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ABSTRACT

Context. We study the convection zones in the outer envelope of hosireastars which are caused by opacity peaks associated with

iron and helium ionization.
Aims. We determine the occurrence and properties of these caomexines as function of the stellar parameters. We therraainf

our results with observations of OB stars.

Methods. A stellar evolution code is used to compute a grid of massigermodels at dferent metallicities. In these models, the
mixing length theory is used to characterize the envelopeatiion zones.

Results. We find the iron convection zone (FeCZ) to be more prominearnofger surface gravity, higher luminosity and higher iaiti
metallicity. It is absent for luminosities below aboutZ@.,, 10°*° L, and 162 L, for the Galaxy, LMC and SMC, respectively. We
map the strength of the FeCZ on the Hertzsprung-Russelfatiador three metallicities, and compare this with the ocenre of
observational phenomena in O stars: microturbulence radia pulsations, wind clumping, and line profile variébil

Conclusions. The confirmation of all three trends for the FeCZ as functifstellar parameters by empirical microturbulent vel@sti
argues for a physical connection between sub-photospt@miective motions and small scale stochastic velocitiéise photosphere
of O- and B-type stars. We further suggest that clumping éitimer parts of the winds of OB stars could be caused by the sam
mechanism, and that magnetic fields produced in the FeCd emyear at the surface of OB stars as diagnosed by disceaigpéibn
components in ultraviolet absorption lines.

Key words. Convection, Stars: atmospheres, Stars: magnetic fieldss: $iscillations, Stars: mass-loss

1. Introduction While the envelope convection zones may, at first glance, be
negligible for the internal evolution of hot massive stalgy
Massive stars, in a general sense, have convective corgs:ananay cause observable phenomena at the stellar surfacee@he r
diative envelopes (Kippenhahn & Weigert 1990). The intwduson is that the zones are located very close to the photaspher
tion of the so called “iron peak” in stellar opacities (Igeesset al. for some mass interval (see below). Here, we will discusswhi
1992) led, however, to the prediction of a small convectiomez observed features in hot stars might be produced by these nea
in the envelope of diiciently luminous massive main sequenceurface convection zones. In particular, we examine whethe
models |(Stothers & Chin 1993). It is often accompanied by anlink exists between these convective regions and observab
even smaller convection zone which originates from an dpacsmall scale velocity fields at the stellar surface and in tek s
peak associated with partial helium ionization. These tao-c lar wind, “microturbulence”. A similar idea has been used to
vection zones comprise almost negligible amount of mass. Téxplain microturbulence in low mass stars (Edmunds [1978), i
reality of the iron opacity bump, as predicted by variousup® which deeper envelope convection zones reach the phot@sphe
(e.g.lglesias et al. 1992; Badnell etlal. 2005), is unamndig. WhilelEdmunds (1978) concludes that the same mechasdam
It is most obvious in the field of stellar pulsations. Only theot explain microturbulent velocities in O and B stars, the iron
inclusion of this feature allows an agreement of observetl apeak induced sub-photospheric convection zones in thase st
predicted instability regimes in the HR diagram, from theterh had not yet been discovered. We demonstrate in this paper tha
dwarf regime (e.g. Sdio 1993; Charpinet et al. 1997), fommaihese convection zones may not only cause motions which are
sequence stars (e.g®,Cephei stars; see Deng & Xiang 2001pbservable, but possibly even directljest the evolution: First,
and references therein), and up to hot supergiants (Saip eta discuss how photospheric velocity fields méget the struc-
2006). ture of massive star winds by inducing clumping at the base of
the wind and therebyfBecting the stellar mass-loss. And second,
we argue that the near surface convection zones may generate

Send offprint requests to: M. Cantiello e-mailm.cantiellouu.nl ~ Magnetic fields which — if they migrate to the surface — furthe



http://arxiv.org/abs/0903.2049v1

2 M. Cantiello et al.: Sub-surface convection in hot stars

affect the stellar wind mass-loss and, more significantly, the a I Iron bump '
sociated stellar angular momentum loss. 1.0F /25582 .

We construct grids of massive main sequence star models, [ 7-0.002 ——
for various metallicities, that allow us to predict the ogemce — L He bump 7Z=0.001 ———
and properties of sub-surface convection zones as funatitee ', 0.8 Z=0.00001 —
stellar parameters (Sett. 3). We then compare the modekpred
tions with observed stellar properties, e.g., empiricdiyived g i
microturbulent velocities and observations of wind clungpin o 0.6F
hot massive stars (Seld. 4). & -

<

2. Method 0.4
Our stellar models are calculated with a hydrodynamicaatell
evolution code. This code can calculate tlfieet of rotation on 0.2 ! ! ! !
the stellar structure, rotationally induced chemical mgxiand 4.5 5.0 5.5 6.0 6.5 7.0
the transport of angular momentum by magnetic torques (see LOG T [K]

Petrovic et all 2005; Yoon etlal. 2006, and references thgrei
Compositional mixing is treated as dlisive process. The rate
of change of a nuclear species of mass frackprs calculated
as

X 0 X dX;
(o) = [eoo G| (w).
nuc tables|(lglesias & Rogers 1996). Hig. 1 shows the opacitfficoe

where D is the difusion codicient constructed from the sumcient as function of temperature in our 6@ Mhodels for various

of individual diffusion codicients for the range of mixing pro- metallicities. The peaks at 10§ ~ 4.7 and logT ~ 53 are
cesses (see Heger etlal. 2000, and references therein)e®he gaused by helium and iron, respectively. The peak afTlog

ond term on the right hand side is the schematic symbol talstsh2 — 6.3 is caused by carbon, oxygen and iron.

for all nuclear reactions. The contributions to théwsion co- We use the metallicity dependent mass-loss predictions of
efficient are convection, semiconvection and thermohaline mi¥ink et al. (2001).

ing. For rotating models also the contributions from ratati
ally induced mixing and magneticftlision are computed. The
transport of angular momentum is also treated agfasive pro-
cess|(Endal & Sofia 1978; Pinsonneault et al. 1989; Heger etlal the very weak helium convection zone, radiativéfudion

Fig. 1. Opacity in the interior of 60 M zero age main sequence
stars of various metallicities (see legend) as a functidaroper-
ature, from the surface up to a temperature dfkLOThe difer-
ent colors refer to dierent metallicities, as shown in the legend.

2.1. The helium convection zone

2000). is the dominant energy transport mechanism, which may have
The Ledoux criterion is used to determine which regions eabnsequences for the development of convection. In faeisin
the star are unstable to convection: cous fluids the Ledoux-criterion is not strictly correctjca it
@ ignores any dissipativeffiect on the evolution of a perturbation.
Vag— V + 5 vV, <0 (2) A more accurate criterion can be expressed in terms of the non

i i . ) _dimensional Rayleigh number, Ra which for compressibtat-st
(e.9.,LKippenhahn & Weigert 1990) whe¥gg is the adiabatic ified convection, is
temperature gradient arWfl is the gradient in the mean molecu-

lar weight. The dfusion codficient,D, in convective regions is Ra~ (V- Vag)L3g (5)
approximated with KV '
1 HerelL is the thickness of the convective layer, andndy are,
D= §a’HPvc (3) respectively, the thermal lusivity and the kinematic (molecu-
_ o ) lar) viscosity (e.g, Shoie 1992, p. 328).
where H is the pressure scale heightis the convective veloc-  For convection to develop, Ra must exceed some critical

ity, anda the mixing length parameter. We fix = 1.5, which yalue, Ra. The estimate of Ra in the helium convective region
results from evolutionary tracks of the Sun (e.g. Abbeti.2t &jepends on the choice of the viscosity iméent. For the Spitzer
1997;/ Ludwig et all 1999); a sensitivity study of thedepen- formula [Spitzéf 1962),Ra Ra., and the region can be con-
dence of our scenario will be presented in future work. The cosjdered convective. In contrast, for the radiative vistyog.g,
vective velocityy., is calculated using the mixing length theorKippenhahn & Weigelit 1990, p. 445), RaRa.. There is an ad-
(Bohm-Vitense 1958) (MLT hereafter) and the convective-co ditional uncertainty in these estimates since the exprasgor

tribution to the difusion codicient becomes: the radiative transport c@iicients in our models are strictly cor-
1 s c 13 rect only in the difusion limit. Likewise, the value of the heat
D= 3¢ BHp - 081 - B)Vad(Vrad — Vag)| (4) capacityc, can vary by an order of magnitude depending on

whether the radiative energy reservaii* is coupled to the in-

wherex is the opacityp is the densityg is the ratio of gas pres- ternal energy of the gas or not. Since the helium convectioe z

sure to total pressurgy, is the local gravitational acceleration,occurs very close to the surface in our models, these additio

andc is the speed of light. Her&},q and Vo4 are the radiative uncertainties could be relevant.

and adiabatic gradients, respectively. Ideally, the properties of the helium convection zone could
We use the solar composition proposed|by Asplundlet dle studied through multi-dimensional hydrodynamic caleul

