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ABSTRACT

Context. Massive star evolution remains only partly constrained. In particular, the exact role of rotation has been questioned by
puzzling properties of OB stars in the Magellanic Clouds.

Aims. Our goal is to study the relation between surface chemical composition and rotational velocity, and to test predictions of
evolutionary models including rotation.

Methods. We have performed a spectroscopic analysis of a sample of fifteen Galactic O7-8 giant stars. This sample is homogeneous
in terms of mass, metallicity and evolutionary state. It is made of stars with a wide range of projected rotational velocities.

Results. We show that the sample stars are located on the second half of the main sequence, in a relatively narrow mass range (25—
40 M,,). Almost all stars with projected rotational velocities above 100 km s~! have N/C ratios about ten times the initial value. Below
100 km s~! a wide range of N/C values is observed. The relation between N/C and surface gravity is well reproduced by various sets
of models. Some evolutionary models including rotation are also able to consistently explain slowly rotating, highly enriched stars.
This is due to differential rotation which efficiently transports nucleosynthesis products and allows the surface to rotate slower than the
core. In addition, angular momentum removal by winds amplifies surface braking on the main sequence. Comparison of the surface
composition of O7-8 giant stars with a sample of B stars with initial masses about four times smaller reveal that chemical enrichment
scales with initial mass, as expected from theory.

Conclusions. Although evolutionary models that include rotation face difficulties in explaining the chemical properties of O- and
B-type stars at low metallicity, some of them can consistently account for the properties of main-sequence Galactic O stars in the

mass range 25-40 M.
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1. Introduction

The evolution of massive stars depends on several ingredients.
As for all types of stars, initial mass is the main one. The relation
between mass and luminosity implies that more massive stars
are located higher in the Hertzsprung-Russell diagram. They
live less long and develop stronger stellar winds. The associ-
ated mass-loss rates severely affect the life of massive stars, re-
moving mass and leading to important changes in the internal
structure and surface properties (Chiosi & Maeder 1986). Rota-
tion plays also a key role on the evolution, changing not only
the geometry of stars but also affecting the transport of angular
momentum and chemical species (Maeder & Meynet 2000). Fi-
nally, the presence of a companion can drastically modify the
fate of massive stars because of tidal interactions and mass ex-
change (Langer 2012).

Comparisons between predictions of evolutionary models
and results of spectroscopic analysis of observed stars is a stan-
dard way of testing and improving models, with the goal of a
better knowledge of stellar evolution. Surface abundances are
particularly interesting. They can be modified by stellar winds
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that remove external layers and reveal internal regions where
nucleosynthesis products are present. Rotation can also modify
the surface composition: mixing processes triggered by rotation
can bring freshly processed material from the interior to the sur-
face. Finally, mass accretion in binary systems obviously con-
taminates the surface properties of both components.
Evolutionary models including rotation are being developed
by several groups (Meynet & Maeder 2000; Heger et al. 2000;
Brott et al. 2011a; Chieffi & Limongi 2013). In parallel, atmo-
sphere models now routinely include metals, allowing determi-
nations of C, N, and O (among others) abundances (Hillier et al.
2003; Hunter et al. 2008; Morel et al. 2008; Martins et al. 2012,
2015a; Rivero Gonzalez et al. 2012; Bouret et al. 2013). Rela-
tively large samples of stars are required to provide quanti-
tative constraints on the predictions of evolutionary models.
Hunter et al. (2008) presented surface nitrogen abundances for
several tens of B stars in the Large Magellanic Cloud. Al-
though the majority of stars showed a correlation between ni-
trogen content and projected rotational velocities, Hunter et al.
also discovered that slowly rotating and N-rich and fast rotators
and unevolved objects existed (see also Morel et al. 2006). The
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former group questioned the role of rotational mixing in massive
stars evolution since evolutionary models could not explain such
strong chemical enrichment with so small projected rotational
velocities. Rivero Gonzélez et al. (2012) found similar slowly-
rotating nitrogen-rich O stars in the Large Magellanic Cloud.
Maeder et al. (2009) cautioned that surface composition does not
depend only on rotation (see above) and stressed that isolating its
effect required homogeneous samples.

Analysis of O stars in different environments showed that
evolutionary models usually reproduced their surface proper-
ties consistently (Martins et al. 2012, 2015a; Bouret et al. 2012,
2013). In particular, Martins et al. (2015a) found that chemical
enrichment was very well correlated with evolutionary state. A
direct test of the relation between surface composition and pro-
jected rotational velocity was performed by Rivero Gonzilez
(2012) for O stars in the Magellanic Clouds, but is still missing
for Galactic O stars. In addition, samples analyzed so far cover
wide ranges of mass and age that blur the effects of rotation.

