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ABSTRACT

Context. Stellar evolution models of massive stars are very sepsitithe adopted mass-loss scheme. The magnitude and ewoluti
of mass-loss rates significantlffect the main sequence evolution, and the properties ofrpast-sequence objects, including their
rotational velocities.

Aims. Driven by potential discrepancies between theoreticalgdjzted and observationally derived mass-loss rateseifOf star
range, we aim in particular to investigate the response tesr@ss rates that are lower than currently adopted, ifllpbavéth the
mass-loss behavior at the “first” bi-stability jump.

Methods. We performed 1D hydrodynamical model calculations of s#if)— 60 M, Galactic £ = 0.014) stars where thefects

of stellar winds are already significant in the main sequenaese. We have developed an experimental wind routine toiexahe
behavior and response of the models under the influencéfefeit mass-loss rates. This observationally guided, siupd flexible
wind routine is not a new mass-loss description but a usefilldased on the wind-momentum luminosity relation androskaling
relations, and provides a meaningful base for various testscomparisons.

Results. The main result of this study indicates a dichotomy betwesutions of currently debated problems regarding mass-los
rates of hot massive stars. In a fullyfiisive approach, and for commonly adopted initial rotatimetocities, lower mass-loss rates
than theoretically predicted require to invoke an addai@ource of angular momentum loss (either due to bi-stgihiteking, or yet
unidentified) to brake down surface rotational velociti@a.the other hand, a large jump in the mass-loss rates due tm-gtability
mechanism (a factor of 5 - 7 predicted by Vink et al. (2000 ré&sdmy & Astrophysics, 362, 295), but a factor of 10 - 20 in rmoed
models of massive stars) is challenged by observationaltsegnd might be avoided if the early mass-loss rates dgnéth the
theoretically predicted values.

Conclusions. We conclude that simultaneously adopting lower mass-lagssrand a significantly smaller jump in the mass-loss
rates over the bi-stability region (both compared to pridgersed prescriptions) would require an additional meérarfor angular
momentum loss to be present in massive stars. Otherwisepterved rotational velocities of a large population of Pesgiants,
that are thought to be the evolutionary descendants of ®, stauld remain unexplained.

Key words. stars: massive — mass loss — evolution

1. Introduction are determined by the joinffects of internal transport mecha-
nisms and surface angular momentum loss due to mass loss. Our
main goal in this study is to investigate the evolutionarplica-

f[r) urlt?gnth?ltrhcoimg:?it? ﬁ:/olutli?]nt,hma]lcs?xe ?tatr s||lorss\,ﬁqgcg;?§t tions of currently-debated uncertainties regarding thgmitade
action ot the al mass € form of stetia S of mass-loss rates of hot massive stars.

mass loss has a significant impact on the evolution of massive ) o

stars (e.gl, Maeder 2009), influencing their propertieg/mitn- In recent years, it has become clear that the original as-
portant ways. First, evidently the actual stellar mass (ame- sumptions of the radiation-driven wind theory (pioneergd b
tion of time) is dfected by mass loss. The winds of hot OB stafguCy & Solomon 1970 and Castor et al. 1975, hereafter CAK)
and of their descendants areffaiently powerful to remove a need to be reconsidered. The discovery of small-scale inho-
significant amount of mass that their evolutionary pathsedep Mogeneities in stellar winds has had a significant impact on
sensitively on the strength of the wind at the various evohit the derived mass-loss rates (e.g.. Hillier 1991; Feldnief.

ary phases. As a consequence, mass loss (together witlompta2003; L Puls et all_2006; Oskinova et al. 2007;_Sundgyvistiet al.
binarity and metallicity &ects) is a key determinant of the fi-2011;\Surlan et all 2013, and summarized by Puls et al. 12008;
nal end-states of massive star evolution. Second, it hantigc [Sundavist 2013; Puls etial. 2015). Mass-loss rates of hot OB
been noted (Vink et al. 2010) that mass loss is also influgiotia stars derived both from current X-ray (Cohen etlal. 2013;
massive star evolution due to the removal of angular monmentl.eutenegger et al. 2013; Herve etal. 2013; Rauw et al.|2015)
from surface layers (see also Langer 1998) by the stelladwirdV (Sundavistet al. 2011 Bouret et/al. 2018urlan et al.

In particular, the surface rotational velocities and tleemlution [2013), and IR (Najarro et al. 2011) diagnostics do not agiite w
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the widely-used theoretical rates derived|/by Vink etlal.OfP0O even decrease in parallel with,. These and similar findings
andLVink et al. [(2001). The apparent discrepancy is of a factbom other investigations (e.g., Crowther etlal. 2006) hiwe

of between two and three, where rates derived from obseredted vigorous debate about the behavio\bfaround the ex-
tions are lower, when taking the “Vink-rates” at face valseq pected positions of the bi-stability jumps (see also Vinklet
above references), and typically a factor of two when actingn 12010), noting as well that Lamers et al. (1995) found a steep d
for up-to-date abundances in the mass-loss recipe (Pdtedv ecrease ob.,/vesc OVEr a quite narrow temperature range, while
2016). Such changes in the overall mass-loss rates miglet h&@rowther et al.|(2006) identified a much more gradual change
severe consequences for the evolution of massive stars (ggee also Markova & Puls 2008).

Meynet et all. 1994). Vink et al. (2010) argued that a large increase in the mass-

Simulating the wind of the famous Luminous Blue Variabldpss rate due to the first bi-stability jump would lead to an ef
P Cygni (Bl 1), [Pauldrach & Puls| (1990) noted a bi-stabléicient mechanism to brake surface rotational velocities,q0-
behavior. In their self-consistent calculations, keepig = called bi-stability braking (BSB). As already outlined viwver,
19.3 kK and varying logl /L) = 5.74,5.86,5.97, they showed the description of the jump itself is hampered by at leastuwo
that for a small increase in the Eddingtbna large impact is certainties. Firstly, the observed jump temperatdig {imp1 ~
seen on the dynamics of the stellar wind. Instead of a grad28lkK,|Lamers et al. 1995; Prinja & Massa 1998; Crowther =t al.
increaseM showed a strong discontinuity versiisand the be- [2006] Markova & Puls 2008, based on the behaviatoandor
havior resulted in a jump iM accompanied by a corresponding../vesg iS much lower than originally considered. Petrov et al.
jump (in the opposite direction) in the terminal velocitheltrig- (2016) have also confirmed that improved model calculations
gering mechanism of this bi-stability was attributed tolllebav- yield results quite similar to observed values. Secondig, t
ior of the hydrogen Lyman continuum, namely that it becomehange of the observed mass-loss rate, that is, the sizesof th
optically thick at a critical wind density orfective temperature. jump at the first bi-stability location (a factor of 0.4 - 2 whe
The high opacity blocks the flux bluewards of the Lyman edgfllowing the analysis of Markova & Puls 2008) does not agree
and the metals that have ground state photoionisation adgesvith the| Vink et al. [(1999) and Vink et al. (2000) values (a-fac
this frequency range shift to a lower ionisation state. Beom- tor of between five and seven). Even more troublesome is that
bination of metals enhances the radiative line accelaerdtince massive star evolutionary models that adopt the Vink rempe
lower ions typically exhibit more lines), and thus leadsndra  sult in an increase of mass-loss rates by a factor of 10 - 2eat t
crease inM. first theoretical bi-stability jump location(25 kK) (Brott et al.

Even if the Lyman continuum were to remain optically thin2011; Ekstrom et al. 2012; Groh etlal. 2014).

a shift in the ionisation equilibrium could still occur, méj due Since stellar evolution models of massive stars commonly
to reaching a criticall¢. Regarding this more general situaadopt the Vink recipe, both issues (regarding the overédisra
tion, Vink et al. (1999) identified the dominant role of irog-r and their behavior at the bi-stability) might have a fundatak
combination in the wind. As a massive star evolves and reachi@pact on massive star evolution that has until now not been
lower dfective temperatures, rerecombines to Fa, giving investigated. Although we will focus on hot stars, we rentimel
rise to an increased mass-loss rate corresponding to tis€' “fireader that due to the adopted position of the second jurap, th
bi-stability jump in the mass-loss rate and terminal velpof mass-loss rates of blue supergiants might also be signifjcan
the wind. overpredicted.

Calculations by Vink et al. (1999) confirm the presence of Close to the zero age main sequence (ZAMS) of O-type
bi-stable behavior (both with respect to the above theorestars, rotational velocities are relatively high (260400 km
cal findings and observational results demonstrating tles-prs, e.g./ Howarth et al. 1997), while there is overwhelming evi
ence of a jump in the terminal velocities of B star windsjence for a large population of slowly rotating B supergdd-
Lamers et al. 1995), however their prediction of the jump-tentow 20 kK (Howarth et al. 1997; Hunter etlal. 2008; Fraser et al
perature falls into the range 27.5 - 22.5 kK. This is highanth 2010; Huang et al. 2010). Since these B supergiants are lhoug
thelPauldrach & Puls (1990) result, 19.3 kK, and the values de be the evolutionary descendants of rapidly rotating ety
rived byl Lamers et all (1995) and others (see below), whieh istars, a significant angular momentum loss should occunguri
dicate a jump temperature of 20.5 kK. their evolution.

As also noted by Vink et all (1999), a second bi-stability In this paper, we investigate the impact on massive star evo-
jump should be expected at around 12 kK, because of the hation models caused firstly by decreasing the overall ness-
combination of Feu. The presence of such a jump has been theates, and secondly, avoiding a large increadd it the first bi-
oretically confirmed by Petrov etlal. (2016), although tytlic  stability. In this sense, the angular momentum content ciina
at lower dfective temperatures, around 9 kK. Interestingly, thetars is considered to account for observational conss:aiim
model calculations by Petrov et al. (2016) predict the fiist bparticular, we investigate the model and parameter deperde
stability to occur at around 20 kK, in agreement with observanherent to this problem (already noted by Vink etlal. 2010),
tions. namely we evaluate whether there is an actual need for a sig-

Irrespective of the actual position of the jump, the cahificantincrease it around~ 20 kK.
culations byl Vink et al.|(2000) indicate an increase of mass- We will compare the mass-loss rates and surface rotational
loss rates by a factor of between five and seven over thelocities resulting from two widely used grids of massitars
first jump, if the ratiov./vesc decreases by a factor of two.evolutionary models that were calculated witHfelient com-

On the other hand, quantitative spectroscopy of a samplepftational codes: the grids presented by Ekstromlet alLZP0
Galactic OB supergiants by Markova & Fuls (2008) provideand byl Brott et al.|(2011). A variety of comparisons between
an (observational) upper limit for any such increase, ngmahese two model grids and the underlying codes are avail-
that the mass-loss rates should at maximum increase by #ide in the literaturel (Martins & Palacios 2013; Paxton et al
same factor as the terminal velocities decrease, meanirag b2013; | Chiéh & Limongi 2013; | Jones et al. 2015). However,
factor of between two and three. However, those results dhese works primarily focus on aspectffeient from those con-
most consistent with mass-loss rates that remain constantsiwlered in the present work, which concentrates on the impac
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of mass loss. Thus, to independently test the influence ofmas [Brott et al. (2011) used = 0.0088 for the chemical evolu-
loss rates on massive stars, we calculate our models by roéan#on of their Galactic metallicity models, when individusdm-
the 1D-hydrodynamical code MESA (Paxton et al. 2011, 2018psitions are required (e.g., for surface element enricttme
2015), after implementing an observationally guided, $&amd The detailed metallicity mixture is described by Brott €t al
flexible wind routine based on the wind-momentum luminositf2011), supplemented with the Asplund et al. (2005) values
relation (WLR /) Kudritzki et al. 1995; Puls etlal. 1996). Tkis- for some other elements. The resulting metallicity is lower
perimental routine - which includes the possibility of badsility than found in other studies, as a consequence of tailoriag th
jumps - is a powerful tool in the sense that it can be adjusieddadopted individual elemental abundances. Isotopic ratiee
either reproduce observed wind parameters or to modifyeth@aken from| Lodders| (2003). When the opacity tables (from
parameters in a simple way. We underscore that this rousindglesias & Rogers 1996) are required, the Grevesse et 86§19
by no means a new wind model, and will not be suitable (at leastxture of elements was adopted and tailoredZoe 0.014.
in its present form) for actual production runs. (For different metallicities this is scaled by the iron abundance.)
This paper is structured as follows. Section 2 introducg&kstrom et al. [(2012) used the Asplund et al. (2005) mixture
the stellar evolution modegisodes considered in the following,of elements, except for a fiérent Ne abundance, taken from
while in Section 3 we present our first test with the MES/&Aunha et al.| (2006). This particular mixture was then scaded
code. In Section 4 we describe our experimental wind toalus& = 0.014. Again, isotopic ratios are from Lodders (2003). The
within our own calculations. In Section 5 we present the oubpacities were then generated for this particular mixtdrele-
come of various model calculations, and discuss the rolaef tments.
bi-stability jump. In Section 6 we show that reduced mass-lo
rates (compared to the Vink rates) and the avoidance of a la
jump in M at the bi-stability location cannot be present simu
taneously. In Section 7 we summarize our findings and addréssour MESA models, the convective core boundary is deter-
relevant issues that require forthcoming observatiorséste mined by the Ledoux criteri@h