(2005%). The opacities in our code are extracted from the OPAibns. However, the large thermalfdisivity poses a formidable
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computational challenge since it makes the problem numiéyic ~ 9C[ = T

stiff: the difusive timescale is much shorter than the dynamical
one, which leads to very short time steps if an explicit solse 5, | _
used (unfortunately, most codes used for compressibleemanv Fe
tion are explicit). Any simulation would have only limitede
unlessitincludes a siiciently realistic treatment of the coupling o 0.4 - .
between plasma and radiation. ~

In the presence of strong wind mass-loss, another consid-
eration related to the He convective zone becomes importamﬁt 0.6
due to the fact that it comprises only a tiny amount of mass.
Convection can set in only if the turnover timey, ~ Hp/vc
is shorter than the time scale for which convection is ptedic %8 7=0.02 Z

to prevail at a fixed Lagrangian mass shell inside the convec- 20 Mg

tion zone,rcony, Which isteony = AMcony/ M. We find a critical 1ol .
mass-loss ratél ~ 10°°Meyr~1, above which convection has 2%10° 4x10° 6x10°
no time to develop in the helium region, since the wind is re- t/yr

moving an amount of mass equivalent to the mass of the con-0.0 '
vection zone before a convective eddy can turn over (seé€lJab.
For a metallicityZ=0.02, stars above 40 )cannot develop the
He convection zone, and in a 20 ;Msuch a layer is convec-
tive only for 10 - 100 turnovers before convection moves to a Fe

lower mass coordinate. None of these concerns is signifioant 04l |
the iron convection zone (FeCZ hereafter), where convedsio &
always fully developed. Moreover the convective velositier
the FeCZ are always found to be much higher than those in the, ¢ |- _
helium convection zones. We disregard the occurrence dfehe
lium convection zones unless it is explicitly mentioned.

He

081 7=0.004 g
20 Mg

3. Results 1.0 A : .

, : _ 2x10° 4x10° 6x10°
We calculated a grid of non-rotating stellar evolution ssges t/yr

for initial masses between 5Mand 100 M, at metallicities

of Z=0.02, Z=0.008 andZ=0.004, roughly corresponding toFig. 2. Evolution of the radial extent of the helium and iron

the Galaxy, the LMC and the SMC, respectively. Additionallyconvective regions (hatched) as function of time, from teez

we computed several models at lower metallicity. SincedrapRg€e main sequence to roughly the end of core hydrogen burn-

rotation can change the properties of sub-surface comrecting, for a 20 M, star. The top of the plot represents the stel-

(Maeder et di[ 2008), we calculated a few rotating models i@ surface. Only the upper 1Rof the star is shown in the

evaluate the fects of rotation on our results. Theseets are plot, while the stellar radius itself increases during thelation.

discussed in Sectidn 3.1. Upper panel: The star has a metallicity£#0.02, and its fec-
Figure<® and3 show the evolution of the radial extent atiye temperature decreases from 35 000K to 25 000K during the

location of the sub-surface convection zones in 20eid 60 M, Main sequence phase. Lower panel: The star has a metatiicity
models during the main sequence phase. Z=0.004, and its ective temperature decreases from 37 000K

to 27 000K during the main sequence phase. The extent of the

As outlined above, the He opacity bump at around,. . .ion zones is smaller than in the case shown above, and
log T = 4.7 s responsible for a convective zone which OCCUIRe iron zone is absent for the first 2.5 million years.

close to the stellar surface and is veryfli@ent: only a very
small fraction of the heat flux is transported by bulk motians

this region. The upper boundary is typically found at an@@ti ,ore extended zones achieve higher velocities. For a daanti

depth in the range Z 7 < 10, wherer is the Rosseland meanije analysis, we define an average convective velocity
optical depth. Below this convective zone, the Fe opacityju
at around logT =~ 5.3 is associated with a mordheient and Re

extended convective region. (ve) == —— ve(r) dr (6)

The radial extent of the FeCZ is quite substantial, i.e. a sig @ Jre-atie
nificant fraction of one solar radius, which correspondsdzily where R is the upper boundary of the convective zone, and
to 2 - 10 pressure scale heights, comprising a mass on the omtbere we ser = 1.5.
of 106M,, to 10°M,, while the amount of mass between the From Figure§R and 3, three trends for the extent of the sub-
top of the FeCZ and the stellar surface is around severaktimgirface convection zones are noticeable. First, with asing
10" My, (cf. Table 1). In the 20 M model the upper border of time during the main sequence evolution, these zones become
the FeCZ is located at ~ 140 on the ZAMS, and at ~ 370 more extended, and are located deeper inside the stellar env
on the cool side of the main sequence band. In the §@ddel lope. This is because the stellar envelope expands, andnesco
the upper border at ZAMS is locatedrat 15, reaching ~ 260 cooler, while the temperature of the opacity peak remaiasiye
during the late main sequence evolution. Convective viémsci constant. In our 20 Mmodel atZ=0.02, the mass of the He con-
predicted by the MLT are on the order of 10s of krh,svhere vective zone increases from aboutiM, to 2x 107 Mo, and
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Table 1.Properties of the envelope convection zones in our 20 and §0nbtels of solar metallicity. These are the same models
shown in the top panel of Figl 2 and in Fig. 3. The values in #lidetrefer to+6.41x10° for the 20 M, model and+2.37x10F for
the 60 M, model.

M Zone H (ve) AMconf AMtopk_) Neens® Tturrg Teond M
Mg Ro kms! Mg Mg days days Myr?
20 He 0.025 0.08 Bx10° 19x10° 18x10° 2.5 38 73x 1078
20 Fe 0.08 2.40 Bx10% 58x107 18x10* 0.25 18250 Bx10°8
60 Fe 0.24 2.25 Bx10° 98x107 85x10° 0.83 1570 I x10°

a Mass contained in the convective region.

b Mass in the radiative layer between the stellar surface la@dpper boundary of the convective zone.
¢ Expected number of convective celldyes := (R, /Hp)?.

d Convective turnover timerum := Hp/{ve).

€ Time that a piece of stellar material spends inside a coiweedgion,reony := AMeon/ M.

00 77 7 L g ' For our grid of stellar evolution models, we map the average
e convective velocity of the FeCZ (Egl 6) in the HR diagram for
08l fo 4 thethree dierent metallicities (see Figl 9, and Séct. 4.1.2). This
figure displays the three qualitative trends of the iron zaee
have just described.
2 1.6 7
~ — For given luminosity and metallicity, the average convec-
o tive velocity near the upper boundary of the FeCZs increases
= 2.4 7 with decreasing surface temperature. The convection zones
are located deeper inside the star (in radius, not in mass),
30l ) and the resulting larger pressure scale height leads t@high
’ £=0.02 velocities. At solar metallicity and 2@, (i.e. roughly at
60 Mo 20 M,) the velocities increase from just a few kmsat
4.0 ! ! | the ZAMS to more than 10 knt$in the supergiant regime,

1x10°8 2x108 3x10°

t/yr

Fig. 3. Same as Fid.]2, but for a 60Jktar atZ=0.02. Note the
different vertical scale, spanning the upperAdRthe star. The

effective temperature decreases from 48 000K to 18 000K dur-

ing the main sequence phase.

that of the FeCZ is growing from 2 10 M, to 10*M,. For

suficiently hot models, the helium convection zones can even

vanish (Fig[2, lower panel). Second, comparing the 20evid

the 60 M, model atZ=0.02 demonstrates that the FeCZ becomes

more prominent for higher luminosity. This is because thamsp

ity is not substantially changing among main sequence nsodel

at the same metallicity, such that a higher luminosity resnde
larger portion of the envelope convectively unstable (botta-

where(vs) = 25kms?is achieved afes =~ 30000 K. At

the lowest considered metallicity, the FeCZ is absent at the
ZAMS at 10 L, and a level okv.) = 25kms? is only
reached al ¢ ~ 20000 K.

For fixed dfective temperature and metallicity, the iron zone
convective velocity increases with increasing lumingsity
since a larger flux demanded to be convectively transported
requires faster convective motions. Figlte 9 in Sect. 1.1.2
also shows that there are threshold luminosities belowhvhic
FeCZs do not occur, i.e., below abouf?@,, 10°°L,, and
10*? L, for the Galaxy, LMC and SMC, respectively.

The FeCZs become weaker for lower metallicities, since due
to the lower opacity, more of the flux can be transported by
radiation. The threshold luminosity for the occurrencehaf t
FeCZ quoted above fé£=0.02 is ten times lower than that
for Z=0.004. And above the threshold, for a given point in

dius and mass fraction). Our models show that the FeCZ dis- the HR diagram, the convective velocities are always higher

appears below a threshold luminosity of about 1§ on the
ZAMS at solar metallicity. Third, comparing the two 2Q,M

for higher metallicity.

models in Figl P shows that the extent of the FeCZ, and its-preg; Rotating models

ence, depends on the metallicity. We find that ¥o10.001, it

is completely absent below 40dMand atZ=0.00001 it does We considered two 20 Mmodels with metallicityZ=0.02, one
not occur for M< 60 M,. In summary, our models predict anrotating at birth with an equatorial velocity of 250 kmtgcor-
increase of the importance of the FeCZ for cooler surface tenesponding to about 35% of the critical velocity) and onehwit

perature or lower surface gravity, for higher luminosityddor
higher metallicity.