The goal of the present study is to perform such an investi-
gation. In Sect. 2 we describe how we built our sample and the
related observations. Section 3 explains our method to determine
the surface properties. The results are given in Sect. 4 and dis-
cussed in Sect. 5. Finally, we gather our conclusions in Sect. 6.

2. Sample and observations

Surface abundances of OB stars depend on several parame-
ters: age (or evolutionary state), initial mass, metallicity, rotation
rate, presence of a companion (Brott et al. 2011a; Ekstrom et al.
2012; Chieffi & Limongi 2013; Maeder et al. 2009). To isolate
the effects of rotation, it is thus necessary to reduce the space
of the other parameters as much as possible. Consequently, we
first excluded known close binaries from our sample since such
objects are likely to interact and affect surface chemical com-
position (Langer 2012). We then built our sample from Galactic
stars bright enough to be observed at high spectral resolution on
1-4 m telescopes. This ensures that the stars are relatively close
to the Sun and share a common metallicity.

As was shown by Martins et al. (2015a) surface nitrogen
enrichment and carbon and oxygen depletion increase as stars
move away from the zero-age main sequence and to the post-
main sequence phase. This trend is also predicted by evolution-
ary models including rotation (e.g., Brott et al. 2011a). Surface
abundances thus differ more from their initial values in super-
giants than in dwarfs. However, supergiants are usually post-
main sequence objects. Their radius has increased significantly
at the end of the main sequence and consequently their rota-
tional velocity has dropped. Hunter et al. (2008) showed that
stars with surface gravities lower than 3.2 did not have Vsini
larger than about 100 km s~!, while for objects with higher sur-
face gravities, V sini was in the range ~20 to 400 km s~' (see
also Martins & Palacios 2013). Hence, in order to have a sam-
ple showing evidence of chemical mixing and covering a wide
range of projected rotational velocities, giants appeared to be the
best candidates. Assuming they are not binary merger products,
these stars are already evolved from the zero-age main sequence
(and thus are chemically evolved) but have not yet reached the
terminal-age main sequence, ensuring that they can cover a range
of Vsini.

Finally, we wanted to build a sample with a narrow range
of initial masses. In practice, we selected stars located in a rel-
atively narrow region in the logg — T.g diagram (see below).
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This implied stars with similar effective temperatures and con-
sequently similar spectral types. Given the shape of the initial
mass function, early-type O stars are not as numerous as late-
type O stars and we thus focussed on the latter.

The final selection was governed by the availability of
high spectral resolution data in the IJACOB and OWN sur-
veys (Simoén-Diaz et al. 2015; Barbd et al. 2010). At the time
of our sample selection, O7-8 was the spectral type range with
the largest number of data available. We thus decided to fo-
cus on them. We ended up with a sample of 15 objects with
spectral type O7-8 and luminosity class II and III. The main
characteristics of the spectroscopic data we used are given in
Table 1. For information on the data reduction, we refer the
reader to the work of Barbd et al. (2010), Walborn et al. (2011)
and Simoén-Diaz et al. (2015).

The bulk of our sample is made of presumably single stars. In
Appendix A and Fig. A.1 we show time series of spectra for most
of the sample stars. BD +60261, HD 171589 and HD 163800 are
the only stars showing small radial velocity (RV) variations. All
other targets are stable. Assuming that these three RV variable
stars are binaries (such small RV variations may also be due to
stellar oscillations) and that they have experienced mass transfer,
we estimate that at most 20% of our sample is contaminated by
binarity effects. Regardless of RV variations, one can also quote
de Mink et al. (2014) who predict an incidence of 19% of merger
products among presumably single stars.

Our sample remains small but is built to limit the effects
of initial mass, age, binarity and metallicity on surface abun-
dances. It covers a wide range of projected rotational velocities
(see Sect. 3) and allows to test the effects of rotational mixing on
Galactic O stars.

3. Modeling and spectroscopic analysis

We used the code CMFGEN to perform the spectroscopic anal-
ysis. CMFGEN compute non-LTE atmosphere models in a
spherical geometry. It includes stellar winds and line-blanketing
(Hillier & Miller 1998). The radiative transfer, rate equations
and energy conservation equation are solved iteratively to pro-
vide the temperature structure and the level populations. The
following elements are taken into account in the calculations: H,
He, C, N, O, Ne, Mg, Si, S, Ar, Ca, Fe, Ni. The radiative force is
computed self-consistently and is used to perform iterations of
the hydrodynamical equation below the sonic point, in order to
obtain a consistent hydrodynamical structure in the inner atmo-
sphere. The resulting velocity law is connected to a 8 law in the
outer part: v = veo(1 — g)/* with R the stellar radius and v, the ter-
minal velocity (we adopted 8 = 1.0). Once the atmosphere model
is converged, we compute the corresponding synthetic spectrum
from a formal solution of the radiative transfer equation. In that
step, a microturbulence varying from 10 km s~ at the photo-
sphere to 0.1 X v, at the outer boundary is adopted.