I . .
é?z. Convective core overshooting

¢
2. Stellar evolution model Viad < Vad + ng, (1)

go ptlerfqrm fgrhczlmgations, VYetaﬁOpt a IWi,olely ugedmréﬁ)idWhere the nablas are the radiative, adiabatic and chemiaal g
eveloping ydrodynamical stellar evolution code, u g iof SInT aInT A o
for Experiments in Stellar Astrophysics (MESA, Paxton et a lents, that IS(”'”P)ad’ (ﬁ'”P)fad’ and(ﬁ'”P)'Z?’ ands areﬁldenva
20112018 2015) version re TR AMESA has a wide range of tives from the equation of state, denot'm(]ﬁ)P, a”d(ﬁ)pf
applicability, and our purpose was to explore the physicstha  respectively[(Kippenhahn etlal. 2012). We have adoptedm ste
evolution of single massive stars through experiments Wi¢h overshooting parameter af,, = 0.335 consistent with the
mass-loss rates. Brott et al. (2011) models. Overshooting is a sensitive para
In our comparisons we refer to two often-cited grids of evaeter which can significantly modify the outcome of model cal-
lutionary models of massive stars, those of Ekstrom eRall2) culations since it directly fiects the MS lifetime, as it is well
using the Geneva code (GENEC, Eggenberger et al. 2008), &ndwn from evolutionary models (Langer 1986; Schaller gt al
those of| Brottetal.|(2011) using the Bonn evolution cod&992; Brott et al. 2011; Ekstrom et al. 2012; Ghi& Limongi
(STERN, | Langer et al._1988; Petrovic et al. 2005). AlthoudP013; Castro et al. 20114). This issue might deserve an estend
these grids span extensive ranges in mass and rotatiooaltyel discussion; here we provide only some brief comments.
in our investigation we focus on 20 - 60JMnodels, either with Currently two methods are adopted to treat convective over-
no rotation or with an equatorial surface rotational vetpgj:  shooting in stellar evolution models: the step method, hak-
=300kms™. ponential or difusive method. Both model grids fram Brott er al.
MESA is similar to, and to some extent modeled upon, th@011) and Ekstrom et al. (2012) use a step overshootingtwhi
Bonn codel(Paxton et al. 2013). The bi-stability braking h#ec refers to an extension of the convective clieby a fractioney,
nism suggested by Vink etlal. (2010) was based on models sigfithe local pressure scale heidh,
ilar to those published by Brott etlal. (2011). For this reasee

adopt a similar parameter setup (see Table 1). In the fatigwi lov = @ovHp. (2)
we will comment on important details and on the majdfeti . o =
ences from the Ekstrom et'al. (2012) models. Other studies (mostly of individual stars, elg., Moravesjal.

2015) use the exponential method based_on Herwig (2000),
which accounts for the change infiilisive mixing using an ad-
2.1. Abundances ditional diffusion codicient,

Our models have been calculated for a metallicitgef 0.014, 27
using the Asplund et al. (2005) mixture of elements, and &dop Dov = DoeXp(H—), 3)
ing the|Lodders|(2003) isotopic ratios. This choice has been v

made so that our comparisons to other models (see belowliwolhere D, is the difusion codicient at the core boundarg,is
not sufer from large diferences (as would be the case with thihe vertical distance from the core boundary, &hds the local

defaultZ = 0.020 in MESA, or very diferent mixtures). For yelocity scale height, defined as the exponential oversmgot
simplicity, we refer to this particular choice as “Galaatetal- parameter times the local pressure scale height:

licity” considering that it provides a good description chssive
stars in the solar neighborhood. H, = fouHp. (4)

1 MESA is free, open source software, available for downlaadht 2 In chemically homogeneous layers with = 0, the Ledoux crite-
http://mesa.sourceforge.net rion is equal to the Schwarzschild criterion.
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Although our MESA models contain an exponential overshoist also a diference in calculating the meridional circulation ve-
parameter, this isfiectively not used, and we rely on the stefocity. In MESA and STERN, Eq. 35 from Heger et al. (2000) is
overshoot method alone, since we aim to perform a consistesed, while in the Geneva code, Eq. 4.38 fiom Maeder & Zahn
comparison. (1998) is adopted. This can alsffect the way chemical ele-

In this context, we note that it has become possible to use agents and angular momentum are transported in the steiéar in
teroseismological measurements to constrain the overglaso riors.
rameter for hot, massive stars (e.g., Aerts 2015). This bas b
done, for example foé Ophiuchi byl Briquet et al/ (2007), re-  |[Ekstrom et al.[(2012) did not include anyfects of mag-
sulting in a step overshoot parametes, = 0.44 + 0.07 (at neticfields, while Brott et al. (2011) considered angulanmea-

Ter ~ 22 kK and logy ~ 3.95). tum transport due to a Spruit-Tayler (ST) dynamo (Tayler3t97
Recently| Moravveji et al| (2015) claimed that, based on a8pruit 2002). Although simulations by Braithwaite (2006&)ne/
teroseismological measurements, the exponential mettlad ( reported to produce a closed dynamo loop using the Tayler in-

diffusive mixing in the radiative zone) better reproduces ebsétability, Zahn et €. (2007) were unable to obtain a closeg)
vations than the step overshoot method. For a B-type dwanf siAS a consequence, the existence of the Spruit-Tayler dyrigmo
they derived an exponential overshoot paramdggr= 0.016— heavily debated_(Rudiger et/al. 2012; Neiner et al. 2018erE
0.017. more problematic is that if magnetic fields were presenttghs
Petermann et al._(20115) argued that in stars with strong, sit the radiative zone, a possible interaction with largalesc
servable magnetic fields, these fields might bsiently strong meridional currents might occur and the combinéd@s would
in the deep interior to suppress core overshooting. Brigtial need to be considered (Maeder 2009). On the other hand,
(2012) showed that the observed magnetic star, V2052 Ophiuguch éfects might justify the use of a fully flusive treatment
is reproduced with models adopting a small overshoot paranf&ong et al. 2016).
ter. Dynamos operating in the convective core have been pro- _ _ .
posed to suppress core overshooting in intermediate-nmss s ThelEkstrom et al. (2012) grid was computed for an initial

(Stello et all 2016). It is reasonable to speculate thatisragso ratio of vr(init) /verie = 0.4 where the critical velocity for an
the case for high-mass stars. EddingtonI’ < 0.639 isuvgit = 1/%‘2. The choice of the as-

It should be also pointed out that even though stellar mod
with a calibrated value of overshooting (Moravveji etlal1%0
McEvoy et all 2015; Castro etlal. 2014) can reproduce obder
stellar properties, in 1D models the implementation of thesp
ical problem (small-scale convective motions) is challaegg

(Arnett et al! 2009). We also note that Kohler etal. (20k§l@  On the other hand, the Brott et al. (2011) grid was calculated
thatin very massive stars 60 M) the value of overshooting is for a wide range of rotational velocities. To reproduce the o
of less significance since the size of the convective com @@l served nitrogen enrichment frdm Hunter et &l. (2008), the- mi
enough that pqsyble extensions are not relevant. ing eficiency parameters from Heger et al. (2000) were adopted,
At a specific mass (16 i), the efective temperature wheregng calibrated td. = 0.0228 andf, = 0.1, respectively. While
the models reach the terminal age main sequence (TAMS) G0-accounts for the contribution of the rotationally-induded
incides with the #fective temperature at which the rotationatapilities to the total diusion codicient, f, relates to the in-
velocities are observed_ to _drop S|gn|_f|can_1zly (Vink et al1ap hibiting effect of chemical gradients on théieiency of rota-
Indeed, this was the criterion for calibrating the overshm® tional mixing processes. Since MESA follows the Bonn code
rameter as applied by Brott et al. (2011) (based on Huntél etigplementations, after several tests (see [alsofGi&d imongi
2008). This calibration was obtained for stars in the Larg®13) we also adopted these values for the sake of consis-
Magellanic Cloud (LMC), and also adopted for Galactic conpncy, keeping in mind that these parameters introduce a con
ditions WIthOUF modifications. Ekstrom et/gl. (2012) dm_efred siderable uncertainty, though most likely will not modifyro
the overshooting parameter based on the observed widtteof fina| conclusions. We also note that the calibration of ngxin
main sequence using models with lower initial masses, in thgiciencies should depend on initial mass, initial rotatiore
range from 1.35to 9 M If the overshoot parameter was smallefocity and metallicity [(de Mink et al. 2009; Ekstrom ef[a022:;
than the valuero, = 0.335 which is used in our models (e.9./Georgy et all_2013). Thus far, it has not been justified why, fo
aov = 0.1 as adopted by Ekstrom et/al. 2012, or the corresporgkample, the Brott et al. (20111) mixingfieiencies calibrated for
ing value using exponential overshooting), and thus theetsod, | MC composition have been also used for their Galactic and
reached the end of the main sequence at higlgrthen our svc model grids. Furthermore, it must be noted that the caib
quantitative results would need to be reconsidered. Homewe  tjon of the rotational mixing fiiciency is not independent of the

%Iﬁmed initial ratio is based on the peak of the observed oozt
velocity distribution of B-type stars from Huang et al. (201
‘Georgy et al.[(2013) have shown that this choice reproduetis w
the observed surface nitrogen enrichment.

qualitative picture does not depend on this issue. size of the convective core, hence of the adopted overstamot p
rameter. Finally, any adjustment of mixinffieiencies will have
2.3. Rotation, mixing, and magnetic fields an impact on the angular momentum transport.

In MESA (and STERN), thefeects of rotation are considered
in a fully diffusive approach. The inclusion of rotation in stel-2 4. Mass-loss rates
lar evolution models is critical for mixing chemical elenten =™

and angular momentum transport. It has been argued that the

implementation of meridional (Eddington-Sweet) circidatre- We have specifically investigated models that adopt the ¥ink
quires an advective treatment (Maeder 2009). Most imptiytan al. prescription, and we have also adopted our experimental
the choice of advective or flusive approach for the Eddington-routine (see Sectidd 4). Besides the actual treatment of &es-
Sweet circulation leads to a qualitativelyffédrent behavior of loss rates (which will be discussed in detail later in theguap
the evolution of the surface rotational velocities. Moregthere two major factors deserve special attention.
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2.4.1. Metallicity dependence with £ = 0.43 (following a fit to the results of Friend & Abbott

. T 1986 performed by Bjorkman & Cassinelli 1993) angl: =
ThelBroitetal. (201.1) models include a scalinghfwith re-  sonn Thjs formulation gives areasonable agreementwitth the al-
spect to the surface iron abundance. Instead of an overtadIJmetC”t

eity d d i the Vink reci wd ernative calculations of Pauldrach et al. (1986) when ttea
icity dependence (e.g., as presentin the Vink recipe ang velocity is far from the critical one, and the enhancemenhef

by E_ks'From etal. 2012 and in the MESA models), they useg,sq oss rate due to rotation is on the order of 30 %. Equ8tio

scaling: . has also been adopted in MESA whéiie an adjustable free pa-
M o (Fesur/Fes)*®, (5) rameter, and the right-hand side of this equation is refices

the rotationalM boost ((Paxton et al. 2013). We note that both

where (for reasons of consistency) Brott et al. adopteduevail - W :
7.50 (in units of log(FgH) + 12 when using number densities’)F”end & Abbott (1986) and Pauldrach et al. (1986) considere