350 kms? (about 50% of the critical velocity). The evolution of
the radial extent of sub-surface convection in the rotatimg-

While in the discussed range of luminosity arfitbetive tem- els is very similar to the non-rotating case shown in Eig. BoA
perature, the average convective velogity is on the order of the convective velocities inside the FeCZ change only a few p
1 to 10 kms? for the FeCZ, we found that the average convecent between rotating and non-rotating models, even ifate+
tive velocity (vc) in the He convective zone is always very loning models show slightly higher convective velocity peadese
(< 1kms?). Convection due to hydrogen recombination is ali=ig.[4). We conclude that rotation is not significantijeating
sent; this dominates at loweffective temperatures than the onethe structure and the properties of sub-surface conveirtitire

studied here.

vast majority of OB stars.
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24 Vo 350k ' ' ing, we use the average convective velociy) as the crucial
ini = m/s 1.5 He . . R .
,,,,, Vi = 250 km/s parameter determining théieiency of sub-surface convection.
---------- Vini = 0 km/s Goldreich & Kumar [(1990) showed that convection excites
181 ] acoustic and gravity waves, resulting in maximum emisswn f
— those waves with horizontal wave veckar~ 1/Hpc and angular
d frequencyw ~ ve/Hpc, where now. and H. are evaluated at
€ 1oL | the top of the convective region. They calculated that thewarh
= of convective kinetic energy flux going into acoustic andvijsa
¢ waves is
61 4 Fa~FcMP? 7
and
0 —— — Fy ~ FoM ®)
5.00 3.75 2.50 1.25 ooo ¢ ¢
(R.‘r)/Ro respectively, where we také; ~ pc(ve)® and M, is the Mach

Fig. 4. Convective velocity in the FeCZ as function of radial dis?UMPer in the upper part of the convective region. Since con-
tance from the stellar surface. The dotted line corresptmds vection in our models is subsonic, gravity waves are explcte

non-rotating 20 M model aZ=0.02, while the dashed and soligt® extract more energy from the convective region than a@ous
lines refer to the same model rotating at birth with 250 kin g vaves. These gravity waves can then propagate outward) reac

and 350 kms! respectively. The values correspond to mo he surface and induce observable density and velocityuiact

els having the samdtfective temperature (lo§ = 4.339) and ion_ls_rsFi%B)‘tv isala f in th diative | b
very similar luminosity (logL/L, = 5.04 for the non-rotating € brunt-vaisaia frequency in the radiative fayer above

i . he FeCZ is about mHz. Molecular viscosity can only damp

model and logL/L, = 5.03 for the rotating ones). The gra . : ; .

band shows tghj;e/ u?)per 1.5 pressure scalegheight)s of thegzJ Fg[@ highest frequencies, Wh'le. Wavele_ngths that will bemesit

which is the region considered for the computatior(igf, cf. Wit the scale length of the line forming region should not be

Eq.[8. Convective velocities in the He convection zone aremu2Tected (see e.q. Lighthll 1967). This is the case for the grav

lower than 1 kms! and are not visible in this plot. ity waves stochastically excited by convective r_nqtloneytban
easily propagate through the sub-surface radiative |ayeep-

ening and becoming dissipative only in the region of linerfar

As pointed out by Maeder etldl. (2008), tHeeets of rotation ton- o _ o _
on sub-surface convection become substantial for staasimgt ~ Again, multi-dimensional hydrodynamic simulations would
close to critical velocity. While stars rotating with sudighve- De the bestway to compute the energy loss of these wavegdurin
locities exist (e.g. Be stars), their number is modest. Tindysof ~their propagation through the radiatively stable envelapeve
sub-surface convection in these very fast rotators isestarg, the FeCZ, but this is beyond what we can presently do. We can,

but may require 2-dimensional stellar models, which is Inelyo however, obtain an upper limit to the expected velocity ampl
the scope of this paper. tudes at the stellar surface, where we only consider theggner

transport through gravity waves. The kinetic energy petvoit
ume associated with the surface velocity fluctuatiGganust
4. Comparison with observations be comparable to or lower than the kinetic energy density as-

. . . . sociated with the waves near the sub-surface convectiog, zon
In the following, we investigate the idea that these sulfeser £ _ 2
% cpcve)”, or

convection zones might be related to observable phenontena
the stellar surface. In particular, we investigate potdgthnnec- E W) \2
tions with microturbulence in massive stars, and discussthér —2 - C(&) (i) > 1, 9)
small scale or large scale clumping in massive star windg,—maES

netic fields, and non-radial pulsations could be relatedutn s . . . .
surface convection. For each point, we first briefly disciigs tyvherepc is the density at the top of the convective region and

theoretical motivation, and then the corresponding otztiammal 'S 1€ Surface density, andlis the surface velocity amplitude. In
evidence ' this ratio we only consider energy density since the volurfne o

the line forming region is comparable to the volume of thearpp
part of the convective zone. Therefore, we expect

Ps Us

4.1. Microturbulence

4.1.1. Theoretical considerations vs < (vc) Mc% (10)
S

The convective cells in the upper part of a convection zocéex

acoustic and gravity waves that propagate outward. Thergendn our models with well developed FeCZ§ M. pc/ps = 1 (or-
tion of sound waves by turbulent motions was first discussed er of magnitude), and thug and(v.) should be on the same
Lighthill (1952) and extended to a stratified atmosphereteirlS order of magnitude. It is dlicult to estimate the typical corre-
(1967) and Goldreich & Kumar (1990). In a stratified mediuniation length of the induced velocity field at the stellarfage,
gravity acts as a restoring force and allows the excitatigrav- but a plausible assumption is that it is about one photogpher
ity waves. For both acoustic and gravity waves, the most imp@ressure scale heightpk given the proximity of the FeCZ to
tant parameter determining the emitted kinetic energy fithé the surface and the fact that the horizontal wave vector ef th
velocity of the convective motions. This is why, in the follo emitted waves i&, ~ 1/Hpg.
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Acoustic and gravity waves

Buoyant magnetic flux tubes Envelope convective zone
Microturbulence 20 __ LOg L/LO > 48 7]
) @ — Clumps 44 < Log L/Le < 4.8+ 7]
C/> [ Log L/Lg < 4.4 ]
Stellar surface 1 5 ~ + =
t Radiative Layer - [
= 2] - i
ATﬁl—-- DN A e 1
E 10r + A 7
Convective Zone wr -+ %+ + + ]
i B o S 17 N N
Radiative Layer L Agl ‘H’% AL A+ ]
ok MENT o v+ ]
Fig. 5. Schematic representation of the physical processes con- 0 50 100 150 200 250 300 350
nected to sub-surface convection. Acoustic and gravityewav Vsini [Km/s]

emitted in the convective zone travel through the radidéyer
and reach the surface, inducing density and velocity fluioa. ¢ g projected rotational velocitysini versus photospheric
In this picture microturbulence and clumping at the basénef t ..o qiurbulent velocity: for the early B-type stars in the LMC
wind are a consequence of the presence of sub-surface €ONURG 7o by Hunter et hll (20G8b). fRirent symbols refer to
tion. Buol{jar)t magﬂetlc f:lux tubfes produced in the convectiQfirerent juminosity intervals, as explained in the legend. The
zone could rise to the stellar surlace. microturbulent velocitieg have typical uncertainties of about
+5kms?. An uncertainty of 10% or10 kms?, whichever is
4.1.2. Observations the larger, should be considered for the rotational veaoiea-

. o _ . surements.
The microturbulent velocity is defined as the microscale non-

thermal component of the gas velocity in the region of spéctr

line formation: microturbulent velocities is usually quite big5 kms™?, and is
often comparable to the measured quantity itself. Thenms¢e