The spectroscopic analysis based on such synthetic spectra is
performed as follows.

3.1. Line-broadening parameters (V sini and Viygc)

These two parameters were obtained simultaneously using the
IACOB-BROAD tool and following the strategy described in
Simén-Diaz & Herrero (2014). We used O 15592 as diagnos-
tic line for all the considered targets. From the various options
provided by IACOB-BROAD, we kept the values V sini and vy
determined from the goodness of fit solution (after checking the
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Table 1. Observational information.

Star Sp.T.! Instrument Resolving power Date of observation

BD +60261  O7.5 HI(n)(f) FIES 25000 19 Sep. 2011

HD 24912 07.5 HI(n)(f) FIES 46 000 09 Sep. 2008

HD 34656 07.5 II(f) FIES 46000 24 Dec. 2012

HD 35633 07.5 I(n)(f)? FIES 25000 29 Jan. 2013

HD 36861 08 TII((f)) HERMES 85000 03 Feb. 2014

HD 94963 o7 II(f) FEROS 48000 average 21 and 27 Apr. 2007
HD 97434  O7.51(n)((f)) FEROS 48 000 average 26 May 2007/22 Mar. 2011/02 Apr. 2015
HD 151515 o7 II(f) FEROS 48000 19 Apr. 2007

HD 162978 08 1I((f)) FIES 46000 28 Aug. 2011

HD 163800  O7.5 HI((f)) FIES 46000 10 Sep. 2011

HD 167659 O7 II-I(f) FIES 46000 08 Sep. 2010

HD 171589 o7 1I(f) FIES 25000 12 Sep. 2011

HD 175754  OS8II(n)((f))p FIES 46000 08 Sep. 2010

HD 186980 07.5 II(f) FIES 46000 08 Aug. 2010

HD 203064  O7.5 llIn((f)) HERMES 85000 16 Jun. 2011

Notes. (' Spectral types are from Sota et al. (2011, 2014). ® From J. Maiz Apellaniz (priv. comm.)

good agreement between V sin i (FT) and V sin i (GOF)), as pub-
lished by Simén-Diaz & Herrero (2014).

3.2. Effective temperature and surface gravity

T is constrained from the ionization balance method, (i.e., the
relative strength of Hel and HeTl lines). We used He1 4026
(blend with Hell 4026), Hel 4388, Hel 4471, Hel 4713,
Hel 4921, He1 5015, He1r 4200, Hell 4542, and Hel 5412.
Surface gravity was obtained from the width of Balmer lines:
Hp, Hy, Ho, He, HZ, and Hy. Tex and logg were obtained si-
multaneously: a grid of synthetic spectra was convolved with a
rotational and radial-tangential profile (parameterized by V sin i
and vp,c). Each spectra was subsequently compared to the ob-
served one and the goodness of fit was quantified by a y? calcu-
lation. The best fit model was extracted from this process. The
error bars in T.g and log g are correlated, but on average Teg is
estimated at better than 2000 K and log g at better than 0.2 dex.

3.3. Surface abundances

For each star, a set of models with Tt and log g determined as
explained above but with different compositions in C, N and O
were calculated. Comparison to observed CNO lines was made
(quantified by a y? analysis) to provide the final abundances. We
used mainly C 111 4070 for carbon, complemented when possible
by C1r 4153, C1r 4157 and C 111 4163. For nitrogen, N1 4511,
N1 4515, N1 4518, and N 1IT 4524 were the main diagnostics.
NI 4196 was used in a few cases. Finally, the oxygen abun-
dance was obtained from O 111 3962 and O III 5592, with the oc-
casional use of O 111 3791. Due to the small number of lines used,
we can only provide a lower limit on O/H (above this value, x>
reaches a minimum plateau).

For two objects (HD 34656 and HD 175754) we had to in-
crease the helium content from 0.10 to 0.15 to correctly repro-
duce the helium lines. For all the other targets, He/H = 0.10
was adopted. In absence of accurate distance estimates for the
targets, we adopted their luminosity from the calibrations of
Martins et al. (2005).

Number of stars

200

0 100 300

Vsini [km s-!]