: . a sort of maximum rotationafiect, by accounting only for par-
for the solar iron abundance, following Grevesse et al. @J‘ggticles in the equatorial plane. A phvsically motivated aitive
Although metallicity éfects are of major interest in a more gen; " 3 usir? the sarr)ne aésuﬁw ){[ions ywould result in a rota-
eral context, we have restricted our investigations to aaGil q.Le, g p X

: e e . = tional M boost of (1- (vrot/verit)2) Y, wherea’ < 1 is related
environment. Investigation of other environments reqatiei- to the force multiplier parameters of the modified CAK theory
fg()sr;a:;teljstjles, due to the large impact of metallicity onnieess- (see EqI3; cf. Puls etlal. 2008 and references therein)xibhe

jor point, however, is that gravity darkening is not consaein
this simplified approach.
2.4.2. Dependence on rotation Maeder & Meynet (2000) include théfects of gravity dark-

. L . ening and derive the enhancement factor due to rotation as
In most cases, stellar rotation has a minor influence on thdswi

of massive O-type stars, since for typical rotation ratasftbm N(O 1_T.)i1
the critical value) the centrifugal forces are low, and tretai- i ©) = (A-Te)

tion of the stellar shape is insignificant. In extreme cases, M(Q = 0) [1_ 2 _1 ]%—1
limits become decisive. The so-calledlimit is reached at crit- 27Gpm €
ical rotation (at which point the gravitational and centgél
forces are equal), while the Eddington limit is reached wh laced bw’ if ionization efect tod f ;
I' = 1, that is, when the luminosity is equal to the Eddingto, e replaced by if ionization effects are accounted foffe is

luminosity (L = Leqq). Maeder & Meynet (2000) combine thesehe Eddington factor for electron scattering opacity in soa-n

limits as theQr™limit which is reached when the total acceleraloai"9 starQ2is the angular velocity) is the average density

tion (at the surface) becomes zero, thaigu -+ geen+ grad = O. (lc))f the star, and the term in the denominator can be approzuat
Before proceeding any further, we must address a basicgmobl y
which illustrates another flerence between the Geneva and the @2 - ﬂi (10)
Bonn models. 27Gpm 902
The definition of the critical velocity by the Bonn group
(e.g.,Langer 1998) and in the MESA models is with verit = vfrﬁnf‘”’.‘ The latter relations are used in GENEC.
Finally, we note that in contrast to all of the relations adov

Bonn GM which result in an increase of mass-loss close to®her QI
Uerit = ?(1_ D). (6) limit, Muller & Vink|(2014) suggested alternative rotatinvind
models that imply a potential decrease of the total massriis,
On the other hand, Maeder & Meynet (2000) pointed out that least for specific models.
Eg.[8 is only valid if the surface radiative flux has a uni-
form value (and the surface is not distorted). This is in con-
tradiction with von Zeipel's theorem for rotating starsr(f@ 3. First tests with MESA

generalization of the von Zeipel theorem for shellular +ota ) ) )
tion, seel Maeder 1999, and for an alternative approach se& Non-rotating models — comparisons with MESA

Espinosa Lara & Rieutord 2011). If is well below a spe- a yariety of model grids for massive stars are available in

cific_critical value, explicitly calculated a¥ < 0.639 by e jiterature and online (and numerous comparisons betwee
Maeder & Meynet.(2000), the critical velocity can be caltet them, for examplé, Martins & Palacios 2013, Paxton &t al2201

: )

V}[Iherea < 1lis the corresponding force multiplier parameter (to

independent of the Eddingtdh Chieffi & Limongi 2013, [Jones et . 2015). To convince our-
selves of the capabilities of MESA, as a first step we com-

Geneva_  |2GM 7 pared or reproduced the main sequence of non-rotating Balac

Yorit1 = §@’ @ (Z = 0.014) model grids published by Ekstrom et al. 2012 (using

GENEC) and Brott et al. 2011 (using STERN). We recall that
Brott et al. (2011) also usé = 0.014 for the opacity calcula-
tions in their Galactic models. Although non-rotating misdee
somewhat unphysical, it is useful to compare such modetsical
lated by diferent codes, since this provides valuable information
[ﬁdependent of the fferent treatment of rotation in the various
codes. Particularly, clues about the sensitivity of the el@dl-
culations to the input parameters can be obtained, by tett@ir

_ ¢ influences on the HRD tracks. Note that we did not attempt to
M(vro) 1 8) compare the post-MS phases nor thg range in which line-
Mot = 0) ot ) driven winds are no longer applicable.

where at critical rotatiomReq = ngm. ForI' > 0.639, a modi-
fied critical velocity needs to be defined, which includesTthe
dependence.

Now, let us introduce the corresponding scaling facto
which are applied in the evolutionary codes to coriddbor ro-
tational défects! Langer (1998) (and STERN) use the factor

Ucrit
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Table 1. Parameter setup in the evolutionary grids and models disclis this work.

Ekstrom et al. (2012) Brott et al. (2011) This study
Code GENEC STERN MESA
Initial metallicity 0.014 0.0088 0.014
aMLT 1 16/ 1.0 1.5 1.5
Core boundary Schwarzschild Ledoux Schwarzschild
/Ledoux
Overshooting aoy = 0.1 aoy = 0.335 fov andaoy
Semiconvection - Qsemi = 1 optional
Radiative opacity OPAL OPAL OPAL
Reaction network NACRE ‘own’ REACLIB
Angular momentum| advective-difusive diffusive diffusive
transport
Convective mixing instantaneous diffusive diffusive
Chemical mixing diffusive diffusive diffusive
Internal magnetic - Spruit-Tayler Spruit-Taylef
field* none
Mass-loss ratés Vink Vink Vink/experimental

Notes.! The default value used in this workygr = 1.5) might have been changed for specific comparisons (the M&Sault values are
Z = 0.02 andayr = 2.0). The mixing length parameter in the GENEC models is imligily specified for dferent mass ranges,,r = 1.6 and
1.0 for masses below and above 4@ Mespectively.
2 The opacity tables are based on the radiative opacities @®AL (lglesias & Rogels 1993, Iglesias & Rogérs 1996), bsb aeveral other
sources are used, accounting for (very) low and high tenyreraanges.
% The nuclear reaction rates are calculated by using and dirgoomplementing the specific databases, e.g., NAGRE (Andudt|¢999) for
the Geneva models; in MESA, REACLIB (Cyburt eilal. 2010) otiapally NACRE can be used. For our own MESA calculations,used the
default ‘basic.net’. The Bonn code uses ‘own’ reaction meks, but we were not able to identify the corresponding cesir

“4[Brott et al. (20111) used the Spruit-Tayler dynamo mechari@mangular momentum transport but not for chemical mixi®gr own MESA

models have be calculated in analogy.

5 Other mass-loss prescriptions are available féiedznt evolutionary stages.

The overall reproduction of the main sequence as calculated

in both grids is excellent, although small qualitative anidiati-

tative diferences exist (see Fids. 1 did 2). One of these issues
refers to the starting point of the ZAMS which occurs at highe

HRD (non-rotating models)

effective temperatures in the Geneva tracks. Moreover, a-sensi
tive point of comparison is the evolution during and righteaf

core hydrogen exhaustion (the Terminal Age Main Sequence,

TAMS). There are indeed smallféiirences around the “hooks”

where the stars first turn back on the HRD towards increasing
Terr, and then turn again redward. The reason for this behavior (i

a simplified picture) is that at this point the star undergsigs
nificant internal structural changes. The core, which &t ploint
consists almost entirely of helium, starts to contract drearhal
timescale. This contraction is due to exceeding the Sobigpab
Chandrasekhar limit, which states that the pressure indhe c
cannot sustain the weight of the envelope above a given c@ig. 1. Comparison between non-rotating Galactic Z Geneva

mass to total mass rati%ﬁ

55

log (L/L,,)

50

45—

4.7

4.6 4.5 4.4
log T, [K]

> 0.1). The core contraction leads toevolutionary tracks on the MS published by Ekstrom et al.220

an overall contraction, and an increase of the core temyerat (black dashed), and our MESA models calculated with a simila
which maintains the star in hydrostatic equilibrium. Thisoa setup (colored lines). Initial masses in solar units arécated
results in heating the envelope which will then initiate togen next to the tracks. A step overshoot parametgy,= 0.1, was
shell burning in the envelope, which leads to increasingusad used.
and decreasing surface temperature. Therefore, the hablein

HRD corresponds to a contracting phase with increaSing
and the following redward evolution is due to shell H-bumin
This process, however, is sensitive to the prescriptionoof ¢
vective mixing: using either instantaneous (GENEC) @iudive
mixing (STERN, MESA) might partly be responsible for smal

differences when comparing the tracks.

for this comparison we applied the mass-loss prescription o
Vink et all (2001), as was also done in the other two studtes. |
should be noted, however, that the implementation of thé Vin
prescription is not exactly the same in the three codes.

To conclude, we have demonstrated that the general behav-
ior of the MS evolution of massive stars, as reported preshou

To reproduce these models as closely as possible, we ussihg the Geneva and Bonn codes, can be reproduced using
an identical parameter setup as described in the studiesMESA. However, the following points must be taken into ac-
Ekstrom et al.[(2012) and Brott et/al. (2011), from which ofie count. Firstly, this reproduction does not mean that the eteod
the most important is the (step-) overshooting, setdpo= 0.1 agree for all of their detailed physical parameters. As amnex
in the former, andy,, = 0.335 in the latter case. Furthermoreple, the MS lifetimes of the models areffdirent. Secondly, the
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HRD (non-rotating models) Table 2. Surface rotational velocities in the Brott et al. (2011)
] grid and our experimental model grid for four representsitin-
N tial masses.

vo(init) [kmsY] 274 269 265 262
UsaplekM S| 277 271 266 260
At [10° yr] 358 064 025 0.09

6.0
-, - —— ] Minitiat [Mo] 20 30 40 60
_ 5[ ] STERN
4 [ 1 ve(init) [kms™Y] 274 269 265 262
g I 1 vsmnle[KM sS4 273 268 265 261
soF - At [10° yr] 202 120 0.68 0.44
L ] MESA

4.5

En

4.7 4.6 4.5 4.4 4.3 4.2

log T, [K] Notes. vi(init) refers to the input initial surface rotational veiycand
vstable IS the value corresponding to a stable surface rotatiorlativg
Fig. 2. Comparison between non-rotating Gala&iBonn evo- caused by theficient angular momentum transport due to a Spruit-
lutionary tracks on the MS published by Brott effal. 2011 ¢kla Tayler dynamo and the fully ffusive treatment of angular momentum
dashed), and our MESA models calculated with a similar setfgnSPOrtAtis the age of the model at stabilization.
(colored lines). A step overshoot parametey, = 0.335, was
used. Stars above 40J\are still on the main sequence at rather

low effective temperatures. The lack of hooks at higher masses.is ‘ _ =
due to envelope inflation (N. Langer, priv.comm.), treatied-s .=g9enberger et al. 2008; Ekstrom etlal. 2012) groups. An at-
larly in STERN and MESA. tempt to present a unified description of stellar rotatiori.

evolution codes was provided by Potter et al. (2012) usirg th
ROSE code.