1 [2RT be no positive correlation betweérand the apparent projected
Alp == [—— +¢2 (11)  rotational velocity sini. Thoughv sini is plotted and naot itself,

the lack of a correlation in such a large data set (justifyting

Assuming that the gas in this zone has a temperature oAf§Sumption of random orientation of the sample) arguesiagai
slightly different from the fective temperature, one finds emfotation as an importantfect in triggering microturbulence in
pirically that the observed Doppler widtislp cannot be ac- hot stars. To compare mlqroturbulent velocities to propermf
counted for by the thermal motions alone (¢.9. Coliley 197@|0-photospheric convectloln we use only data obtaineddor s
Regardless of which physical mechanism causes microturfgtators (i.ev sini < 80 kms~) as microturbulent velocities are
lence, the process of spectral line fitting yields valuesiofhot more dificult to measure for faster rotators.
massive stars between 0 and about 20 kinls contrast, macro- N Fig[4, we show the microturbulent velocities for the LMC
turbulence corresponds to velocity fluctuations which ateeg- Stars of_ Hunter et al. (2008b) versus the stellar surface-gra
ent on a length scale larger than the radial extent of linmfiog Y- Trends of the microturbulent velocity with laghave been
regions. If indeed the length scale of the photosphericoiglo Previously reported for hot stars (e.g Gies & Lambert 1992;
fluctuations induced by the iron convection zone are on tteror Hunter et al! 2007). The figure shows that indeed, fordog
of the photospheric pressure scale height, then this lesogle is  3-2. there is a clear trend. However, the luminosity coding
also comparable to the radial extent of line forming regjamsl N Figld suggests that this trend may be largely produced by
it is difficult to decide whether the velocity fluctuations wouldne increase in convective velocity with increasing lunsity
be manifested as micro- or as macroturbulence, or bothvBeldSect.[8). This figure displays a detection threshold of abou
we compare our model predictions only to the case of microtk0 kms™ for the microturbulent velocmles so in the following
bulence since this is the empirical parameter most extelysiv\We restrict the comparison o> 10kms ™.
available in the literature. In order to compare these observations to our model pre-
Photospheric microturbulence is routinely required,,a@q. dictions, we evaluated the ratio of the kinetic energy in the
derive consistent surface abundances for one element filem &§rm of gravity waves at the surface of the FeCZ to the ki-
ferent photospheric absorption lines through stellar rhatieo- netic energy of the surface velocity fielly/Es (Eq.[9), as-
spheres (among many others Rolleston £t al.[1996; Hibbial etsumingvs = 10kms?, in the HR diagram. Fig.]8 shows two
1998] Vrancken et dl. 2000). Unfortunatelyffdrences in phys- different iso-contours of this ratio; the stars of the LMC sam-
ical assumptions or atomic physics can require somewhat dife shown in Fig[]7 are over plotted. Notably, all but one of
ferent microturbulent velocities for the same star iffetent the LMC stars of FiglB wit¥ > 10kms? are found in that
studies. Here, we restrict our detailed comparison to the d@art of the HR diagram where it is energetically possible tha
of Trundle et al.[(2007) arid Hunter ei al. (2008b) from the EStbe FeCZ-induced gravity waves trigger a significant suerfee
VLT-FLAMES Survey of Massive Stard (Evans et al. 2005)ocity field (s > 10kms?). Thus, a physical connection of
since it comprises the largest available uniformly analydata the FeCZ with the observed microturbulent velocities appea
set. In Fid6, we plot the microturbulent velocities dedver the energetically possible. Moreover, that the iso-contone lof
LMC early B type stars analyzed by Hunter et al. (2008b) vers&g/Es = 1 in Fig.[8 almost perfectly divides the observed sam-
their projected rotational velocity. The error bar on theivkal ple in stars with significanté( > 10kms?) and insignificant
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Fig. 7. Logarithm of surface gravity versus microturbulent verig. 8. Values of the ratideq/ Es of the kinetic energy in the form
locity ¢ for the LMC early B-type stars studied by Hunter et alof gravity waves above the iron convection zone, to the kinet
(2008b); only stars with sini < 80kms™ are considered here.energy of the surface velocity field, as a function of the Joca
Different symbols refer to flerent luminosity intervals, as ex-tion in the HR diagram (see color scale). This plot is based on
plained in the legend. The microturbulent velocitidsave typi- evolutionary models between 5Mind 100 M, for LMC metal-
cal uncertainties of ab(_)tHS kms?. Forthe surfaqe gravity mea- icity. We estimated the rati&,/Es as in Eq[®, using a value
surements an uncertainty 0.1 should be considered. vs = 10km s for the surface velocity amplitude. Over-plotted
as filled circles are stars which have photospheric micbotent
velocitiesé derived in a consistent way by Hunter et al. (2008b).
(€ < 10km s) microturbulence is a further indication of such %Ie_re, we use only data for stars with an apparent rotatiosal v
physical connection. ocity of vsini < 80 kms-+. TE\e uncertainty in the dete_rmlna-
. . . . tion of £ is typically +5kms+, which justifies our choice of
Figure[9 shows the iso-contours in the HR diagram of the™_" .\ &1 “Sglid white lines are reference evolutionary
average convective velocity from our models in the uppeetiay trsacks The fuli drawn black line corresponds to the zero age
of the iron convective zondp.) (cf., Sect[4.1]1), at the threemain éequence
considered metallicities. We have over plotted the migtmtu '
lent velocities derived by Trundle etlal. (2007) and Hunteale

(2008D) as filled circles. Again, we distinguish between sam  |n summary, our comparison provides evidence for a physi-
ple stars with significanté( > 10kms™; Group A) and in-  cal connection of microturbulence in hot star photospheitis
significant ¢ < 10kms™; Group B) microturbulent veloci- the existence and strength of a sub-photospheric FeCZ.
ties. Comparing the plot for the LMC in Fi@] 9 with Figl 8 |t microturbulence has a physical origin and is not just a
identifies(vc) =~ 2.5km st as a critical convection velocity to fydge factor, the pressure and energy terms associatedugth
be able to trigger microturbulence. Interestingly, thetoanof 5 velocity field should be included in the calculations of atm
(vc) = 25kms* in our stellar models forms an almost perfecpheric models of massive stars. Hubeny et al. (1991) have in
dividing line between Groups A and B for all three CO”S'dere&gstigated part of thesdfects by accounting for a constant mi-
metallicities. croturbulent velocity in the pressure term only. They findtth
In fact, Fig.[9 provides evidence for all three trends founfdr stars with conspicuousvalues (of 25 kmdh) the inclusion
in the average convection velocity as function of stellaapa of the pressure term leads to higher values of the surfasitgra
eters (cf., Sec{]3) to be present also in the empirical data which can reduce the mass discrepancy for O stars and O-type
microturbulent velocities. The LMC data shows thatin thailu central stars of planetary nebula. A similar approach was al
nosity range 4 < log L/Ly < 5.5 microturbulence is found studied by Smith & Howarth (1998). The impact on gravity dis-
only for Tz < 25000K. The data for all three metallicitiescussed by Hubeny etlal. (1991) is likely an upper limit to the
clearly suggests a key role of the luminosity, as the statls weffect as, first, the values are in most cases less than 25&m's
& > 10kms? are the most luminous ones in each sub samplgad, second, a positive gradient in the atmosphé&ricwould
And finally, the stars with high microturbulent velocitie®all decrease the pressure gradient due to microturbulencedout,
comfortably above our theoretical contour line correspogtb  date, the radial stratification of the microturbulent végpdin
(vcy = 25kms™t. As the latter trends toward the upper righthe atmospheres of hot massive stars has not been studied in d
corner of the HR diagram for lower metallicity, the metatiic tail. From a theoretical perspective, investigatiffg) requires

dependence is also confirmed by the empirical data. hydrodynamic simulations of the stellar atmosphere, iticlg
Lyubimkov et al. (2004) studied microturbulence in a santhe presence of sub-surface convection.
ple of 100 Galactic early B stars. Interestingly, they fosimgt The mass discrepancy in massive stars is a well doc-

nificant microturbulent velocities (i.e., clearly aboverB&') umented problem (see for example Herrero étlal. _1992;
in the mass range 7...11Mor stars with a relative age on theLennon et al.| 2003;._Trundle & Lennoh 2005; Massey ét al.
main sequence dfrys > 0.8, and in the range 12...19Mor [2005;|Mokiem et gll 2007). It is typically found that the dif-
t/tms > 0.25, but only insignificant microturbulent velocitiesference between spectroscopic mass and evolutionary mass i
for younger or less massive stars. Again, these resultsaappe most pronounced in supergiants. In main sequence starg/it ma
agree with Figl.P up to a remarkable quantitative level. not be present at all, but see Hunter etlal. (2008b). Given tha
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Fig. 10. Values of the mass discrepancy (evolutionary mass di-
vided by spectroscopic mass) as function of microturbwent

locity in the sample of B stars analysed|by Trundle ét al. 7200
and Hunter et al. (2008b). Here, we use only data for stats wit