Fig. 1. Distribution of projected rotational velocities (V sini) in our
sample.

4. Results

The results of the quantitative analysis are summarized in
Table 2. The best fits for each star are shown in Appendix B.
Six stars (HD 24912, HD 34656, HD 36861, HD 162978,
HD 186980, HD 203064) were previously studied by Martins
et al. (2015a). The parameters we determined in the present
study are in good agreement with those of Martins et al. (2015a).
Within the error bars, the surface abundances are the same
between both study, with the only exception of C/H for
HD 203064. Given the different set of data and different assump-
tions regarding V sini and vy, this indicates that our results are
safe.

Figure 1 gives the distribution of Vsini in our sample.
A wide range of values is covered, from about 50 to nearly
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Star Sp.T. Teg logg logg. Vsini Vmac C/H N/H  O/H log(N/C) log(N/O)
(kK] [kms™!'] [kms™'] [10™*] [107*] [107%]
BD +60261 O7.51In){f) 345 3.50 3.54 162 <110 23703 5871 >40 040702 <0.16
HD 24912  O75II(n)f) 33.5 3.50 3.56 230 <80  1.3792  51*19 23*13 059*01 0.35%02¢
HD 34656 O7.51(f) 355 3.60 3.6l 63 73 0.9%03  7.8747 3.6%12  0.94*030  0.34%93
HD 35633  O7.5I(n)(f) 33.5 3.40 3.45 168 <125 21703 1.070¢  >47 -0.32%038 <-0.67
HD 36861 O8II((f)) 350 3.75 3.75 60 60 23106 14706 >35 022402 <-0.40
HD 94963 07 11I(f) 350 3.50 3.51 63 99 2.0%0¢ 4717 >32 037492 <0.17
HD 97434  O7.5II(n)((f)) 340 3.50 3.57 230 <125 13702 55939 92701 0.637030 -0.2270%
HD 151515 07 11(f) 36.0 3.60 3.61 67 88 17496 5640 25417 052035 0.3570%7
HD 162978  O8II((f))  33.5 3.40 3.4l 53 93 17402 59733 4093 0.5470%  0.17705
HD 163800 O7.51I((f)) 355 3.60 3.61 56 100 3.0%04 31498 >64  0.017013 <-0.31
HD 167659  O7I-III(f) 360 3.60 3.61 76 92 22103 21706 45430 0021014 —0.33103¢
HD 171589 07 11(f) 36.0 3.75 3.76 98 83 20708 55720 5479 0.44%920  0.01703
HD 175754 OSI(n)(H))p 33.0 3.30 3.37 191 <90  2.679% 96*1L0 73%2 0577037 0.12703
HD 186980  O7.51II(f) 355 3.75 3.75 52 96 20703 28708 60733 0.15'01% 033702
HD 203064 0O7.51In((f)) 33.5 3.60 3.68 314 <45 07704 1.8*9¢  >55 041703 <-0.49

Notes. Uncertainties on T, log g, V sini and vy, are ~2.0 kK, 0.20 dex, 10 and 20 km s7! respectively. log g, is the surface gravity corrected for

centrifugal acceleration. Abundances are number ratios.

300 km s~!. Nine (six) stars have projected rotational velocities
smaller (larger) than 100 km s~'. Obviously the distribution of
true rotational velocities may be different owing to the projec-
tion factor. However, it is unlikely that all stars with low V sin i
are fast rotators seen nearly pole-on.

The position of the target stars in the log g — Tq diagram is
shown in Fig. 2. They are located over a relatively small area, as
expected from the selection criteria: their 7T.¢ and logg do not
differ by more than 3000 K and 0.40 dex respectively. Accord-
ing to the evolutionary tracks of Ekstrom et al. (2012), all targets
have initial masses between 25 and 40 M. They are located in
the second part of the main sequence, but have not yet reached
the terminal-age main sequence. All stars are thus in a relatively
close state of evolution.

Figure 3 shows the ratio N/C as a function of N/O. These
two ratios are clearly correlated and lie between the predictions
of complete CNO or partial CN cycles, as expected from nucle-
osynthesis predictions (e.g., Maeder et al. 2014). This indicates
that the surface CNO abundances correspond to material pro-
duced in the stellar core and brought to the surface by mixing
processes. Some stars are barely chemically evolved while oth-
ers show nitrogen enrichment and carbon-oxygen depletion.