free parameters are not independent, and hence it is pessibl ~ Since the MESA implementation of rotation follows (but is
obtain similar results with a fferent parameter setup. For exby no means identical to) the Bonn code, a comparison of MESA
ample, simultaneously increasing the overshooting angaiag With this code can be conveniently performed by tuning the
the convective mixing ficiency can produce (almost) the sam&ee parameters as described by Brott et al. (20115(0.0228
evolutionary track. This situation becomes further coogittd and f, = 0.1). Thus we consider rotationally induced instabil-
in rotating models. Thirdly, since the codes are not idetlout  ities as dffusive processes (see Heger et al. 2000; Paxton et al.
have certain dferences in their implementations, their result2013), including the dynamical and secular shear, the @widr
will always have at least small discrepancies. For instatiee Schubert-Fricke instability, and the Eddington-Sweetudi-
difference of the model properties at the initial timestep(s) réon for chemical mixing. For consistency, we also tuifithe
flect the parameters of the starting model which is loade@. TRolberg-Hoiland instability for any transport mechanidmeé
differences at the TAMS might be attributed to more delicate iBott & Norbert Langer, priv.comm.). In analogy to the work
sues, since it is quite challenging to simulate the verydrapid by|Brott et al. (2011), transport of chemical elements duia¢o
very large internal changes that these models undergo irmmegpruit-Tayler dynamo is ignored. However, angular momentu
ately after core hydrogen exhaustion. The most influentes f transport due to the Spruit-Tayler dynamo is included.
parameter in this respect is overshooting. After relaxation of the initial models, the rotational velo
ities provide an excellent match to the Brott et al. (2011} va
ues. In Tabld2, we show the initial surface rotational vieloc
ties, noting that besides relaxatioffexts, the surface. re-
mains close to its initial value. We conclude that this bébrav
Rotation plays a crucial role in the evolution of stars: irés iS mainly due to theféects caused by meridional circulation and
sponsible for the mixing of elements and the transport of afe Spruit-Tayler dynamo. As already pointed out, the realc
gular momentum (e.d., Landler 1998; Maéder 2009). Moreovignge is that magnetic fields and meridional circulation rimay
fast rotation modifies the strength and the topology of hat stteract(Maeder 2009). Such potential interaction, howeserot
winds (see Secf_Z.4.2). The inclusion of rotation in 1D-steyet understood and needs to be explored in detail. Thusthe in
lar evolution codes is a non-trivial task. In a sphericalyns ~Sion or exclusion of magnetic fields, and the advectitudive
metric, non-rotating case the models are well describecbhy ¢ vs. purely difusive treatment of angular momentum transport
centric, spherically-symmetric equipotential layerswéwer, if lead to major dierences between the models frorfietient au-
rotation is present, and shellular rotation (Zahn 1992)ss dhors (Brott et al. 2011; Ekstrom et/al. 2012; Gfi& Limongi
sumed, the (pseudo-)equipotentials are deformed due tetire 2013] Paxton et al. 2013).

trifugal force, and the distance to the center of two givern su In Fig.[3, we compare our experimental MESA models with
face elements on the same (pseudo-)equipotential is n@tonthe rotating Galactic models of Brott et al. (2011), and we ca
described by a unique radius. Therefore a one-dimensionahfidently rule out a possible degenerate solution regpitom
treatment of rotation must work with suitable averages @loiinteracting input parameters, since the most importantiies
pseudo-equipotential surfaces. The inclusion of rotatioil related to rotationy,: on the MS, difusion codficients for mix-

its effects requires a special treatment in evolutionary codieg and transport processes) agree extremely well. Fondurt
which shows remarkable fiigrences between the two schoolgjetails, we refer to the comparisons provided by Paxtonlet al
that is, the Bonn (e.g., Langer 1998; Heger etal. 2000, 20G2013). Finally, we note that due to the similarities betwee
Petrovic et al. 200%; Yoon & Langer 2005; Brott etial. 2011 anSTERN and MESA and because of the good reproduction of
Geneva (e.gl, Maeder & Meynet 2000, 2003; Hirschi et al. 200¢he results of Brott et all (2011) as obtained here, we witipd

3.2. Rotating models — comparison between MESA and the
Brott et al. models.
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HRD (rotating models) Table 3.WLR parameters for Galactic early-type stars.
6.0
r Reference Xx=< logDg
L Kudritzki & Puls (2000), Ol 1.51 20.69
- Vink et al. (2000), OB 1.83 18.68
L% Repolust et al. (2004), Ol, *cl 2.00 17.98
g [ Markova et al. (2004), O, ‘case D’ 1.90 1858
g 1 Martins et al. (2005), O 3.15 10.29
50; e = Mokiem et al. (2005), O, early B 1.86 18.71
L - i Mokiem et al. (2005), O, early B, *cl 1.58  20.16
F 1 Mokiem et al. (2007b), O, early B 1.84 18.87
[ 0 i Mokiem et al. (2007b), O, early B, *cl 1.56 20.23
45 L L L L L L .|

r o s s s s Notes.Except for Vink et al., all values have been derived from olzse
log T, [K] tional results. Investigated spectral types are providée. theoretical
Vink values refer to the hot side of the bi-stability jump.€eThalues
Fig. 3. Comparison between rotating GalacBicBonn evolu- denoted by “*cl” have been derived from mass-loss ratesected for
tionary tracks on the MS published by Brott et/al, 2011 (blackind clumping. Units oD, are in the cgs system.
dashed) and our MESA models calculated with a similar setup
(colored lines). The average initial surface rotationdbuity
of the grid models isv 270 km s! (exact values indicated in
Table[2). A step overshoot parametey, = 0.335, was used.

En

Here, ney; is the electron density (in units of ¥0cm™3), and
W the dilution factor.a refers to the exponent of the line-
strength distribution function, and also provides theordte-
similar parameters for most of our standard evolutionargdet® tween the line force from optically thick lines and the tatak.
in the following (see Tablel1). 6 quantifies changes in the ionization balance. Since, far typ
cal OB star wind conditionsy = 0.6 — 0.7 andé = 0.02- 0.1
(Puls et al. 2000; Kudritzki & Puls 2000), the above requieain
of & ~ 2/3 is usually fulfilled.
Mass loss has a major impact on the evolution of hot, mas- This is, however, not true for the whole spectral range. For
sive stars (e.g., Meynet et al. 1994), but consequencesoceir-un example, for A supergiants, ~ 0.4 (Pulsetall 2000), and
tainties related to wind strength and the behavior of (astjeaaccording to Lamers etal. (1995) the force multiplier pagam
the first bi-stability jump (see Seéil 1) have not been testedters and thusy’ become discontinuous aroufidy = 21kK.
stellar evolution model calculations thus far. To this em&, Nevertheless, for simplicity we assume a globak 1/xto be
aimed to develop a simple and flexible tool to reproduffedént representative for the completes range under consideration.
mass-loss scenarios. To avoid confusion regarding tfierdnt For future studies, we advise accounting for a proper temper
wind schemes in evolutionary codes, we stress that our new rature dependence, i.ev;(Ter) and 10gDo(Tes). IN Most cases
tine can only be applied for hot«(50 — 15 kKfi and massive we have adopted a fixed value »f= 1.84 fromMokiem et all.
(= 8 - 60 M;) main-sequence and post-MS stars. In its curre(@007b), which is consistent with theoretical values in @@
state, it is in an experimental phase, and not applicablprmr star range (see above).
duction runs. The wind momentum rate is a very useful quantity, par-
In brief, we implemented a wind routine based on the semicularly when comparing observations with theoreticag-pr
empirical WLR, which in turn can be understood from thedadictions. This is why many studies (e.d., Puls etlal. 1996;
retical scaling relations of mass-loss rate and terminkdoiy  [Kudritzki & Puls [2000; [ Repolust et al.2004; Mokiem et al.
(Kudritzki et al. | 1995; Puls et al. 1996). Multiplying the nd  [2005;/ Martins et gl._2005; Mokiem etlal. 2007a) have tried to
momentum rate with the square-root of the stellar radius, tBonstrain the WLR observationally. In the following, we il
WLR can be written as concentrate on Galactic conditions. We recall that the viese
. 12 Vo' WLR in most cases constrains very well luminosity classiissta
Moes(R/Ro)™* oc LY, (11) whereas for other classes this relation may be ambiguogs (e.
if ' (see below) is close to/2. Conveniently, this equation isthe “weak wind problem”, see Puls ef al. 2008 and references

4. An experimental wind routine for hot stars

expressed in logarithmic form: therein, and also_Huenemoerder et al. 2012). Note that to firs
order, at least the theoretical WLR does not depend on thie lum
l0g Dmom = X log L +log Do, (12) nosity class (see also Vink et al. 2000).
wherex = 1/a/, and the @fsetD, depends on metallicity and Different studigs have derivedfigirent parameters for the
Spectra] type. In these relations, WLR. For comparison, some of these are listed in TRble 3. Note
that @’ and logDg correlate strongly with one another (since
@ =a-4, (13) they are derived from a linear fit). This becomes obvious when

depends on the force multiplier parametersand § (Abbott for example, comparing corresponding values with and witho
1982; Pauldrach et al. 1986), related to the radiative lceeh clumping correction from the same study.

eration In most cases, these observational results confirm the-valid
1dv\* [Ne11)d ity of the WLR concept, although there is significant scaitter
Grad oar (W) (14)  the corresponding cdigcients. Moreover, most of these values

overestimate the actual wind momentum rates, since theg wer
3 by specifying corresponding parameters for the secontebilty ~ derived for “smooth” winds, without correcting for wind iah
jump, one could extend this range=<®, 000 K. mogeneities (e.g., clumping).
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In the following, we outline some details of our experimend.1. The position of the jump
tal wind routine. The terminal velocity scales with the geea

velocity, Based on the discrepancy between theoretical predictions f

Vink et all (1999) and observational results, it is usefuddatrol
Voo . the position of the jump in terms of a jump temperatliggjump.
Vomy vinf (spectral typemetallicity) (15)  Theoretically, the jump temperature is predicted to depemd
the wind density, and Vink et al. (2000) calculate it Via while
For typical O-star conditionsf,i;y = 2.65 (Kudritzki & Puls [Vink etal. (2001) calculate it viZ. Since observations suggest
2000). We note that in our descriptiokys is an adjustable that there may be a well-definddy where the bi-stability jump
input parameter that can be calibrated based on obsersatioacurs (for a given metallicity), we specify jump1 andTeq jump2
(Groenewegen et Hl. 1989; [ amers et al. 1995; Prinja & Masaa input parameters for the first and the second bi-stahility
1998; Prinja et al. 1990; Crowther ef al. 2006; Markova & Pukemperatures, respectively. This provides the flexibititadjust
2008). The &ective escape velocity (accounting for Thomsothese parameters to observed or new theoretical valuesedid
scattering) is the very recent study by Petrov et al. (2016) indicates theat t
2GM 1/2 (theoretical) jump temperature needs to be shifted towawe
Vesc = (—(1 - Fe)) . (16) effective temperatures+(20 kK in case of the first bi-stability,
R in agreement with observations) than predicted previobgly

In our formulation (which is consistent with the basic CAK-apYink etal (1999) and Vink et al. (2000)(25 kK). This change
proach), the Eddington factor needs to be calculated foe pu¥ill need to be adopted in future stellar evolution models.

electron scattering The bi-stability region itself is defined by its central jump
' temperatureTer jump) @and the half width of interpolation\(T).
L For simplicity, we have adopted the same interpolation -tech
Ie = Tea cGM (17) nigue as present in the MESA Vink scheme. In particular, a

larger interpolation region will yield results similar tagaadual
Furthermore, we assume hydrogen to be fully ionized. The-nughange, while a small value afT implies a steep increase .
ber of free electrons per helium nuclelisf is approximated as Considering observational constraints, welkgfump1 = 20, 500
a simple function ofl¢. As a reasonable assumption, we adojit, and useAT = 3,500 K, unless otherwise stated.
for OB stars withTez > 20 kK e = 2, while for Teg < 20 kKK
we adoptlye = 1 (Kudritzki et al! 1989). The electron scattering ; .
opacity per unit mass (in units of égr?) is then provided by 4.2. The size of the jump

There are several parameters that control the size of the

e = 03981 Y IHe (18) Jump. It is reasonable to consider that the (input) parame-

1+4Y° ter f\ins decreases over the jump, based on the observed ratio
, i ) of terminal velocity and escape velocity (Lamers et al. 1995
whereY is the surface helium number fraction= Nue/Nh. Prinja & Massa 1998; Crowther etlal. 2006). The adjustment of
_ Using the WLR, the mass-loss rates are then derived accojigis parameter directly influences the mass-loss ratesson-
Ing to ple, if v, /vescSteeply decreases by a factor of two from the hot to

1 the cool side of the jump (following the studies|by Lamers|et a
log M = 109 Dimom — 109 ve — = l0g (R/Ro). (19) 11995;1Vink etal.. 2000), then, without further adjustmeht,

2 would steeply increase by a factor of two as long as the WLR is
continuous. Since the changein/vescis fairly well constrained
by observations, and we intend to test tiffeets of diferent be-
haviors of M alone, we use the following parametrization for

