fe r
09.5 Il (Mathys11988) and O9 Ib(Garrison, Hiltner and Schil grence to the corresponding source(s) is provided. A casgaof
1977). The morphology of our spectrum is in-between thathef ti,qgividual v, - estimates from dierent observational epochs does not
classification standards HD 148546 (09 la) an®ri (09 lll)  ghow any significant variations (e.&, = 40 km s, the GCMRV:
(Walborn & Fitzpatric< 1990), suggesting an intermediaglCclas- \, —39.3 km s, the Reed 2005 catalogue). The model atmosphere
sification. logW’ = 0.32 and log\” = 0.24 indicate O9 Ill. The dier- analysis has not posed any problem: excellent fits were redsidior
ences in the spectral classifications of HD 151003 mightateithat 5| strategic lines with one set of parameters (Paper 1)t sug-
ithas a composite spectrum caused by binarity. Within thasiof the  gests that CPD -44 4865 is likely a spectroscopically siobject.
Mason et alV-band interferometry, no indication of any companion
was found. In the Turner et al. (2008) adaptive optidsand photo-
metric survey the star is flagged with “V”, i.e., "one or modglgional HD 69106 - |Morris (1961) classified this star as BO0.5 IlI;
spectroscopic companions identified”. Basedvpn arguments, Gies |Garrison, Hiltner and Schild (1977) reclassified it as B&/Br. Our
(1987) suspected that HD 151003 is a SB1. This view is supgortspectrum resembles that ef Sco, the classification standard for
by discrepant widths of strategic helium and Balmer linegp@® I). BO0.2 V (Walborn & Fitzpatrick_1990). The measured 19g=0.74
Thus, it seems likely that HD 151003 is an SB1. Systematidgho corresponds to 09.7. A literature research shows that HID®91
metric angor radial velocity observations are needed to convincinglyas been recognised as a photometrically variable stan, avipe-
prove this possibility. riod of 1.48 d (Marchenko et/al 1998). The star has not beeni-mon
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Table A.1. Equivalent widths (in A) and equivalent width ratios as mead for the O-type stars in our sample. Accuracy of
individual equivalent width measurements: 0.02 to 0.07, depending on the strength of the line (the stronger the time
higher the accuracyuantitativeclassification accounting for the error in I8¢ (~ = 0.03 dex) and loyV’(< +0.05 dex).

Star He 114471 He 1114541 He 114143 SilV4089 log EW(4686F log W' P log W’ ¢ quant. class.
HD 64568 - 0.84 - - -0.46

HD 93204 0.34 0.81 - - -0.17 -0.38 055V
HD 93843 0.30 0.70 - - -0.72 -0.37 O5.5111
CPD-59 2600 0.43 0.63 - - -0.24 -0.17 06.5 Vil
HD 63005 0.59 0.80 - - -0.12 -0.13 06.5V
HD 152723 0.45 0.60 - - -0.36 -0.12 06.51ll
HD 93160 0.55 0.62 0.15 0.17 -0.05 005 O7V

HD 94963 0.59 0.61 0.11 0.23 -0.01 0.32 O7-7.5]1I
CPD-582620 0.64 0.76 0.12 0.22 -0.07 0.26 O7ll

HD 69464 0.64 0.66 0.10 0.19 -0.01 0.28 O7-7.511
HD 93222 0.60 0.65 0.12 0.23 -0.03 0.28 071l

HD 91824 0.58 0.75 0.13 0.15 -0.05 -0.11 06.5V
CD-434690 0.47 0.75 0.08 0.16 -0.23 -0.20 06.5 Vil
HD 92504 0.87 0.42 0.29 0.37 0.32 0.11 o9V
HD 151003 0.78 0.37 0.25 0.44 0.32 024 091
HD 152247 0.86 0.35 0.30 0.47 0.39 0.19 09l
HD 302505 0.79 0.55 0.22 0.37 0.16 0.22 08Il
CPD-44 4865 0.89 0.22 0.32 0.50 061 0.19 09511
HD 69106 0.95 0.17 0.74 09.7

a— log EW(1 4686) determines the luminosity class for stars of spettpals O6.5 and earlier (see Mathys 1988).
b _log W =log EW (Hel14471)— log EW(Hell14541) determines the spectral type (see Conti & Alschul@dhd Mathys 1988).
¢~ log W’ = log EW (Hel14143)- log EW (SilV14089) determines the luminosity class for stars of O7 arat [@onti & Alschuler 1971).

tored spectroscopically. Individuaisini - estimates agree well (e.g.,
vsini =329 km st ,|Howarth et al. 1997y sini =316 km s?!,|Balona
1975;vsini =328 km s!,|Conti & Ebbets 1977). Excellent fits have
been derived for all strategic lines in the spectrum (Pdpdnithe ab-
sence of direct evidence of binarity, we suggest that HD 634 tnhore
likely a single very late O-type dwarf undergoing stellatgations.

Appendix B: High-resolution atlas of our sample
of stars
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Fig.B.1. High-resolution spectra of sample stars which have beessifiled originally as giantsMorphological classi-
fication as provided by Walborn_(Walborn 1972, 1973) using l@solution photographic spectra (with individual data
from |Garrison, Hilther and Schild (1977)), together withr aoor phologicalclassification based on high-resolution spectra.
Confirmedsuspected SB1 and SB2 are also indicated.
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Fig.B.2. As Fig.[B.1, but for stars originally classified as dwarfs.
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