We have checked that our sample is made of stars with rel-
atively homogeneous masses and evolutionary states. The tar-
gets also show various degrees of chemical enrichment, that
can now be confronted to rotational velocities. This is shown in
Fig. 4. The large majority of stars are N-rich and C-poor, but
the range of N/C covers more than one order of magnitudes.
There is no clear correlation between N/C and Vsini. Above
100 km s~!, most stars have log(N/C) = 0.5. The only excep-
tion is HD 35633 which shows very little enrichment. Figure 5
shows a qualitative view of this, by comparing CNO lines of
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Fig. 2. logg — log (Ter) diagram for the sample stars. Typical uncer-
tainties are shown in the upper-left corner. Evolutionary tracks from
Ekstrom et al. (2012) including rotation are overplotted, labeled by ini-

tial masses.

BD +26261 and HD 35633. Both stars have similar C 111 4070
and O1 5592 indicating the same C/H and O/H ratios (see
Table 2). But the N1II lines are stronger in BD +60261, lead-

ing to a larger N/C ratio. Below 100 km s

-1

a wide range of
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Fig. 3. log (N/C) —log (N/O) diagram for the sample stars. Solid lines in-
dicate the prediction of nucleosynthesis through the partial CN or com-
plete CNO cycle.
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Fig. 4. log (N/C) — V sini diagram for the sample stars. The dot-dashed
horizontal line shows the solar N/C ratio. The lack of stars with V sini <
50 km s! is partly due to limitations of the method to determine V sin i
(see Simo6n-Diaz & Herrero 2014).

N/C ratios is obtained for a relatively narrow range of projected
rotational velocities (50-100 km s7!).

5. Discussion
5.1. Testing evolutionary models for Galactic O stars

The determination of CNO surface abundances in our sample
of O7-8 giant stars reveals trends with projected rotational ve-
locity already observed for lower mass B stars. Hunter et al.
(2008) studied the nitrogen abundance of B-type stars in the

Normalized flux

BD+60261
HD 35633

AlA]

Fig. 5. Comparison between the observed spectrum of BD +60261
(black solid line) and HD 35633 (red dashed line). C 111 4070, O 111 5592
and the NI lines around 4510 A are displayed in the upper left, upper
right and bottom panel respectively. Both stars have very similar V sin i.

Large Magellanic Cloud and concluded that among main se-
quence stars, a variety of N/H ratios were obtained. The major-
ity of stars showed a trend of higher N content with larger ro-
tational velocity. But some fast rotating objects were unevolved
whereas some slow rotators were very N-rich. Both groups of
objects questioned the ability of rotational mixing in account-
ing for surface abundances, since evolutionary models includ-
ing rotation predict a correlation of N/H with V sini. Subsequent
analysis of B stars in the Small Magellanic Cloud (SMC) also re-
vealed the presence of N-rich stars with low V sini (Hunter et al.
2009). The Galactic sample of B stars of Hunter et al. (2009) did
not show such objects.

As discussed by Maeder et al. (2009; see also Fig. 8 of
Brott et al. 2011a), the dependence of surface abundances on
multiple parameters (initial mass, age, metallicity, rotation rate)
may be hampering the correct interpretation of the observed dis-
tribution of stars in the N/H — V sin i diagram obtained by these
studies. Taking this into account, Brott et al. (2011b) built popu-
lation synthesis models and confirmed the results of Hunter et al.
(2008): a non negligible fraction of stars show either large chem-
ical enrichment and small projected rotational velocities, or al-
most no enrichment and fast rotation. These objects could not
be fully reproduced by the evolutionary models of Brott et al.
(2011a).

To see if such results were still valid in the mass range cov-
ered by O stars, Bouret et al. (2013) confronted the surface abun-
dances of SMC O stars to the predictions of the evolutionary
models of Brott et al. (2011a) in a N/C versus log L_L@ diagram.
They concluded that in this diagram evolutionary models were
able to account for the properties of the sample stars. At the
same time, they found that in the N/H — V sini diagram, there
was a group of N-rich slow rotators, as in the B stars stud-
ied by Hunter et al. (2008, 2009) and the O stars analyzed by
Rivero Gonzélez et al. (2012).

More recently Martins et al. (2015a) analyzed the sur-
face properties of seventy four Galactic O stars. They estab-
lished a clear trend of stronger chemical enrichment as stars
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Fig. 6. log(N/C) as a function of log g for the sample stars. The evolu-
tionary tracks including rotation of Ekstrom et al. (2012) are overplot-
ted and labelled by initial mass (initial rotation ~300 km s~!). The hor-
izontal dot-dashed line indicates the solar N/C ratio.

evolve from dwarfs to giants and supergiants. Evolutionary
tracks including rotation produced by Ekstrom et al. (2012) and
Chieffi & Limongi (2013) could reproduce more than 80% of the
surface abundances in a log (N/C) — logg diagram. The mod-
els of Brott et al. (2011a) reach high N/C too early (i.e., at too
high log g) to correctly reproduce the observed abundances. A
trend of stronger enrichment in more massive stars was also
highlighted by Martins et al. (2015a). These results indicates that
some of the current generation of evolutionary models including
rotation are able to account quantitatively for the relation be-
tween surface abundances and evolutionary state.