The parameters required to estimate bbth,, andov., are ob-
tained from the evolutionary calculations. In additionptfur-
'Ehfer inpt))lljtg;rangeters nefed to be [f)r(;]vided, namélgnd IogD:)lj simplicity
cf. Table[3). The specification of these parameters praevide L .
simple way to calibrate the mass-loss rates to observed WLRs We co|nS|derhthte ﬁise]'f_ va(ljue 0:; t(;‘ef.WLR at the hOEj_Slde of
and to account for new observational or theoretical results € jump, logho(hot), as fixed, and define a corresponding
Furthermore, it is convenient to apply a global scalingdgct log Do(cool) = log Do(hot) + AD, (21)
denoted here af,, for the calculated mass-loss rate, so that
. _ at the cool side of the jump, withDy an adjustable parame-
Miinal = fscai* Mcalculated (20) ter, allowing us to control the size of the jump in a simple and
flexible way.
It is evident that similar results could be obtained withestha-
rameter settings, for example, by changiridcf. Fig.[1) andor
log Do. However, while in the following we mostly consid&g, 5. Results
anda’ as fixed, the specification of Iddy provides a simple
way to account for arbitrary changes in the mass-loss rates a
bi-stability jump. In Fig.[4 we compare the implementation of the Vink mass-loss
The implementation of the bi-stability jumps depends on threcipe for the case of two non-rotating GalacticM@ models as
position of the jump Tesjump), the method used to calculatecomputed by Ekstrom et al. (2012) and Brott etial. (2011)sTh
the mass loss around the jump (interpolation), and the dizeptot shows one of the main foci of the present study: The imple
the jump. We emphasize that the observed behavior of the naentation of the first bi-stability jump predicts an increasthe
tio of ve/vesc OVEr the jump is gradual (Prinja & Massa 1998mass-loss rates by a factor of 15.4 in the Ekstrom et al.4p01
Crowther et al. 2006) which implies that the chang®fishould model (at 25 kK) and by a factor of 10.7 in the Brott et lal. (2011
be gradual as well (Markova & Puls 2008). model (at 27-22 kK). The Ekstrom et al. (2012) model resunlts

5.1. The Vink mass-loss rates in evolutionary codes
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Fig. 4. Mass-loss histories for non-rotating Galactic 49 Mod- Fig. 5. As Fig.[4, but for rotating models. Both evolution mod-

els from Ekstrom et all (2012) and Brott et al. (2011), agapt els have(initial) ~ 315 km st. The Geneva model becomes

the Vink mass-loss prescription. See text. more luminous fromx 39 kK on, which results in higher mass-
loss rates.

a steep increase & across the first and the second bi-stability
jumps. The Brott et al! (2011) model, on the other hand, use#esent assumptions and parameters) is challenging is aeons
linear interpolation over the first bi-stability jump regionot- quence of the dierent evolution in the HRD, which is more dis-
ing that the expressions from Vink et al. (2001) do not actoutinct for higher masses. The mainfigrences arise from over-
for the intermediate range between 22.5 and 27.5 kK. Therlatshooting, and in rotating models from the treatment of angu-
method may provide a closer match to observational cons¢railar momentum transport and chemical mixing. Since the mass-
(Jorick Vink, priv.comm.), while the former is not compaéb loss rates have a strong dependence on luminosity, it is evi-
with the behavior of mass-loss rates and terminal velacidie= dent that models with efierent luminosities will lead to élier-
rived from observations (see Sddt. 4). ent mass-loss histories, namely more luminous models ogé |
The second bi-stability jump is not implemented innore mass. Thisfect can be clearly seen in Fig. 5 if one com-
the Bonn models. Instead, a switch is performed to thres the evolutionary tracks of the two models that inchade
Nieuwenhuijzen & de Jader| (1990) mass-loss rates whdation, and considers that the increase in luminosity of40e
ever Ter < Terjumpr ~ 25kK, and when the Vink Mo Ekstrom et al.[(2012) track corresponds to an increaseein th

rates would yield lowerM values than the correspondingnass loss-rate (beginning at around 39 kK). o
Nieuwenhuijzen & de Jader._(1990) values (typically around To conclude, with some dependence on the details of indi-
16 kK).Brott et al. [(2011) argue that this strategy accotiots vidual codes, rotating n_10de|s will shovwmrent.mass-loss rates
the increased mass-loss rates at the second bi-stabitify.jine  throughout their evolution, even when adopting the samelwin
Ekstrom et al.[(2012) models, including the second biikitab Prescription. Referring to the Vink rates, the size of thst fii-
jump, apply the Vink et a1/ (2001) recipe until 12.5 kK, that i Stability jump is barely fiected by the dierent mass-loss im-
to the minimum temperature considered, and then switcheto flementations though.
de Jager et all_(1988) prescription (cf. Hijy. 4). This yieftsss- ~ MESAuses a mixture of the Bonn and Geneva approaches to
loss rates on the order of 1Muyr! close toTe = 17 kK, implementthe Vink mass-loss rates. The first bi-stabilityp is
in stark contrast with observations from typical B supemgga implemented in a similar way to the Geneva code. A sméiedi
(Crowther et all 2006; Markova & Piils 2008). The values d&nce concerns the temperature region close to the jumpeWhil
rived from observations are typically two orders of magaétu the Geneva code uses either Equation 14 or 15 from Vink et al.
lower than from these models. (2001) to determine the mass-loss rate directly at the hibaan
By estimating theoretical mass-loss rates based on a wolf€ cool side, respectively, the MESA implementation ipter
integral methdf (Petrov et al.[(2016) found that both the firstates between the two equations, with a very small half wadth
and the second bi-stability jump should be located at loffece AT = 100K. o _ _
tive temperatures than predicted/by Vink €t al. (2000). Ngme ~ The second jump is discarded in the MESA implemen-
the first jump (Fev recombining to Fer) should lie around tation. However, an alternative is incorporated in the code
20 kK, and the second jump (Rerecombining to Fe) around allowing to switch to other schemes affextive temper-
9 kK. Note that these values are much lower than the correspoatures below the range of applicability of the Vink rates
ing jump temperatures in the evolutionary models displaped (<12.5 kK). However, while the Bonn group adopts such a
Fig.[@. switch whenever the Vink rates would result i lower than
The reason why a comparison of mass-loss rates from higffeg¢ Nieuwenhuijizen & de Jager (1990) rates, MESA conserva-

mass models calculated byffgirent numerical codes (using dif-tively switches at 12.5 kK to any other mass-loss prescnipti
specified by the user. (We note that in the newest MESA release

4 Using radiative accelerations as calculated by the NLTEoatmr8118, this has been changed, and the switch between the wind
sphere code CMFGEN (Hillier & Millér 1998) schemes can be set to occur at a user-defiffedtere tempera-
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ture.) This implies, considering the properties of the \fie&ipe,
that the MESA implementation results in a decreasihdrom

~ 16 kK to 12.5 kK, in contrast to the Bonn models that have an
increasing mass loss in this range.

black dashed—dotted — Vink wind SN~

color lines — experimental wind e TP ]

5.2. The size of the first bi-stability jump in stellar evolution
models

Msun/yr]

The Vink formula predicts a large jump in the mass-loss rates= _,
from the hot to the cool side of the jump, and this has oftembee 2
quoted as an average factor of(5 (Vink etial. 2000). However, g
apart from a few studies (e.g., Groh et al. 2014), no furtheck

of this statement has been performed, namely whether evolu-
tionary model calculations actually result in such an agera
value. To this end, the size of the jump as present in the Galac
Ekstrom et al.[(2012) and Brott etlal. (2011) evolutionariglg .

-7

is compared in Tablgl4. For this comparison we have concen- ~ >*%’ paot [i?o" 2x10°
trated on non-rotating models, but the results for rotatinglels o
are similar.

. ; .~ units) indicated next to the tracks. See text.
jump temperatures are simply reaff som the corresponding

timestep, if the jump region is not wider than 0.9 kK. This ap-
plies to almost all cases from Ekstrom et al. (2012), exéept ) N )
the 20 and 25 M models at the second bi-stability jump, and-3- Pre-bi-stability behavior (PBB)

we suspect that the wider jump in these cases is aresult sta i o first step, we aimed at calibrating our experimentaidvi
change in radius. The Bonn models apply a linear interpmiati ;o tine to recover the Vink rates, with particular emphasighe
for the transienfler regime, and thus the corresponding jumgt pi-stability jump. Our description (see end of SEtaH)wWS
temperature is provided as a range. for an approximate reproduction of the jumps (as a functibn o
The outcome of our comparison is somewhat surprising. Thg,;) as computed by the Vink wind scheme (Fig). 6). For the
average increase iM over the first bi-stability jump corre- complete mass range considered, 20 - 69 §bod agreement
sponds to a factor of 16.5 and 12.3 for the non-rotating Giglac(at least when concentrating on the average behavior) was ob
Ekstrom et al. [(2012) and Brott etial. (2011) models, respegined when usingd,int = ve/vesc= 2.6 on the hot side of the first
tively. Almost all of the entries denote an increase larg@nt jump, f,iy = 1.3 on the cool side, and simultaneously increasing
a factor of 10. The 20 M models display the largest jumpsthe WLR dfset at the cool side byDy = 0.35 (see Eq_21).
(a factor beyond 15), while the size of the jump decreases fpiiis choice of parameters corresponds to an average irdireas
higher initial masses. For comparison, in the study by Vinkle M by a factor of~ 4.5. Additional parameters for this test are
(1999) a 20 M non-rotating Galactic model shows an increasgs follows. We adoptex = 1.83 (following the theoretical value
in M of only a factor of 6.5 (see their Figure 3). The source gfrovided by Vink et all. 2000), correspondingd6 ~ 0.55. The
this discrepancy is still unclear, but it is likely that thet@al jump temperature was fixed Bt jump1 = 25 kK, and the second
stellar parameters at the position of the jump aféedént from bj-stability jump had been ignored. All models were calteda
those adopted by Vink etal. (1999). Nevertheless, theseesal for Galactic metallicity and without rotation. At the hotlsi of
result in highM on the cool side of the jump, in stark contrasthe jump and towards higher temperatures, however, an impor
with mass-loss rates derived from current diagnostics §see tant qualitative dierence in the behavior of the mass-loss rates
vious sections). Therefore it seems that stellar evolutiodels needs to be discussed. While the mass-loss rates from or-exp
might significantly overestimate the mass-loss rates #itebi- imental routine monotonically increase from higfigr until the
stability jump(s). jump, the Vink rates display a curvature, with a local maximu
One further dificulty relates to overshooting. The Genevavell before the jump temperature (see Fig. 6). Thiedence re-
models with smaller step overshooting always reach the TAM&es to the fact that the Vink recipe has a strong dependemce
before the first bi-stability jump, while the Bonn modelsaiea Ter, being the potentially largest factor influencilbon the hot
the TAMS at lower €ective temperatures, because of the largside of the jump, logVl o« 10.92 - {log(Ter/40000)?. Thus, the
overshoot parameter (see, e.g., their published HRDs)edery Vink prescription is calibrated at 40 kK, which roughly cerr
thus far it is unclear what happens when the end of the maiponds to the ZAMS temperature of a 3Q Kdalactic star. This
sequence and the first bi-stability jump occur simultangouge  scaling keeps the temperature dependence small arounditemp
need to understand whether there might be a physical ii@nac atures close to 40 kKK, while close to the bi-stability jumis te-
between the significant internal changes and the mass lossdr pendence dominates and decreddempared to higher values
by the wind. Stellar parameters do change rapidly upon iegchof Teq. Furthermore, sincé! decreases before the bi-stability
the TAMS, and the mass-loss rates will change accordingly.juimp, the size of the jump isfiectively larger than if such a
the TAMS coincides with the jump temperature a more complelecrease was not present.
behavior may occur. This might also become important if one On the other hand, our wind tool includes only an indirect
additionally accounts for the accompanying angular moomant dependence o, via L and R. As long as there is no ex-
loss (bi-stability braking, see Seli. b.8). plicit dependence via defining Id2p = log Do(Ter) (and we re-
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Table 4. Comparison of the increase of mass-loss rates over thabilist jump(s) in the non-rotating Galactic Ekstrom et al
(2012) and Brott et all (2011) evolutionary grids.