5.0 : 00 an apparent rotational velocity o&ini < 80 kms?.
- @)
— 45¢
g r 12Mg 1 microturbulent velocities are highest in supergiants Ege1)
- 40F ' k an empirical correlation between mass discrepancy andomicr
r 5 turbulent velocity is to be expected and is shown in Eg 10
C 1 using data analysed by Trundle et al. (2007) and Hunter et al.
3.5 - GZT_O_Q%). If indeed microturbulence is related to subsierfamn-
i : LMC { vectionand supergiants have intrinsically higher micriotilent
30k Ve 1 velocities than dwarfs (see Sectldn 3) potentially parhefgra-
' S — S — dient in Fig.[T0 may be explained by théext discussed by
4.8 4.6 | 44[ 4.2 4.0 [Hubeny et all[(1991).
°g
55 4.2. Non-radial pulsation
C 4.2.1. Theoretical considerations
5.0 In our discussion thus far we have considered only the prop-
C agation of running waves, it is possible that the stochastic
- 45f convective motions can also excite standing waves, i.eh-hig
% [ order non-radial pulsations. For example, stochastictatkon
= : 1 isthought to be the cause of the Solar oscillations (U[ri@hdt
4.0r 7 [Leibacher & Stein 1971). It may thus be possible that the FeCZ
[ 1 excites non-radial pulsations in hot early-type stars.
35F v < ] Several classes of OB star models are found to be linearly
[ — ;g  Se, 37-2 SMC ] unstable against non-radial pulsations, among which age th
i —_ Ve > 3.75 km/s 1 B Cephei stars and the slowly pulsating B stars (e.g., _Dupret
sop . .~ . 00 NG L0 T 2000 Pamyatnykh 1999). The key ingredient required for the
4.8 4.6 4.4 4.2 4.0 pulsational instability is the iron opacity peak describied
log T Sect[2. As convection is not required to produce the paisati

in these models, it is not considered in detail as excitatienh-
Fig.9. Average convective velocity within 1.5 pressure scal@nism (Dziembowski 2008). It is conceivable that the cotivec
heights of the upper border of the iron convection zone in oakcitation could modify the predicted pulsation spectrundar
models, as function of the location in the HR diagram (semxtend the instability region of certain linear instagt The
color scale), based on evolutionary models between,@kld convective kinetic energy flow into waves could be predomi-
100 M, (white lines), for three metallicities corresponding te thnantly directed into those modes for which instability ipr
Galaxy (top panel), the LMC (middle), and the SMC (bottomyicted in the models. In certain parts of the HR diagram, one
The full drawn black line corresponds to the zero age main seay thus suspect an intricate connection between the aswer
guence. Over-plotted as filled circles are photosphericatic- of a sub-photospheric iron convection zone and the pragseofi
bulent velocitiest derived in a consistent way for hot massivaon-radial pulsations.

stars by Trundle et all (2007) and Hunter et al. (2008b). Here Non-radial pulsations have also been considered as the ori-
we use only data for stars with an apparent rotational visleéi gin of various observed small scale (e.qg., line profile \@kHa
vsini < 80kms?. The uncertainty in the determination®fs ity, [Fullerton et al. 1996, 1997) and large scale phenomeugg, (
typically +5kms™.
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so called discrete absorption components, Prinja & Howarth
1988; Massa et al. 1995; Kaper etial. 1997; Prinja gt al. |2002)™
at the surface or in the wind of massive OB stars. Non-radial
g-mode pulsations were also recently proposed as the arfgin 5.5
observable macroturbulence in massive B type stars (Aeals e
2008). In Fig[ 11l we compare the regions where strange mode;
g-mode, and p-mode pulsations are predicted to occur in the
HR diagram with the region where our models predict a strong
FeCZ. Pulsations appear to be almost ubiquitous when aktyg 4
of variables are accounted for. The strange mode pulsaters a
predicted to cover the HR diagram at high luminosity, where 4
we plotted only the predictions for the radial strange modes
of [Kiriakidis et al. (1998); high-order non-radial strangedes
seem to be omnipresent as well for stars above 400¥iso
(Glatzel & Mehren 1996). Non-radial g-mode pulsators aee pr
dicted by/ Saio et al. (2006) in the B supergiant region. Andsof- | N\ L
radial and low order non-radial p-modes are predicted fer th 4 46 44 4.2 4.0
B Cephei regime by Deng & Xiong (2001) and by Pamyathykh log T
(1999) and Saio et al. (2006) for a considerably larger regio . .
the HR diagram. At lower metallicity, many of the predicted a Fi9- 11. The plot shows regions of the HR diagram where pul-
eas in the HR diagram are smaller (&f., Kiriakidis et al. 1993ational instabilities are predicted, compared to our utaic

Deng & Xiong 2001) but the general picture is still incomplet tions for the occurrence of iron convection. The cloudy oegi
marks the presence of iron sub-surface convection Yith >

2.5kms?, while the dotted, blue line divides regions of the HR
4.2.2. Observations diagram where iron convection is present (above) from regjio
avhere it is absent (below). Berent modes of instabilities are
§hown with diferent colors and élierent contour line styles, as
plained in the legend. Evolutionary tracks between,/7avid
M, are plotted as a reference. The straight, full drawn black

an dfective temperature of 10000K (Lefever et al. 2007). i€ corresponds to the zero age main sequence. The Humphrey

Pulsations are also found for the most luminous stars (e, Davidson limit is also plotted for reference (top-righticer).
Cygni-variables; van Leeuwen et al. 1998), but there is now n
clear evidence for strange mode pulsators. Comparing e pr
diction for the FeCZ with that for pulsational instabilityi[I1) quence, seems to argue against non-radial pulsations asithe
shows two things. Firstly, the FeCZ-region is much larganth gin of the DACs phenomenon (see also Secl. 4.4).
any region for a particular pulsational instability. Thasstin-
guishing whether a certain observational feature is cabgeal
particular pulsational instability by the FeCZ might, irrpiple,
be possible, since the area in the HR diagram where the latie§ 1. Theoretical considerations
occurs but the pulsational instability does not is reldgivarge.
Secondly, some regions exist where (so far) no pulsatiogs &bservational evidence exists for stellar wind inhomogerse
predicted but the FeCZ in our models is strong, or where, viog@ small and on large scales. While the latter will be disedss
versa, pulsations are predicted but the FeCZ is weak or aibsein Sect[4.#, here we consider only small scale wind stregtur
Comparing Figl_Il with Fid.]9, where we show the observadnd clumping. In Secf_4]1, we discussed that waves pratiuce
tions of microturbulence and the FeCZ predictions, it iskely by the FeCZ could lead to velocity fluctuations at the stediar
that microturbulence is associated with a particular gideal face. In order to induce wind clumping, those waves should in
instability. Strong microturbulence is observed at too solwmi-  duce density fluctuations at the stellar surface. Throughoth
nosity to be attributable to strange mode pulsations alwhde currence of porosity or shifts in the ionisation balance haf t
p-mode pulsators are found where microturbulence seems gas the mass-loss rate may lfteated. For this to happen, the
to occur. Concerning the g-mode pulsators the situatioass | amplitude of the velocity fluctuations at the surface shdagdd
clear. Fig[Tll shows that, at solar metallicity, g-mode giibms on the same order of the sound speed. Alternatively, thesitglo
for post-main sequence stars are expected only in a rathemna fluctuations might directlyfect the local mass-loss rate through
luminosity interval. Unfortunately, the five Galactic ahown the Doppler éect, if the amplitude of the velocity fluctuations
in Fig. 5 for which strong microturbulence is derived areimll is on the same order as the speed of the wind flow, which, at
side this luminosity range, so they cannot distinguish eetwa the base of the wind, is approximately the sound speed. As the
pulsational or FeCZ origin of microturbulence. HowevenKe sound speed at the surface in our massive main sequencesmodel
ing at the LMC data, stars above the g-mode luminosity ufs-on the order of a few times 10 km's we consider here those
per limit with microturbulence are found; whether or not-corstellar models potentially capable to produce wind clurggor
responding stellar models are g-mode unstable is curreotly which the convective velocities in the upper part of the FeCZ
known. A connection of microturbulence with non-radialgas (vc) > 2.5kms?, as this allows energetically to have surface
tions is thus not impossible, but it is also not very likely. velocity amplitudes above 10 kms? (cf. Sect[4.11).
Comparing Fig[Il1 with the discrete absorption compo- Assuming the horizontal extent of the clumps to be compa-
nents (DACs) found in 200 Galactic O stars abev@0 M, by rable to the sub-photospheric pressure scale héighive may
Howarth & Prinja [(1989) all the way to the zero age main s@stimate the number of convective cells by dividing thelatel

Ve
7\,; T<AZ Fe convective zone

8 Cep (Pamyatnykh 1999)
W / Cep (Deng &Xiong 2001)  10Mg %

g-modes (Saio et al. 2006)

3.5

|

: Strange modes (Kiriakidis et al. 1993)

_______

eff

Observationally, the classic@lCephei stars are concentrate
in the region predicted by Deng & Xiong (Stankov & Handle
2005), while the B supergiant non-radial g-mode pulsato?%
overlap with the prediction af Saio et/al. (2006) but extead

4.3. Wind clumping
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surface area by the surface area of a convective cell findiaig t
it scales with R/Hp)?. For our main sequence O star models in 6.0 |
the mass range 20-60 Jylwe find pressure scale heights in the
range 0.04-0.24 R corresponding to a total number of clumps 5.5F
in the range 6<10° — 6 x 10%. In principle, this might be testable :
through linear polarization variability measurementsichitcan 5.0F
probe wind asphericity at the very base of the wind (Davies et
2007).