Figure 6 confirms these findings for the present study: al-
most all of the O7-8 giant stars lie between the 25 and 40 M,
tracks of Ekstrom et al. (2012), in perfect agreement with the es-
timated initial mass of these objects from Fig. 2. The Geneva
evolutionary tracks including rotation are thus able to reproduce
the observed range of surface abundances in a logN/C — logg
diagram. The only clear outlier is HD 35633 that we discussed
in Sect. 4.

The studies of Hunter et al. (2008, 2009) and Brott et al.
(2011b) showed that the evolutionary models of Brott et al.
(2011a) could not reproduce the position of main sequence stars
in the log (N/H)-V sin i diagram and for B stars in the Magellanic
Clouds. Figure 7 shows a similar diagram (log (N/C)-V sin i) for
our sample stars, together with the predictions of Ekstrom et al.
(2012). The velocities from the models are equatorial velocities
and are thus upper limits on V'sini. The positions of the sam-
ple stars should be compared with the red bold part of the tracks
which correspond to their range of surface gravities as deduced
from Fig. 2. In the left panel of Fig. 7 all evolutionary mod-
els have an initial rotational velocity on the zero-age main se-
quence close to 300 km s~!. These models cover the range of
observed N/C. Of particular interest is the ability of the mod-
els to reproduce slowly-rotating chemically enriched O stars. In-
deed, braking during the main sequence is sufficiently strong to
significantly reduce the equatorial velocity. At the same time,
chemical enrichment is strong enough to produce large values of
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N/C. The red bold part of the 32 and 40 M., evolutionary tracks
crosses the region of highly enriched, slowly rotating stars. On
the other hand the 25 M, track remains with equatorial velocities
larger than 100 km s~! during the entire main sequence. With an
average reduction of the equatorial velocity by a factor 4/7 due
to the sin i factor, it can nonetheless reach values consistent with
observations. Consequently tracks selected to represent the po-
sition of the sample stars in the logg — T diagram are also
(partly) able to reproduce their positions in the upper left part of
the log (N/C) — V sin i diagram.

Fast rotating, chemically enriched stars, as well as slow ro-
tators with little surface enrichment, can be accounted for by
models with higher (respectively lower) initial rotational veloc-
ity. This is illustrated in the right panel of Fig. 7. The models
all have an initial mass of 32 M, but different initial rotational
velocities: in addition to an initial ratio of equatorial velocity to
critical velocity of 0.4, we have computed models with ratios of
0.2 and 0.6 (using the Geneva evolutionary code described in
Ekstrom et al. 2012). The part of the tracks matching the surface
gravity of the sample stars nicely reproduces the range of N/C
values. Hence, our study shows that in the mass range probed,
the evolutionary models of Ekstrom et al. (2012) are able to re-
produce consistently the surface chemical composition of Galac-
tic O stars, their position in the logg — T.g diagram and their
projected rotational velocity.

This result is different from what was obtained for O and
B stars in the Magellanic Clouds. Hunter et al. (2008, 2009),
Brott et al. (2011b), and Rivero Gonzalez et al. (2012) used the
evolutionary tracks of Brott et al. (2011a). These models are
based on the diffusive formalism of Endal & Sofia (1978) to in-
clude rotational mixing and transport. In addition, they include
magnetic fields which tend to lead to solid-body rotation. Angu-
lar momentum removal by stellar winds takes place, but due to
the strong coupling between the stellar core and surface, angu-
lar momentum is extracted from the core and efficiently trans-
ported to the surface. This compensates for the angular momen-
tum loss by winds. Hence, surface velocity remains high on the
main sequence. Ekstrom et al. (2012) use the advecto-diffusive
formalism of Zahn (1992) and Maeder & Zahn (1998) for ro-
tation and do not include magnetic fields. This produces mod-
els with differential rotation in which the coupling between core
and surface is not as strong as in the case of solid-body rotation.
Consequently surface velocity can decrease significantly already
on the main sequence. The studies of Hunter et al. (2008, 2009),
Brott et al. (2011b) and Rivero Gonzalez et al. (2012) are also
for low metallicity stars in which winds are weaker and rota-
tional mixing stronger, while in the present study we analyze
Galactic stars.