Geneva Bonn
MMol | Tiump [KK] 522 (1) Tiumpo [KK] 522 (2) | Tumpa [KKT - 522! (1)
20 23.5 19.6 15.7-12.9 11.9| 26.0-20.5 16.6
25 24.0 17.9 14.6-104 10.2 | 26.3-21.5 15.7
30 - - - - 26.6-21.7 12.1
32 24.3 16.6 15.7 13.3 - -
35 - - - - 26.9-21.8 11.2
40 249 15.4 16.8 13.1 | 27.2-22.3 10.7
50 25.1 14.0 17.8 13.2 | 27.6-22.7 10.0
60 25.4 13.1 18.1 126 | 27.9-23.1 9.6
average 16.5 12.2 12.3

Notes.Ratios ofM on the cool and hot side (i.e., below and above the jump testyner) exceed a factor of 10. Rotating models show similar
ratios.

frained from including such a dependence in the presenyjtudTable 5. Increase of mass-loss rates over the first bi-stability
M mainly depends on luminosityand because of the mono4jump in non-rotating Galactic models using the Vink and the
tonic increase of this quantity for our 40JMnodel (see Fid.]1), experimental wind scheme.

the mass-loss rate also increases towards the jump.

Thus, the most important qualitativefidirence between the Vink wind  experimental wind
Vink rates and our experimental wind scheme is their “pre-bi M[Mo]l  Mcoo/ Mot Mecool/ Mhot
stability behavior” (PBB). We define the PBB as the behavfor o 20 14.5 5.0
the mass-loss rates dtective temperatures higher than the first 30 14.0 4.5
bi-stability jump temperature, and the starting point & BB 40 13.8 4.1

is where the mass-loss rates derived from the Vink formuald st 60 13.4 3.9

to decrease with decreasifigy (and thus where the Vink and
the experimental wind begin to depart qualitatively). Tikisof
course, initial-mass dependent: for larger masses, theWiBB Mmentum vs. luminosity diagram presented by Vink etial. (2000
start earlier, at highéFes (see Figurel6). their Figure 9, upper panel), where individual patterng.(e¢he
Although one can easily identify the source of thifeli- M(T,?ff) behavior) are smeared out, and an almost strictly linear
ence, originating from the specific temperature scalinghef trelation over the complete range between 50 and 27.5 kK “sur-
Vink prescription, a corresponding decrease in the masstlte  Vives”, consistent with our approach of adopting a consant
with decreasing e cannot be identified from the semi-empirical When interpreting theoretical or observed WLRs, poten-
WLR as used here (i.e., with constdhy), due to the dominating tial degeneracies (same luminosity, but other parametérs d
effect of increasing luminosity (see above). ferent) need to be taken into account as ngl. EO( instange,
Even though the luminosity increases, Vink et al. (2000) aftD 210809 and HD 15629 are two O stars with similar lumi-
gue that there is a physical explanation why the line acatier Nosities (Repolust et £l. 2004), and the derixéds higher for
should become lessfective at loweiTe (when considering the HD 210809, which is the cooler object. This would be consiste
range between 50 and 30 kK): Due to the shift of the flux maxvith model calculations if the cooler star was less massid a
mum towards longer wavelengths, the numberftéetive lines More evolved. For instance, our 30 and 49 Models with the
decreases. With respect to our approach, this would meaBgha €xperimental wind scheme may be appropriate for such a case.
should decrease as well. Unfortunately, there is no stiiseova- These two models reach the same luminosityet= 27.5 kK
tional evidence to support either scenario (Crowtherk2@06; andTer = 44 KK, respectively. At these positions, tWeof the
Markova & Puls 2008; Fraser et/al. 2010). This means that it¢9oler object is slightly larger indeed, when predictedbtoing
not established whether the mass-loss rates increase magec Our approach (see Figl 6).
with Tez in the PBB region. In order to discriminate between The PBB has a large impact on the size of the jump in mass-
the two cases, a meaningful analysis of mass-loss rates@ndloss rate, when considering the immediate regiofidnenclos-
only wind-momenta) should be performed in this quite narroidd the jump temperature. To provide a numerical comparison
Ter range, for a significant sample of massive stars. between the Vink and the experimental wind scenario, Table 5
In any case, a Comparison between WLRs derived from Q@jsplays the Increa}se & from the hot to the cool side of the
servations and model calculations is a non-trivial task.lgvh jump. For the considered masses between 20 to §Qi¢ aver-
from observations a sample of stars witHfelient (initial and age increase d¥l is a factor of 13.5 using the Vink recipe, while
actual) masses can be analyzed at a certain point in thdir-evdt is 4.4 for the experimental wind (consistent with the aigop

tion, evolutionary models provide the complete path of daste Change inv./vescby a factor of two, and\Do = 0.35 dex; note
model for a given initial mass. In particu'ar’ any WLR dedvethat for this test the eXpe”mental wind rates have beehreaéd

from a grid of evolutionary models with fierent masses will to match the Vink rates at early phases and at the cool sideeof t
diminish the actual PBB seen when concentrating on indivi@i-stability jump). In other words, the increaseMfduring the
ual tracks. Such anffect can be already noted in the wind moPBB results in a much smaller jump at the bi-stability thae-pr
dicted by the Vink recipe when considering individual track

5 when combining the second and third term on the rhs ofBq. 19 an  We add here that within our prescription of the experimen-
assumingy., o vese, any explicit radius dependence vanishes tal wind, the choice of a ghiciently largeAT (increasing the
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width of the jump) would lead to similarféects as produced by
the|Brott et al.[(2011) interpolation of mass-loss ratesvben —
27.5 and 22.5 kK (see above). In particular, such a procedure 5,
would also diminish the pre-bi-stability decreaseNhin the

Vink recipe, leading to a somewhat smalléfeetive jump (cf.

Figs.[4 andb). It might be useful to consider such a choice of ~—°°
AT for future studies.

-6.0

5.4. The experimental wind scheme: impact of o’
—6.5

log Mdot [Msun/yr]

There are four global parameters (log Do, fyint, and fsca) in
our setup that can influence the calculated mass-loss eatds,
in Fig.[41 we show an important test case for a 39, KalacticZ, -7.0
non-rotating model, whed' is varied (we recall that this param-
eter has a physical meaning, and is most commonly adopted in
the range between 0.50 and 0.70), and the other parametersre
main unchanged. Following the clumping-corrected valo@s f
Mokiem et al. (2005) and Mokiem etlal. (2007hy, has been
specified to lie in the range between 0.61 and 0.69 (correspon
ing to x = 1.63 — 1.45), while logDy has been fixed at a valueFig. 7. Mass-loss histories for non-rotating Galactic 3Q, M
corresponding to smooth winds, 1@y = 18.40. Obviously, the MESA models, adopting €erent values for the WLR-
choice of @’ has a significant impact on the produced masparameter related to its slopg,= 0.61 to 0.69 (indicated next to
loss rates: even for the rather small rangexotonsideredM the tracks). A model with the same initial parameters butgisi
varies by a factor o£10. Similar results would have been obthe Vink recipe (without the second jump) is shown for refer-
tained if ' was fixed, and lo®, was varied. This degeneracyence.
of M with respect ta’ andDg is an important issue; for exam-
ple, when adopting values which are both corrected for wind-
inhomogeneities, the mass-loss rates might become sigmilfyc
reduced compared to the displayed situation (see Sect. hkeand |
low). _s50L  block doshed—dotted — Vink wind |
To obtain an impression of the overall mass-loss history, F
we follow the evolution until the coolest regime of lineag¥n r
winds. In these models, the first bi-stability jump temperat
has been set therjumpr = 20.5 kK, according to observational
constraints, and we adoptad,(1) = 0.35, following our cali-
bration from the previous section. Interestingly, a véoiabf o’
affects also the position of the TAMS, because difatent mass-
loss rates: when lowering’ and thus increasinlyl, the TAMS s ~ -
is shifted to lower &ective temperatures. —eor s ~
Moreover, we also considered the second jump, at a tem-
peratureTerjump2 = 12 KK. For example, when assuming a L 40 /
continuous WLR for late B and early A-type supergiants (i.e. -
ADp(2) = 0), and a decrease in,/vesc from 1.3 to 0.7 (e.qg.,
Markova & Puls 2008), this second jump would produce only a o [K]
minor increase of the mass-loss rates.

color lines — experimental wind

55

log Mdot [Msun/yr]
T

Fig. 8. Mass-loss histories for non-rotating Galactic 40, M
5.5. The experimental wind scheme: jump properties MESA models, with diterent bi-stability jump properties. Red:
) : o i _increase inM (ADg = 0.35); blue: (almost) continuou#
To test t_he response t_off:brentM prescriptions at the flrst bi- (ADg = —0.20); green: moderate decreaseMn(ADg = —0.50).
stability jump, we again considered non-rotating Galaetad- A model with the same initial parameters but using the Vink

els. Figuré B shows a corresponding 49 MESA model, where recipe (without the second jump) is shown for reference.
alternative bi-stability scenarios have been simulatgdvadry-

ing the dfset of the WLR over the jump, quantified IDy.

Here, we used again a “highles jumpr = 25KkK, and we sim-

ulated increasing, continuous, and moderately decreasérs3- 5.6. Reducing the mass-loss rates in rotating models

loss rates, by adoptingDy = 0.35,-0.20, and—-0.50, respec- i

tively. The latter two scenarios are in agreement with tiselts After the simple parameter tests presented above, we turtou
from [Markova & Puls [(2008), while a significant jump correlention to rotating Galactic models. In the following modal-
sponds to the Vink et all_(1999) predictions. We note thatforculations, we set the initial rotational velocitiesugy(initial) =
continuousM over the bi-stability region, theffset of the WLR 300 kms*, and we varied only the overall scaling factdgc =

must be decreased to compensate for the decreaséig, 1.0,0.6,0.3), while keepinge” = 0.543 and loD, = 1840,
respectively. For the mass range (20-6Q)Mand metallicity

Dmom(cool) (Z = 0.014) considered in this work, this setup recovers the Vink

Dmom(hot)
Uoo/UeS((Cool)‘ ( ) rates wherfseg = 1.
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Fig. 9. Mass-loss histories for rotating Galactic 4Q,MIESA Fig. 10.As Fig.[9, for two models withfs. = 0.3. The only dif-
models, withy,(initial) = 300 km s?, and diferent mass-loss ference between the models is the inclusion of magnetid-fiel
rates corresponding to scaling factdtsy = 1.0 (red), fscas = effects from an internal Spruit-Tayler dynamo on the angular
0.6 (blue), andfsca = 0.3 (green). The corresponding HRD ismomentum transport (green line; this model is identicahi® t
provided as an inset. See text for further details. fscat = 0.3 model from Fig[B), and the exclusion of sudfeets
(black line). Additionally, we show the corresponding taaal

M boost factors (dashed lines and right ordinate).
Fig.[d shows the result of this test, which aims at simulating

the dfects from globally reduced mass-loss rates (compared to )
presently used values), a scenario which is quite likelyigwv is the “rotationalM boost” (Paxton et al. 2013) implemented in
of the current debate (cf. Selt. 1). MESA (see Eq[18), which approximately accounts for an in-

It is immediately clear that the inclusion of rotation has areased mass-loss due to centrifugal acceleration. Wen cetimé
very large impact on the resulting mass-loss rates and @iy reader that the Brott etal. (2011) models account for a amil
This dfect, however, is rather complex. Close to the ZAMSnechanism. Additionally, we note that due to thes®edences
the mass-loss rates indeed correspond to their reducedsyalthe two models do not evolve at identical luminosities, tjiou
and in non-rotating models thesdfdrences would remain pre-the corresponding ffierences are very smalk(0.02 dex until
served throughout the evolution, as shown, for examplepm dl5 kK).

o’ parameter study (Fi@l 7). In the rotating models, on therothe The boost itself results from a significantiérence in the
hand, the initially dfferent mass-loss rates converge to almodevelopment of the surface rotational velocities of the 8U-c
identical values between 28-23 kK, before diverging again pled (magnetic) and uncoupled (non-magnetic) models. From
lower temperatures. Since we have used quite a large value=af.[11, we see that the quasi solid body rotator (i.e., the@IF

AT = 3500 K when interpolating over the bi-stability region, thgpled model, green line) approaches its critical velocityuard
corresponding change M is rather gradual (again, we adopte®0 kK. While the rotational velocity remains almost constéme
ADg(1) = 0.35 to recover the Vink mass-loss rate at the cool sideitical velocity decreases, mostly because of an incngasi-

of the jump). dius (and, in the problematic formulation of Eqj. 6, also heea

To investigate the reason for this interesting behavioistmaf the increase in luminosity). The reason for the almost-con
prominentin the model witlfisc5 = 0.3, we turned & the Spruit- stant surface rotational velocity in the ST coupled modéha
Tayler dynamo which otherwise helps to preserve the sudace the surface angular momentum lost due to the wind cartlbe e
gular momentum due to a coupled core-envelope configuratiaiently replaced by angular momentum extracted from the,cor
Figure[10 displays the outcome of this test, namely thatrihe ithus keeping the surface rotation high. In other words, when
ternal dfects related to rotation can, indeed, have an influensong coupling is present, the whole star must be braked, no
on the (reduced) mass-loss rates. only the surface.