4.3.2. Observations

Evidence has been accumulating that the winds of massie sta 3.5 |
may be subject to small scale clumping. So far this is best doc s
umented for Wolf-Rayet (WR) stars, where line variability o 3.0

time scales of minutes to hours is thought to constitutectize- 4.8 4.6 4.4 4.2 4.0
idence of outflows that are clumped already in the acceterati log T
zone near the base of the wind (Lépine & f41999). This eff

clumping may be part of the explanation for the wealth of irFig. 12. Average convective velocity within 1.5 pressure scale
tricate detail seen in nebulae around WR stars (Grosditlar e heights of the upper border of the iron convection zone in our
1998). Recently, Lepine & Miat (2008) reported spectroscopignodels, as function of the location in the HR diagram (see
variability in the Of supergiantsPup (see also Eversberg et alcolor scale), based on evolutionary models between, Sk
1998) and HD 93129A. The amplitude of the variation (at the20 M, (white lines) at solar metallicity. The full drawn black
1-3% level) is similar as in WR stars supporting the noticat thline corresponds to the zero age main sequence. Over-ghmte
clumping is not restricted to WR stars. filled circles are observations of the clumping fackfr(see text
Indeed, evidence that O star winds are clumped is given yr definition) in the winds of O stars, accordinglto Puls ét al
among others, Puls etlal. (2006). These authors investigate (2006). The data shown here corresponds to objects with well
clumping behavior of the inner wind (inside about two stellaconstrained clumping parameters. Note theént luminosity
radii) relative to the clumping in the outer wind (beyondsenrange with respect to Fif] 9.
of stellar radii) of a large sample of supergiant and giaatsst
They find that in stars that have strong winds, the inner wind
is more strongly clumped than the outer wind, whereas thoseol stars it would be desirable to derive the radial clurgiro-
having weak winds have similar clumping properties in threin files for cooler (i.e. B-type) stars. If correct, such stasth the
and outer regions. Their analysis only allows for such dikeda ones with weak and strong winds, should have relativelynstro
statement. In principle, for weak winds the outer part cdagd clumping at the base of the wind.
homogeneous. If so, weak winds are not clumped. In any case, To derive the spatial scale of the wind clumps from linear
strong winds - identified as such ifdHs seen in emission - are polarimetry has not yet been possible for main sequence OB
clumped near the base of the wind. A measure of the degstars. A limitation is that this technique requires very hhig
of clumping is the clumping factofy = (p?)/{p)*> > 1 where signal-to-noise observations (see discussior_in_Hartiak e
angle brackets denote (temporal) average values (e.gePals 2002). Luminous Blue Variables (LBVs) however provide a
2006). more appropriate category of objects to test wind clumpssize
Apparently, this type of radial behavior is not consisteriecause of a combination of higher mass-loss rates, and lowe
with hydrodynamical predictions of the intrinsisglf-excited wind velocities than for O stars (Davies et al. 2005). Indeed
line-driven instability (Runacres & Owocki 2002, 2005).cBu [Davies et al.[(2007) show that in order to produce the observe
models predict a lower clumping in the inner wind than thpolarization variability of P Cygni, the wind should cortsis
outer wind. Moreover, if there was any dependence on wimd about~ 1000 clumps per wind flow-timerf, = Ry/v).
density predicted at all, optically thin winds should be morTo see whether this observational result is compatible with
strongly clumped than optically thick winds_(Owocki & Fulssub-surface convection causing wind clumping, we consitler
1999;| Puls et al. 2006). Therefore, the findings on the radthle sub-surface convective regions of a massive star mdtlel w
clumping behavior in O stars may point to an additional exciffobal properties similar to those of P Cygni (initial mass 6
tation mechanism of wind structure. Me, log(L/Ls = 5.9, and logT = 18000 K ). As a result of
Fig. 12 shows that the O stars investigated| by Puls|et #ie lower gravity, the pressure scale height in the FeCZim th
(2006) populate the regime in the HR diagram in which ounodel is about 4 R which is much bigger than in our O star
models predict the average convective velocity in the top panodels. Consequently, the same estimate for the number of
of the FeCZ to change from a few to ove6&ms, indicat- clumps as done for the main sequence models in §ecfl 4.3.1
ing that surface velocity fluctuations on the order of the lgrelds about 500 clumps per wind flow time, a number which
cal sound speed are possible (cf. SEct. #.3.1). Though ttie gmquite comparable to that derived for P Cygni observatigna
of the HR diagram that is covered by the sample is limite@bout 18 clumps per wind flow time).
(4.46 < log Teg < 4.66; 529 < logL/Ly < 6.26), the trend
is such that stars with relatively strong clumping in theenn  Finally, [Fullerton et al. [(1996) have conducted a spectro-
winds are in a regime wher@c) is higher. A correlation be- scopic survey of O stars and observed intrinsic absorpiin |
tween clumping at the base of the wind afg), i.e., between profile variability (LPVs) for about 77% of their sample. §he
wind clumping and the properties of the FeCZ, appears thereport an increase of incidence and amplitude of varighalith
fore possible. To further test the idea that the FeCZ prosludacreasing stellar radius and luminosity, as well as nasstedlly
wind clumping at the wind base for ficiently luminous and significant line profile variability for dwarfs earlier tha@7.
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While Fullerton et al. attempt to relate their findings to fire- plemented in the stellar evolution calculations. This w# the
dictions of strange-mode pulsation in O stars by Kiriaketigl. discussed in a subsequent paper.
(1993), a comparison of their results (see their Fig. 13hwit
occurrence of sub-surface convection as depicted i Figd® i
cates the possibility of a physical connection betweendindile 4.4.2. Observations
variability and sub-surface convection in O stars.
Surface magnetic fields have been linked to several observed

o phenomena in OB stars, e.g. discrete absorption components
4.4. Magnetic fields (DACs) in UV resonance lines (e.d.. Prinja & Howarth 1988;
Massa et al. 1995%; Kaper et al. 1997; Prinja et al. 2002), whic
are thought to diagnose large scale coherent wind anidesop
In solar-type stars, surface convection zones modified by t{Cranmer & Owocki 19€6; Lobel & Blomme 2008), or the less
stellar rotation are thought of being capable of producing@herentline profile variability mentioned above (Fubberet al.
magnetic field through the so called®-dynamo [(Parker 1975; 11996, 1997). Also non-thermal X-ray emission of OB main se-
Spiegel & Weiss 1980; Spiegel & Zahn 1992). The FeCZ in omuence stars has been proposed to relate to surface magnetic
massive main sequence stellar models has a spatial extent dields (e.g.,| Babel & Montmerle 1997; ud-Doula & Owocki
ilar to the Solar convection zone, although its mass is mu2b02).
smaller, and OB stars are_rapid rotators, so it is possi@e th A connection of the FeCZ in massive stars with the phe-
a dynamo may also work in the envelopes of OB stars. If Sgomena mentioned above has not yet been considered. However
the magnetic field may be able to penetrate the radiativaly sk,ch a connection becomes testable through our resultde Whi
ble layer above the FeCZ, and dynamically significant field or comparison to observed microturbulence presentedeab
strengths might be achievable. To this end, we follow theehodye giscussed when sub-surface convection may lead to de-
bylMacGregor & Cassinell. (2003) for the rise of buoyant mageaple surface velocity fluctuations, the presence oiaser
netic qu_x tubes generated at the_ eglge of the convective Cf@gnetic fields may simply depend on whether an FeCZ is
of massive stars through their radiative envelope and @by present in the star or not. Looking at FIg. 9, we see that in
model to the FeCZ and the overlying radiative layer. The magyr models the FeCZ is absent for luminosities below about
netic field strengttBo in the iron convection zone is estimated, 3.2 Lo, 1039 Lo, and 162 L, for the Galaxy, LMC and SMC,
assuming equipartition of kinetic energy density and mégne espectively. If DACs or line profile variability were proded

4.4.1. Fields from iron convection zones

energy density inside the convective layers: by magnetic flux tubes generated in the FeCZ, those phenomena
would not be expected for OB stars below those luminosities.
Bo = 2vc v/p, (12) Howarth & Prinja (1989) find DACs in nearly all O stars (97%)

_ in a large Galactic sample, with ldg/L, > 4.5 and with ef-
which, for our 60 M, star atZ=0.02, reaches abo ~ 2700G  fective temperatures as high as the zero-age main sequahce v
inside the iron convective zone. The surface fi@ldis then yes of stars above 20M,. Since those stars are well above
obtained by multiplying this number with the ratio of the surihe Juminosity threshold for the occurrence of the iron @mv
face densityps and the density in the FeCg, i.e. Bs = tjon at Galactic metallicity, these observations do notlede
Bops/po ~ 60 G. Similarly, for the 20 M model atZ=0.02 we pACs being due to FeCZ induced B-fields. Also, all eleven
obtainBo ~ 1400G andBs ~ 10G Although at the surface, early B supergiants with DACs in the sample[of Prinja ét al.
the magnetic pressure in the flux tubes is only on the order ®(02) are predicted to have strong FeCZ by our results.bligta
a few percent of the total pressure, it is on the same order@sween about 20Mand 40 M, stars close to the zero-age
the gas pressure and could thus lead to considerable herizggin sequence are not predicted to be pulsationally urestabl

tal density diferences. Compared to the situation envisioned Iy [T7), which may be in conflict with pulsations as the arigi
MacGregor & Cassinelli (2003), who found that the rise tifie Gor paACs.