A further test of evolutionary models is shown in Fig. 8. The
tracks of Chieffi & Limongi (2013) have now replaced those of
Ekstrom et al. (2012). According to these new models, our sam-
ple stars have an initial mass between 30 and 60 M., (see left
panel of Fig. 8). In the log (N/C) — Vsini diagram the 30, 40
and 60 M, tracks cover the range of observed N/C ratios. How-
ever, the part of the tracks corresponding to the surface gravities
derived from the log g — Tt diagram remain at too high veloc-
ities to account for the low V sini/high N/C stars, very much
like the situation encountered for OB stars at low metallicity.
We conclude that the models by Chieffi & Limongi (2013) are
not braked sufficiently to provide a consistent picture of surface
abundances in main sequence stars. The main difference between
these models and those of Ekstrom et al. (2012) is the prescrip-
tion for the shear mixing coefficient: Maeder (1997) for the lat-
ter, Talon & Zahn (1997) for Chieffi & Limongi (2013). Since
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Fig. 7. As Fig. 4 with evolutionary models including rotation from Ekstrom et al. (2012). The red bold part of the tracks corresponds to 3.3 <
log g < 3.7, the range covered by the sample stars. Left panel: evolutionary tracks with initial masses 25, 32 and 40 M and an initial rotational
velocity of ~300 km s~!. Right panel: evolutionary tracks with an initial mass of 32 M, and various initial rotational velocities.
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Fig. 8. As Fig. 2 (left panel) and Fig. 7 (right panel) with the evolutionary models of Chieffi & Limongi (2013).

otherwise the inclusion of rotational mixing is the same and mass
loss rates are taken from the same source (Vink et al. 2001), we
attribute the difference in angular momentum transport to this
different shear mixing coefficient.

The main conclusion of our study is that some (but not all)
evolutionary models are able to consistently reproduce the sur-
face properties and abundances of Galactic O stars in the range
25-40 M.

5.2. Comparison with Galactic B stars

The initial goal of the present study was to study the surface
abundances of a homogeneous sample of O stars to test the ef-
fects of rotation. In particular, we wanted to restrict the effects

of initial mass, metallicity and age. Indeed, among other effects,
surface chemical enrichment is predicted to increase with ini-
tial mass (e.g., Brott et al. 2011a). Martins et al. (2015a) showed
that among O stars this seems to be confirmed by observa-
tions. We can use our results to further test this mass depen-
dence. For that, we have selected Galactic B stars from the
studies of Hunter et al. (2009) and Nieva & Przybilla (2012).
We have chosen objects located on the second half of the
main sequence (3.7 < logg < 4.0) and in a relatively narrow
temperature range (20000 < Tt < 25000 K). These objects
are placed in the logg — Tex diagram in Fig. 9. They corre-
spond to stars with initial masses between 7 and 10 M., a
mass range about four times smaller than that of our O7-8 giant
stars.
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Fig. 9. As Fig. 2 with a selection of B stars from Hunter et al. (2009)
and Nieva & Przybilla (2012) shown by open squares.

Figure 10 presents the log (N/C) — logg diagram for both
samples. There is a clear difference between O and B stars.
O stars have log(N/C) = 0.33 + 0.34 while B stars have
log (N/C) = —0.36 + 0.21. Even though there is a range of initial
rotational velocities in both samples, one can say that on average,
the B-stars sample display N/C ratios almost five times smaller
than the O-stars sample. According to Fig. 10 this is also pre-
dicted by the models of Ekstrom et al. (2012). We thus conclude
that the dependence of surface chemical enrichment on initial
mass predicted by stellar evolution with rotation is verified ob-
servationally.

6. Conclusion

We have performed a spectroscopic study of fifteen Galactic
07-8 giant stars. They were selected to represent a homogeneous
sample in terms of initial mass, evolutionary state and metal-
licity. Our goal was to test the effect of rotational velocity on
the surface chemical composition, minimizing the other effects
due to mass, age and metallicity. Optical spectra have been col-
lected from the IACOB and OWN spectroscopic surveys. We
selected giant stars because they can still show a wide range of
rotational velocities (unlike post-main sequence stars) and at the
same time they are evolved enough to show surface chemical
enrichment. The spectroscopic analysis was conducted with at-
mosphere models computed with the code CMFGEN. The main
results are as follows.