The large diference between the mass-loss rates from the When the rotational velocity approaches the critical veloc
coupled and uncoupled models originates, in fact, fronrtteei ity, the approximate expression for the rotational boos¥idje-
tational properties. When the Spruit-Tayler (ST) dynamesisd comes inadequate, but we refrained from manipulating the fo
for angular momentum transport (aslin Brott etial. 2011), theulation adopted in MESA — this would require a separate in-
model behaves as a solid body rotator (this process alse@sduvestigation of its own.
an dficient chemical mixing, because of afieient Eddington- Nevertheless, since the basiteets should be qualitatively
Sweet circulation), therefore it must maintain a flat int#ren- correct, we conclude that in these test cases an originattied
gular velocity profile (see_Paxton et al. 2013, their figuré. 2Yreferring to slow rotation) of the mass loss, and hence angu
When this mechanism is not considered, the core angulacvelmomentum loss, is able to significantly influence stelladevo
ity is higher than in the envelope. tion. In this regard, the treatment of internal angular motmm

The reason that the originally reduced mass-loss rates b@nsport (strongly féected by the presence or absence of inter-
come higher than anticipated (the model witk, = 0.3 reaches nal magnetic fields) plays a major role. Therefore, the remis
mass-loss rates as high as the model ith = 1, see Figl®), of mass-loss rates (from the perspective of angular momentu
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Fig. 11. Rotational and critical velocities for the two modeld-ig. 12. Surface rotational velocities vsffective temperature,

from Fig.[10. for rotating Galactic models at 40)MModels shown are pub-
lished by| Brott et al.|(2011) (B11, green line), Ekstromlet a
(2012) (E12, red line), and three MESA models (MB1, blue;line

loss) cannot be studied separately, since when changir@meMBz’ black line; MB3, black dashed line). See text.

gular momentum transport, significant feedbafile@s will in-

fluence the angular momentum loss. : .
) ump, with the Vink rates, though the PBB and consequendy th

As a side note, we remark that the model wigh, = 0.3 and Jchaﬁ e oM over the ium are%iierent q y

internal magnetic field displays only a marginal bi-stapjlimp 9 Jump i o

In M. In thi the rotational boost i sent at the hot A departure between the rotational velocities as predieyed

in M. In this case, the rotational boost is mofeaent at the hot . \qeSA and thé Brott et all (2011) model is already seen at

than at the cool sidg,_since atthe cool side the r°‘a“°”‘?‘3“?. early phases (around 40 kK). We speculate that these edurly di
departs from the critical one, presumably due to the sigamtic ferences are a consequence dfatences in the implementation

mass loss and angular momentum loss just before and acepss. )., yting for the féects of a dynamo generated field in the ra-
jump. Thus, the change in mass loss over the jump is wealaqé

: . . , tive zonesl.(Heger etlal. 2005; Petrovic et al. 2005). We,no
thfan. if both _S|des would _be S'”?"a”ﬁ‘*‘?ted- Further stusmes ONfor example that without magne‘tic fields the rotation?abv,iiy
this issue might be required, since it might partly explajarap :

. ; . decreases even more drastically in early phases, as obivooois
lower than predicted, assuming that indeed the mass-loss r Y yP

; . ; e corresponding Ekstrom et al. (2012) model. THeedénces
(when discarding rotationaliects) were weaker than presentI){n the slope from 35 kK on might be associated with thsgent

adopted. PBB, that is, the dferences itM(Te), of the Vink rates and our
experimental wind scheme (see Hig. 6). Since the Bonn mod-
5.7. The evolution of surface rotational velocities els have a shorter MS lifetime (compared to analogous MESA

models), they evolve faster, and lose less mass (thus Igss an

If the mass-loss rates are reduced, the angular momentsm lag momentum). This issue may explain why theif values are
decreases under typical conditions, which has a se¥iget®n consequently higher on the MS compared to our MESA models.
the rotational properties at all stages of stellar evohutibhis  Further diferences relate to a cooler bi-stability jump tempera-
is one of the issues that can be constrained via observaifonsure in the experimental wind scheme (see next section).
vsini, particularly for main sequence and blue supergiant stars. |t is well known that internal magnetic fields are predicted
Later and pre-supernova phases dfeaed even more, since theto have a major impact on the evolution of surface rotatioeal
actual mass and angular momentum content determines the fipgities (see, e.g., Fig. 3 from Maeder & Meyhet 2005, and als
fate of the star. Maeder 2009). Based on our previous finding that internakmag

To investigate the evolution af in various scenarios, we netic fields can alsoftect mass-loss rates, via angular momen-
compare, in a step-by-step approach, our MESA models-utilim transport, we calculated a second model without interna
ing the experimental wind scheme with the Ekstrom et all£20 magnetic fields (MB2, black line). Evidently, this modelplasys
and/Brott et al.[(2011) tracks (FigL]12, red and green lines, rconsiderably lowen, during its complete MS evolution, com-
spectively). pared to the magnetic one. At early stages, this model has-a si

First, we display a 40 M (Z = 0.014) model (MB1, blue ilar v history as the corresponding model from _Ekstrom ét al.
line) that has similar characteristics as the correspandime (2012).
from [Brott et al. [(2011). In particular, we adopted &y, = Subsequently, we decreased the overall mass-loss rates in t
0.335, (ii) Spruit-Tayler dynamo generated magnetic fieldemvh latter non-magnetic model to 30% of its original value (MB3,
accounting for the angular momentum transport, (iii) miendl black dashed line). Very interestingly, this modificati@sults
circulation in a dffusive approach, and (iv) mixingficiencies in a similar evolution ofv: as in the original Bonn model.
fo = 0.0228 andf, = 0.1. The (experimental) mass-loss rate§T his similarity could, of course, be also achieved by a seha
have been calibrated in such a way that they roughly agreegaker reduction of the mass-loss rates in the magnetic inmode
in earlier phases and at the cool side of the first bi-stgbiliThe large &ect of the reduced mass-loss rates on the surface
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rotational velocities is remarkable. Though Maeder & Mdyndable 6. Various models to check the requirement for BSB.
(2005) pointed out that the loss of angular momentum at the su

face has a limited impact on the internal rotational prapsert model | fya | internal B field | BSB required for
here we have shown that the surface angular momentum loss MB1 1 yes <30 M,
has a large impact on the observable rotational velocttiesigh MB2 1 no <30 M,

it also depends on thefects of internal transport mechanisms MB3 | 0.3 no <60 M,
(coupled vs. uncoupled configuration). Thus, the evolutithe MB4 | 0.3 yes all models

surface rotational velocities can only be studied if bo#n str- . . ,
Notes. fsca = 1 refers to our experimental wind scheme with parame-

face angular momentum loss _and thelln'.[ernal angular MOMEL}s that approximately recover the Vink rates at early gbasd at the
tum transport are considered in a realistic manner. Coalers o) side of the first bi-stability jump (see SEcE]5.7). Metimfields are
a study of the surface rotational velocities can provideesev accounted for via the Spruit-Tayler dynamo as implementddESA.
constraints on these issues.

One may now ask to what extent these findings depend on
initial mass. To this end, we calculated a small grid of medejump temperature is at 24 and 25 kK for the 20 and 25ivbdel,
with similar assumptions as above, for the range of 20 - 60 Mrespectively. These values clearly do not coincide withdiugp
In the following section, we quantify the strong impactMf in v, that occurs at higher temperatures, therefore the braking
ONnuret @s a function of initial mass, and discuss the outcome @f this case is attributed to reaching the TAMS. We conclude
our simulations in the context of bi-stability braking posed that none of thé Ekstrom etlal. (2012) models would require a
by!Vink et al. (201D0). BSB to account for slowly rotating B supergiants. One might
now argue that these models, with weak overshooting, would
yield lifetimes in the B supergiant regime that are too shwkte
compatible with the observed large population of such dbjec
For Galactic O-type stars, the measured (projected) rotd-least when relying on the hypothesis that they were the im-
tional velocities display a large scatter, reaching up toediate descendants of O stars. However, even when inegeasi
vrot SiNi- ~ 400 km s? (e.g./Howarth et al. 1997), though thethe overshoot parameter to account for this possibility,ldnge
average initial rotational velocities of massive O staes @ir- angular momentum loss in early phases would notfiected,
rently debated. For example, Simon-Diaz & Herrero 2014 firand still no BSB would be required.
that essentially all O supergiants of their northern Gataam- ThelBrott et al.[(2011) models maintain a higher surface an-
ple and 71% of all O dwarfs therein hamg sini < 200 km s*. gular momentum before the first jump, mainly due to the cou-
In the Howarth et al.[ (1997) sample, a significant drop in th@ed core-envelope configuration achieved by tffeats of a
rotational velocities of B supergiants is observed at adouspruit-Tayler dynamo mechanism in the radiative zone (as di
22 kK. To date, there is overwhelming observational evigencussed before in Se€t. 5.6). For most of these models, itean b
supporting an average surface rotational velocity on tlikeror safely stated that bi-stability braking is required to reglihe
of vt sini ~ 50 km s for late blue supergiants (Huang et alrotational velocities and to match the observed valuesy @
2010; Hunter et al. 2009; Fraser etlal. 2010). If the blue sup0 M, case is problematic. Even with an increase of a factor
giants are the direct descendants of O-type stars, thertidbp sof 15 in the mass-loss rates, the bi-stability jump seemseto b
drop in the rotational velocities implies that a braking meec insuficient to brake this model’s large surface rotational veloc-
nism must be present. To this end, Vink et al. (2010) propositg To investigate the impact of important assumptionsrdmg
that a large jump in the mass-loss rates at the first bi-#abilinternal momentum transport and mass loss (which obviously
(the bi-stability braking, BSB) couldfigciently remove surface cannot be tested when relying on published models alone), we
angular momentum, and hence reduce the surface rotatibie oftalculated a small grid of MESA models withfidirent setup, la-
star. However, we stress again that at least a large jurim beled as MB1 to MB4, respectively. The general setup of neodel
debated, and that the jump temperature which is used inrdurr®B1 to MB3 has already been described in the previous section
evolutionary models most likely needs to be shifted to cooland these models are augmented here by an additional magneti
temperatures. model MB4 with fsc5 = 0.3. These models are summarized in

Moreover| Vink et all.[(2010) emphasized that the possjbilifTablel6 for easy comparison.
of BSB depends on the adopted evolutionary models. However, Evaluating the results displayed in Fig.] 13, the role of the
it has not been investigated in detail which models wouldireg BSB can be determined. As a conclusion on its necessity, the
a BSB to reach lowy, in the B supergiant regime, and whichfollowing (crude) criterion was checked for each modelhisre
would not. a steep drop in the surface rotational velocity requiredke o

The 32 - 60 M, tracks of_Ekstrom et all (2012) can be eagain models in the regiofiegr < 20 kK anduy; < 100 kms1?
ily inspected (Figl_II3). These models do not need a BSB; thieyother words, would the models evolveTg; < 20 kK with
already brake the surface rotational velocities at highpena v, > 100 kms? without the benefit of an increase M related
tures, because of discarding internal magnetic fields aptyap to the bi-stability of the winds? If the answer to both quassi
ing Vink mass-loss rates, which in most cases are larger tharyes, then the BSB may be required - keeping in mind that the
those used in the Bonn models, due to a higher luminosity (888B is not the only mechanism capable of reducing angular mo-
Sect[5.11). The 20 and 25dvtracks (the latter not shown here)mentum. By inspecting Fif. 13 (see also the last column ofeTab
are somewhat misleading: Because of the comparativelyl sni@), we find the following situation: whereas in models MB1 and
overshoot parameter, these tracks reach the end of the mainMB2 a BSB is only required for stars withl < 30 M, models
quence just before the bi-stability jump. Here, we interpine with a decreased mass-loss rate (MB3 and MB4, respectively)
hooks in they-tracks as a result from the corresponding hooksould always require a BSB - except for the 6@ MB3 model
in the HRD, meaning those related to changes in the internralo enable slowly-rotating B supergiants. However, the@dso
structure of the star, and not as a result of bi-stabilitklmg.  the problem that in almost all 20 Mmodels (except for the
This assumption can be justified if one recalls that the astbptone presented by Ekstrom etlal. 2012), and in models/MIB3