the flux tubes from the edge of the convective core to thesstell

surface can be comparable to the main sequence life time (but

see also_MacDonald & Mullan 2004), the rise time of the fluX 4.3, Other types of fields
tubes from the FeCZ to the surface is much shorter. And while

the initial magnetic field strength at the edge of the corivect |t may be interesting to briefly compare the expectation from
core can be considerably higher than our valueBgfthe sur- surface magnetic fields produced via the FeCZ to that fordfield
face fields obtainable from the sub-surface convectionzare produced by other means. Surface fields produced by comeecti
higher, due to the much lower density contrast between @nveores [(Schuessler & Paehler 1978; Charbonneau & MacGregor
tion zone and surface in this case. 2001 MacGregor & Cassinélli 2003) have been proposed to re-
As a consequence, even though we are far from a detailaté to the same phenomena as those mentioned above, even
picture, it seems conceivable that the FeCZs in massive seainif for massive stars the buoyant rise of magnetic fields from
quence stars produce localized magnetic fields at theiaseurf the convective core seems to be unlikely (MacDonald & Mullan
The interaction of the stellar wind with the localized seda [2004). In contrast to the sub-surface FeCZ, convectivescane
magnetic fields could enhance the rate at which the wind ieslu@revalent in all stars above about 1.2 Mt has been found that
a loss of stellar angular momentum. Furthermore, co-rwatithe longer lifetime of stars of lower mass may favor the dbift
density patterns in the outflowing wind could be produced Hields produced in the core to the surface (Schuessler & Biaehl
these local magnetic spots. 1978; MacGregor & Cassinelli 2003). Therefore, the expbcte
Rotation may play an important role in the dynamo procedsend is opposite to that found for fields produced by the FeCZ
possibly resulting in the appearance of stronger fieldseastit- where surface fields may occur only for stars above a critical
face for faster rotating stars. To estimate thifeet, a dynamo mass (or luminosity), and stronger fields are found for maae-m
model accounting for the flerential rotation needs to be im-sive stars.
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On the other hand, in contrast to fields from the FeCZ, Finally, we note that the consequences of the FeCZ might
magnetic flux tubes produced in the core may carry CN®e strongest in Wolf-Rayet stars. These stars are so hothihat
processed material to the surface. This might thus cotst#tu iron opacity peak, and therefore the FeCZ, can be directlyeat
mechanism to explaining nitrogen enrichment in slowly rotastellar surface, or — to be more precise — at the sonic point
ing early B stars (Morel et al. 2006, 2008; Hunter et al. 2)08af the wind flow (Heger & Langer 1996). This may relate to
Strong fossil magnetic fields are thought to persist in onthe very strong clumping found observationally in Wolf-Ray
a fraction of massive stars (Ferrario & Wickramasinghe 200®%inds (Lépine & Mdfai1999; Marchenko et al. 2006), and may
Braithwaite & Sprult 2004), and may lead to, among other phbe required for an understanding of the very high mass-loss
nomena, highly anomalous surface chemical compositioing, w rates of Wolf-Rayet stars (Eichler etlal. 1995; Kato & Ibe82.9
confinement, and variable X-ray emission (elg., Wadelet bleger & Langer 1996).

2006;l Townsend et al. 2005). Those strong features canlclear
not be produced by fields originating from the FeCZs. Acknowledgements. The authors would like to thank Myron Smith, Alex
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Appendix A: Models

Table A.1. Outermost 4 B of a 60 M, model at solar metallicityZ4=0.02).
The table shows physical variables aRt3710° years. Columns contain the

progressive grid point of the model, the status-{&liative, Gconvective), the

optical depthr, the opacityx, the densityp, the radius R, the valud#l, — M,
(whereM, is the total stellar mass ard, is the mass coordinate), the tempera-

ture T, the convective velocity; and the local sound speeg All the values are

in cgs units if not otherwise specified.

Grid point  STAT T % p R[Ro] M, —-M [g] TIK] Ve [kms1] ¢ [km s
1062 R 1.82603 0.88736 1.2633E-08 18.0541 2.14E-05 2. 240k 0.00 267.57
1063 R 1.76603 0.89553 1.1674E-08 18.1381 2.06E-05 2.249% 0.00 271.52
1064 R 1.70e03 0.90534 1.0813E-08 18.2281 1.99E-05 2.180% 0.00 275.00
1065 R 1.64603 0.91747 1.0071E-08 18.3243 1.92E-05 2.150k 0.00 277.52
1066 R 157803 0.92978 9.5763E-09 18.4264 1.84E-05 2.186% 0.00 278.41
1067 R 153803 0.94138 9.2743E-09 18.4932 1.79E-05 2. 14085 0.00 278.04
1068 C 1.49803 0.95487 9.0395E-09 18.5618 1.75E-05 2.090k 15.64 276.68
1069 C 1.45603 0.96881 8.8184E-09 18.6315 1.70E-05 2.080k 27.92 275.11
1070 C 1.41203 0.98203 8.6221E-09 18.7025 1.66E-05 2.06Q% 34.25 273.50
1071 C 1.37603 0.99441 8.4477E-09 18.7644 1.62E-05 2.046% 38.62 271.88
1072 C 1.34803 1.01310 8.1959E-09 18.8272 1.58E-05 2.020% 43.63 269.23
1073 C 1.26603 1.03152 7.9584E-09 18.9554 1.50E-05 1.900% 47.93 266.34
1074 C 1.23803 1.04388 7.8068E-09 19.0207 1.46E-05 1.9%0% 50.34 264.25
1075 C 1.19803 1.05647 7.6607E-09 19.0868 1.42E-05 1.950k 52.58 262.03
1076 C 1.15603 1.06922 7.5199E-09 19.1537 1.38E-05 1.940% 54.67 259.68
1077 C 1.11803 1.08107 7.3950E-09 19.2214 1.34E-05 1.9P0% 56.42 257.39
1078 C 1.08803 1.09196 7.2848E-09 19.2792 1.30E-05 1.908k 57.92 255.19
1079 C 1.05203 1.10822 7.1261E-09 19.3375 1.27E-05 1.880% 60.52 251.67
1080 C 9.84E02 1.12405 6.9774E-09 19.4556 1.20E-05 1.860% 62.47 247.93
1081 C 9.52602 1.13434 6.8840E-09 19.5154 1.17E-05 1.84CGEK 63.23 245.26
1082 C 9.19802 1.14425 6.7952E-09 19.5756 1.13E-05 1.826% 64.34 242.46
1083 C 8.87k02 1.15367 6.7112E-09 19.6362 1.10E-05 1.8600% 65.35 239.53
1084 C 85402 1.16168 6.6393E-09 19.6972 1.07E-05 1.793K 66.06 236.74
1085 C 8.27k02 1.16833 6.5784E-09 19.7473 1.04E-05 1.74Q% 66.61 234.13
1086 C 8.00802 1.17736 6.4933E-09 19.7975 1.01E-05 1.760% 68.07 230.00
1087 C 7.47802 1.18517 6.4174E-09 19.8986 9.56E-06 1.780% 68.74 225.65
1088 C 7.20602 1.18966 6.3727E-09 19.9493 9.28E-06 1.746% 68.51 222.58
1089 C 6.93:02 1.19323 6.3354E-09 20.0001 9.01E-06 1.700% 68.69 219.59
1090 C 6.70E02 1.19596 6.3048E-09 20.0443 8.77E-06 1.680k 68.77 216.70
1091 C 6.47602 1.19806 6.2785E-09 20.0886 8.53E-06 1.6v¥6% 68.87 213.71
1092 C 6.24602 1.19947 6.2570E-09 20.1328 8.29E-06 1.660% 68.89 210.59
1093 C 6.01802 1.20015 6.2359E-09 20.1770 8.05E-06 1.640E 69.26 206.20
1094 C 5.62802 1.19937 6.2257E-09 20.2518 7.64E-06 1.62Q% 68.85 201.84
1095 C 543602 1.19803 6.2251E-09 20.2890 7.44E-06 1.6600% 67.97 198.80
1096 C 523602 1.19464 6.2343E-09 20.3261 7.24E-06 1.589k 68.02 194.03
1097 C 485802 1.18825 6.2610E-09 20.3999 6.83E-06 1.566% 67.27 188.34
1098 C 459r02 1.18033 6.2989E-09 20.4506 6.55E-06 1.546% 65.73 183.40
1099 C 433602 1.16997 6.3530E-09 20.5007 6.27E-06 1.520% 64.23 178.20
1100 C 4.07802 1.15723 6.4257E-09 20.5502 5.98E-06 1.5600% 62.33 172.73
1101 C 3.828£02 1.14352 6.5118E-09 20.5989 5.70E-06 1.48CE 59.95 167.44
1102 C 3.61E02 1.12949 6.6089E-09 20.6392 5.46E-06 1.460% 57.33 162.39
1103 C 34102 1.11461 6.7225E-09 20.6787 5.23E-06 1.440% 54.47 157.26
1104 C 3.21E02 1.09927 6.8531E-09 20.7158 5.00E-06 1.400% 51.18 152.06
1105 C 3.02£02 1.08331 7.0035E-09 20.7520 4.77E-06 1.400% 47.43 146.69
1106 C 2.83802 1.06508 7.1717E-09 20.7873 4. 55E-06 1.382% 43.00 141.22
1107 C 2.65802 1.04501 7.3455E-09 20.8216 4.32E-06 1.360k 37.81 135.85
1108 C 248802 1.02372 7.5117E-09 20.8535 4.10E-06 1.388k 32.08 130.70
1109 C 2.31k02 1.00600 7.6295E-09 20.8846 3.88E-06 1.340% 26.60 126.77
1110 C 2.22802 0.99256 7.7030E-09 20.9025 3.76E-06 1.306E& 22.40 123.99
1111 C 2.13802 0.97901 7.7615E-09 20.9201 3.63E-06 1.202% 19.15 121.31
1112 C 2.03802 0.96557 7.8026E-09 20.9376 3.50E-06 1.2%0% 16.16 118.76
1113 C 194602 0.95303 7.8243E-09 20.9549 3.38E-06 1.26C0% 13.55 116.42