All stars are located on the second half of the main sequence
and have an initial mass between 25 and 40 M, (according to
the tracks of Ekstrom et al. 2012). The sample is thus relatively
homogeneous. The distribution of projected rotational velocities
of the sample covers the range 50300 km s,

Most stars with V sin i larger than 100 km s~! show a signifi-
cant enrichment, with N/C values about ten times larger than the
initial, solar ratio. Stars with lower projected rotational veloci-
ties show a wide range of N/C, from about two up to ten times
the initial ratio. These results indicate that stars with low V sini
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Fig. 10. As Fig. 6 with a selection of B stars from Hunter et al. (2009)
and Nieva & Przybilla (2012) shown by open squares. Error bars are not
indicated for clarity.

can be chemically evolved. This is similar to what was found by
Hunter et al. (2008, 2009) and Rivero Gonzalez et al. (2012) for
Magellanic Clouds OB main sequence stars.

The evolutionary models of Ekstrom et al. (2012) reproduce
very well the position of the O7-8 giant stars in the log (N/C)
— log g diagram. The main results of our study is that they also
account for these stars in the log (N/C) — V sini diagram. Equa-
torial velocities in models with masses larger than 30 M, de-
crease sufficiently during the main sequence to reach the range
of observed low V sini. At the same time, surface chemical en-
richment is strong enough so that slowly rotating stars with high
N/C ratios are reproduced. This is attributed to the combina-
tion of differential rotation and wind braking. Models computed
by Chieffi & Limongi (2013) use a different diffusion coefficient
for shear mixing compared to Ekstrom et al. (2012) and conse-
quently remain with too high velocities to provide a consistent
explanation of all properties of our sample stars.

The surface chemical composition of our sample of
07-8 giants shows N/C ratios larger by a factor five compared
to a sample of Galactic B stars from Hunter et al. (2009) and
Nieva & Przybilla (2012). The latter sample consists of stars
with initial masses about four times smaller than the O7-8 giants,
but is similarly made of stars located on the second half of the
main sequence. Consequently, a clear trend of higher surface
chemical enrichment at higher masses is established.

No clear correlation between surface chemical composi-
tion and projected rotational velocity was obtained. The present
study, however, indicates that this is not inconsistent with stellar
evolution in the mass range we probed (2540 M). Evolutionary
models with an advecto-diffusive treatment of rotation are able
to provide a consistent picture of stellar evolution on the main
sequence at solar metallicity when they use the prescription by
Maeder (1997) for the shear mixing. Our results are based on
a limited number of stars. Future investigations of larger sam-
ples should clarify whether entire stellar populations can be ac-
counted for by such models.
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Appendix A: Spectral variability

In Fig. A.1 we show the O 111 5592 line for stars for which sev-
eral spectra are available. This allows us to check if variability is
observed, and to exclude obvious binary systems. O Il 5592 is

BD+60261 — 07.5 N(n)(f) — #3

mainly a photospheric line (e.g., Martins et al. 2015b), ensuring
that wind variability is limited and that spectral variations are
due to the star’s motion or to photospheric processes.
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Fig. A.1. Temporal variability of O1II 5592 for stars having more than one spectrum available. The number of spectra is indicated for each star.

Different colors are used for different dates of observation.
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Appendix B: Best fits to the observed spectra

In this section we show the best fits to the observed spectra of
all target stars. The CMFGEN models are shown in red and the
observed data in black. The fits are of good quality. Small dis-
crepancies exist and result mainly from the adoption of stellar
parameters and abundances aimed at representing an entire set
of lines, not individual lines. For instance, O III 5592 is some-
times too strong or too weak in our models, due to the adoption
of an oxygen abundance best accounting for both O 111 3962 and
0111 5592, and sometimes O III 3791 too (see Sect. 3).
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Fig. B.1. Best fit (red) of the observed spectrum (black) of BD +60261.
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Fig. B.2. Best fit (red) of the observed spectrum (black) of HD 24912.
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Fig. B.3. Best fit (red) of the observed spectrum (black) of HD 34656.
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Fig. B.4. Best fit (red) of the observed spectrum (black) of HD 35633.
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Fig. B.5. Best fit (red) of the observed spectrum (black) of HD 36861. Fig. B.7. Best fit (red) of the observed spectrum (black) of HD 97434,
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Fig. B.6. Best fit (red) of the observed spectrum (black) of HD 94963. Fig. B.8. Best fit (red) of the observed spectrum (black) of HD 151515.
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Fig. B.9. Best fit (red) of the observed spectrum (black) of HD 162978.  Fig. B.11. Best fit (red) of the observed spectrum (black) of HD 167659.
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Fig. B.10. Best fit (red) of the observed spectrum (black) of HD 163800.  Fig. B.12. Best fit (red) of the observed spectrum (black) of HD 171589.
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Fig. B.13. Best fit (red) of the observed spectrum (black) of HD 175754.
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Fig. B.14. Best fit (red) of the observed spectrum (black) of HD 186980.
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