5.8. The need for bi-stability braking
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Fig. 13.Various Galactic metallicity models to investigate theguaial role of bi-stability braking, with initial massestteen 20
to 60 Mo, and initial rotational velocities: 300 km s*. For reference, the Geneva models (red, E12) and the Bonelm@teen
B11) are indicated. (Note that there is no 3@ but a 32 M, model available from the Ekstrom et al. (2012) grid.) Far set-up of
MESA models MB1 to MB4, see Tahlé 6 and Séct] 5.7.

with 30 M, the bi-stability braking alone is still not fiicientto in a diffusive approach this is the largest term contributing to
push the rotational velocities below 100 ksrfor Teg < 20 kK. chemical mixing (see also Song etlal. 2016).
This is a serious challenge, as we note that the increalskds

adopted here may already overestimate the actual situation ~ Regardless of the flerences in the treatment of merid-
ional circulation, mixing #iciencies, or the consideration of in-

ternal magnetic fields, a reduction of the mass-loss rates (i
fscat = 0.3) compared to the currently used theoretical prescrip-
6. Discussion tions (fsca = 1) would result in less angular momentum loss,
which in turn would keep the surface rotation in massivesstar
As shown by our model calculations, the evolution of theaeef closer to their initial velocities throughout the main sengoe
rotational velocities of massive stars are not only deteedli eyolution. According to our simulations, only fo > 60 M, it
by the efects of internal angular momentum transport, but afe still possible to brake stellar rotational velocitiegrsficantly,
strongly and qualitatively influenced by the magnitude anat e \when internal magnetic fields are not included (see[Fig. Tt
lution of mass-loss rates. Although the existence andadi is a very drastic and observablée=t, especially as the mass-
internal magnetic fields, and their role in determining the i|oss rates were changed by a factor of only between two and
ternal angular momentum transport are debated, such megngfree when accounting for theffirent overall rates.
fields - when included in evolutionary models - often doménat
this transport mechanism (Maeder & Meynet 2005; Hegerlet al. In our models with a fully diusive scheme, the current dis-
2005). Moreover, the actual treatment of the Eddington€dweagreement between mass-loss rates predicted by the ddandar
circulation (i.e., a dtfusive or advective approach) must also b¥ink recipe and those derived from observations leads tc a di
considered when relying on specific evolutionary modetg;esi chotomy of potential scenarios:
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(i) If the mass-loss rates derived from observations arsiden
ered (a factor of between two and three less than the Vi

to be considered (e.g., Lamers etlal. 1995; Pulslet al.|2000).
Rrthermore, due to the line-driving mechanism, both param

rates), then there is a need for bi-stability braking, requiters depend on metallicity, though in this work we only cdrsi

ing a large jump inVl which has not been observed thus fa

ered Galactic models, thus avoiding such an explicit depeoel

Otherwise, model calculations would predict a large samplge emphasize that this observationally guided routinesein

of late B supergiants with high surface rotational velesiti

(i) If, on the other hand, the Vink rates (fkr > Teqr jump1) are
correct, there may be no need for a large jumpliat the bi-
stability (depending on the particular evolutionary mogdel
agreement with observational evidence.

In this context, we must also consider (at least) two obsgy;

vational constraints. Namely, is the average surface iooiait
velocity adopted at the ZAMS (300 knT too high? Or, is it
possible that there are late B supergiants wigh> 100 km s*
that are not observed, for example, due to their shorttifetin
that region?

Indeed, it is not clear that all O stars are fast rotators
or close to the ZAMS. As already pointed out, the majority

northern Galactic O stars analyzed lby Simon-Diaz & Herrey

(2014) hasvgsini < 200 km s?. If these values were com-

mon, then for a considerable number of stars, mass-loss rg
lower (by a factor of between two and three) than those ctlyren;, .

adopted would mean that BSB is not required. In this case,

significant angular momentum loss would be required to bra

rotation and thus to enable the production of slowly rotgath
supergiants.

Whether a larger number of late B supergiants with >
100 km s? exists but has not been detected might also be
observational issue. Adopting a large overshoot paranfeter
consistency reasons in our model calculations from Braitiet
(2011) ensures that our late B supergiants are still coredayd
gen burning, although the typical main sequence lifetimthef

existing scaling relations, and that it is not a new mass-ttes
scription, in contrast to the much more complex approackies b
for example| Grafener & Hamann (2005), Bouret etlal. (2012)
or[Petrov et al.[(2016).

From our model calculations, in which we adopted a fully
diffusive scheme, we draw the following conclusions that are
iostly independent of assumptions about internal magnetic
fields and their coupling with angular momentum transpaot: F
a mass range between 20 to 6Q,Mind canonical initial rota-
tional speedsyq(init) ~ 300 km s, it is not possible to simul-
taneously account for (i) lower overall mass-loss ratese(Hzy
a factor of between two and three), and (ii) a smaller inereas

M over the bi-stability region, compared to the predictions
y lVink et al. (2000 2001). Otherwise, the models would re-
ain too high surface rotational velocities in the late Bexgjiant
regime. An obvious alternative would become feasible Heit
rotational velocities Atlose to the ZAMS were significantly
er than adopted here, or if a yet unidentifieffiogent brak-
mechanism would operate during the early stages of reassi
r evolution.

As an interesting secondary result, we also found that ini-
tially weaker winds can become significantly amplified inithe
gHbsequent evolution by the rotational boost, for modelghvh
account for a coupled core-envelope configuration due to-mag
netic fields (quasi solid body rotators). Thifext would lead
to a lower éfective M jump across the bi-stability region, and
might help to understand corresponding observationalrfosli

models below 20 kK is short. For example, in case of our 40 M  During our investigation, we identified the following prob-

models (FiglZIB) only the last 3% of their main sequenceitifet
is spent in that regime.
There is no clear consensus whether the observed B

lems that must be studied to enable further progress:

SU-\What are the real mass-loss rates before the onset of the bi-

pergiants are core-hydrogen burning main sequence or core-giapility, for temperatures lower than roughly 35 kK? Do

helium burning post-main sequence objects (€.g.. Vinkietal ney increase (experimental wind) or decrease (Vink rates)
2010;.Meynet et al. 2015). Indeed, it might be possible that B \itf, time? This pre-bi-stability behavior (PBB) plays a cru

supergiants are not a homogeneous sample, which would make
the evaluation of a requirement for BSB even more challemgin

cial role in determining the actual value of the bi-stapilit
jump regardingM.

Nevertheless, if B supergiants are the direct descend&i@®s o _ g there a gradual change in mass-loss ratesk8— 23 kK
stars, a physical mechanism for angular momentum loss reust b corresponding to the observed gradual behaviog@/fvm?’

established, whether or not the BSB exists.

— What are the average ZAMS surface rotational velocities of
O-type stars, and are there any rapidly-rotating (single) B

7. Conclusions and future work

In this study we have investigated the impact of mass losh@n t
early stages of massive star evolution. We aimed to undetsta
whether the discrepancy between mass-loss rates fronetireor
cal predictions and from recent diagnostics could be ctatifin
terms of evolutionary constraints. To this extent, we depet

a simple wind routine which has been implemented into MESA,
and we simulated stellar evolution using various mass+ass,
particularly rates that are either compatible with thossdpmted
bylVink et al. (2000) or with state-of-the-art observatibdiag-
nostics.

Our experimental wind description is based on the semi-
empirical WLR, and has been implemented within an easily ad-
justable, flexible and fast routine. For the sake of simplicie
considered the corresponding parameters, stopel/a’ (see
EquatioriIB), andfiiset logDo, as constant fof e > Test jump1-

For more sophisticated modelsTas-dependence might need
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supergiants below 20 kK?

Approximately 10% of massive stars have detected surface
magnetic fields (e.g., Wade et al. 2014), and thus could ex-
perience magnetic braking accounting for slow rotatioe (se
Meynet et all 2011). Is it possible that weaker, as-yet unde-
tected surface magnetic fields in massive stars result in an
efficient removal of surface angular momentum? The chal-
lenge of detecting magnetic fields in the often complex and
variable spectra of O stars makes this question worthy ef fur
ther investigation.

Stellar evolution codes do not agree on the implementation
of the first and second bi-stability jump adopting the Vink
rates, and the size of the jump v is much larger than the
originally considered value hy Vink etlal. (2000). This is in
contradiction with observations (and also with recent wind
calculations by Petrov et al. 2016), and evolutionary medel
might significantly overestimate the mass-loss rates at the
cool side of the bi-stability.
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— The necessarily simplified treatment of the complex inteEggenberger, P., Meynet, G., Maeder, A., et al. 2008, Akysigs and Space
actions and evolution of magnetic fields in 1D hydrody- Science, 316, 43

namical calculations implies that results will be approxi

Ekstrom, S., Georgy, C., Eggenberger, P., et al. 2012, oAstmy &
Astrophysics, 537, 146

mate. While _the charact_e_rlstlcs of internal f_|elds _and theérspinosa Lara, F. & Rieutord, M. 2011, AGA. 533, A43
effects are still debated, it is clear that such fields, if presepeldmeier, A., Oskinova, L., & Hamann, W.-R. 2003, AGA, 4®3.7
could have extremely important consequences for stelfmgser, M., Dufton, P. L., Hunter, 1., & Ryans, R. S. |. 201(&mthly Notices of

evolution. Moreover, the existence of strong surface mal
netic fields is now know for a handful of O stars (e.g

Wade & MiMeS Collaboratian 2015). The direcffects of

_the Royal Astronomical Society, 404, 1306
riend, D. B. & Abbott, D. C. 1986, The Astrophysical Jourrgil, 701

‘Georgy, C., Ekstrom, S., Granada, A., et al. 2013, Astron&nAstrophysics,

553, 24

these surface magnetic fields - on both mass loss and ratesfener, G. & Hamann, W.-R. 2005, A&A, 432, 633
tion - also urgently need to be implemented in stellar evol@revesse, N., Noels, A., & Sauval, A. J. 1996, in AstronoinBeciety of

tion calculations (e.g., Petit et al., in prep).

Although, in our opinion, the predicted evolution vs. diag-

the Pacific Conference Series, held in: Astrophysics Cenfar in College
Park; Maryland; 9-11 October 1995; San Francisco., Vol F¥8ceedings of
the sixth annual October Astrophysics Conference, ed.:.By I9olt and G.
Sonneborn, 117

nostics ofury is an ideal tool to study open issues in evolugroenewegen, M. A. T., Lamers, H. J. G. L. M., & Pauldrach, A.AV1989,

tionary calculations, particularly regarding mass lobsy¢ are

Astronomy & Astrophysics, 221, 78

also other constraints that need to be considered. Mostrimpgroh. J. H.. Meynet, G., Ekstrom, S., & Georgy, C. 2014, éstmy &

Astrophysics, 564, 30

tant in this respect are diagnostics of the abundances ¢éamic Heger, A., Langer, N., & Woosley, S. E. 2000, The Astrophgisioumal, 528,

processed material mixed into the stellar surface layeherey

368

the mixing dficiency strongly depends on the angular velocieger, A., Woosley, S. E., & Spruit, H. C. 2005, The AstropbgisJournal, 626,
ity profile between the core and the envelope. Since diagisost 350

of surface CNO abundances have made considerable prog

\éé, A., Rauw, G., & Naze, Y. 2013, Astronomy & Astroptosi551, 83
erwig, F. 2000, Astronomy & Astrophysics, 360, 952

in recent years (e.g.. Hunter ef al. 2008; Przybilla et allt®0 ey b, J. 1991, AGA 247, 455
Rivero Gonzéalez et al. 2012; Bouret etal. 2012; Martind.et &iiliier, D. J. & Miller, D. L. 1998, ApJ, 496, 407

20154&,b), the inclusion of such results into studies simdahe
present work will certainly lead to further understandifighz

evolution of massive stars during the main sequence anchoey

q—iuang, W.,

Hirschi, R., Meynet, G., & Maeder, A. 2004, Astronomy & Agtiysics, 425,
649

Howarth, 1., Siebert, K., Hussain, G., & Prinja, R. 1997, MAR 284, 265

Gies, D., & McSwain, M. V. 2010, The Astrophysidalrnal, 722,
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