Continued on Next Page. ..
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Grid point  STAT T % ) R[Rs] M. - M [g] TIK] Ve [kms1]  cs[kmsT]
1114 C 1.86E02 0.94136 7.8283E-09 20.9708 3.26E-06 1.260%k 11.38 114.27
1115 C 1.78802 0.92946 7.8150E-09 20.9866 3.15E-06 1.286% 9.54 112.21
1116 C 1.70802 0.91738 7.7833E-09 21.0024 3.03E-06 1.2P0% 7.92 110.24
1117 C 1.63802 0.90353 7.7240E-09 21.0183 2.91E-06 1.206% 6.47 108.10
1118 C 153802 0.88804 7.6268E-09 21.0386 2.77E-06 1.180% 5.08 105.83
1119 C 144602 0.87366 7.5046E-09 21.0592 2.62E-06 1.169% 3.90 103.80
1120 C 1.36E02 0.86054 7.3626E-09 21.0776 2.49E-06 1.15Q% 3.00 102.00
1121 C 1.28602 0.84800 7.1942E-09 21.0964 2.36E-06 1.1:89% 2.30 100.28
1122 C 1.20802 0.83628 6.9999E-09 21.1155 2.22E-06 1.146% 1.75 98.63
1123 C 1.12602 0.82528 6.7743E-09 21.1352 2.09E-06 1.006% 1.32 96.99
1124 C 1.04802 0.81748 6.5834E-09 21.1566 1.96E-06 1.080& 1.00 95.77
1125 C 1.00802 0.81258 6.4480E-09 21.1676 1.89E-06 1.069& 0.80 94.97
1126 C 9.62801 0.80607 6.2478E-09 21.1788 1.82E-06 1.060% 0.67 93.86
1127 C 8.92£01 0.80011 6.0434E-09 21.1996 1.69E-06 1.088k 0.52 92.80
1128 C 857801 0.79626 5.9007E-09 21.2104 1.63E-06 1.028% 0.42 92.09
1129 C 8.22801 0.79196 5.7334E-09 21.2214 1.57E-06 1.046% 0.35 91.30
1130 C 7. 79801 0.78715 5.5390E-09 21.2356 1.49E-06 1.002% 0.27 90.43
1131 C 7.36E01 0.78269 5.3475E-09 21.2503 1.41E-06 9.880E 0.21 89.60
1132 C 6.98801 0.77884 5.1603E-09 21.2638 1.34E-06 9.74GE 0.15 88.83
1133 C 6.61801 0.77531 4.9665E-09 21.2778 1.27E-06 9.60QE 0.11 88.05
1134 C 6.23801 0.77266 4.8046E-09 21.2923 1.20E-06 9.4004& 0.07 87.42
1135 C 6.00801 0.77075 4.6775E-09 21.3017 1.16E-06 9.40GE 0.05 86.93
1136 C 577201 0.76804 4.4821E-09 21.3112 1.12E-06 9.2604& 0.03 86.19
1137 C 5.32601 0.76529 4.2679E-09 21.3311 1.03E-06 9. 1064 0.01 85.39
1138 R 5.04801 0.76325 4.1031E-09 21.3436 9.78E-07 8.98G& 0.00 84.78
1139 R 477601 0.76129 3.9433E-09 21.3566 9.26E-07 8.863E 0.00 84.20
1140 R 453601 0.75959 3.7889E-09 21.3687 8.80E-07 8. HBE 0.00 83.64
1141 R 429201 0.75813 3.6339E-09 21.3813 8.33E-07 8.620E 0.00 83.08
1142 R 4.06E01 0.75688 3.4786E-09 21.3939 7.89E-07 8.5004& 0.00 82.52
1143 R 3.83801 0.75581 3.3202E-09 21.4071 7.44E-07 8.37&kE 0.00 81.95
1144 R 3.60801 0.75487 3.1587E-09 21.4209 6.99E-07 8.246£E 0.00 81.37
1145 R 3.37E01 0.75414 3.0163E-09 21.4353 6.54E-07 8.1P6kE 0.00 80.85
1146 R 3.20801 0.75353 2.8941E-09 21.4464 6.22E-07 8.020£& 0.00 80.40
1147 R 3.04801 0.75290 2.7700E-09 21.4579 5.89E-07 7.94GE 0.00 79.94
1148 R 2.87801 0.75225 2.6285E-09 21.4699 5.56E-07 7. 786k 0.00 79.41
1149 R 2.67801 0.75167 2.4687E-09 21.4856 5.16E-07 7.688E 0.00 78.80
1150 R 2.46E01 0.75132 2.3386E-09 21.5023 4.75E-07 7.54a& 0.00 78.31
1151 R 2.34801 0.75114 2.2398E-09 21.5128 4.51E-07 7.440%E 0.00 77.93
1152 R 2.22801 0.75102 2.1310E-09 21.5238 4.27E-07 7.308E 0.00 77.51
1153 R 2.08801 0.75100 2.0117E-09 21.5373 3.98E-07 7.1-80& 0.00 77.04
1154 R 193801 0.75107 1.9108E-09 21.5515 3.70E-07 7.040%E 0.00 76.64
1155 R 1.84801 0.75118 1.8301E-09 21.5615 3.51E-07 6.980K 0.00 76.32
1156 R 1.75801 0.75135 1.7497E-09 21.5717 3.33E-07 6.8904E 0.00 75.99
1157 R 1.65801 0.75159 1.6682E-09 21.5823 3.14E-07 6.8004E 0.00 75.66
1158 R 1.56E01 0.75193 1.5858E-09 21.5934 2.96E-07 6. 700k 0.00 75.32
1159 R 147801 0.75232 1.5107E-09 21.6051 2.77E-07 6.646£ 0.00 75.02
1160 R 1.39801 0.75277 1.4434E-09 21.6148 2.63E-07 6.5804£& 0.00 74.74
1161 R 1.32801 0.75333 1.3753E-09 21.6250 2.48E-07 6.44akE 0.00 74.45
1162 R 1.25601 0.75402 1.3065E-09 21.6358 2.33E-07 6.38Q4£E 0.00 74.16
1163 R 1.17801 0.75502 1.2290E-09 21.6470 2.19E-07 6.2464E 0.00 73.83
1164 R 1.09801 0.75652 1.1428E-09 21.6617 2.01E-07 6.1PQ4& 0.00 73.45
1165 R 9.97800 0.75795 1.0761E-09 21.6774 1.83E-07 6.02C& 0.00 73.15
1166 R 9.49800 0.75910 1.0296E-09 21.6863 1.73E-07 5.980E 0.00 72.94
1167 R 9.01800 0.76037 9.8282E-10 21.6955 1.64E-07 5.87BE 0.00 72.72
1168 R 8.54800 0.76193 9.3051E-10 21.7052 1.54E-07 5.780E 0.00 72.46
1169 R 7.96800 0.76379 8.7258E-10 21.7176 1.42E-07 5.680& 0.00 72.17
1170 R 7.38800 0.76562 8.1920E-10 21.7309 1.31E-07 5.50G£& 0.00 71.88
1171 R 6.89800 0.76732 7.7565E-10 21.7426 1.21E-07 5.5404& 0.00 71.64
1172 R 6.51800 0.76905 7.3709E-10 21.7523 1.14E-07 5.4864& 0.00 71.41
1173 R 6.12800 0.77070 7.0359E-10 21.7626 1.06E-07 5.360E 0.00 71.21
1174 R 5.84800 0.77221 6.7523E-10 21.7704 1.00E-07 5.308& 0.00 71.03
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Grid point  STAT T % ) R[Rs] M. - M [g] TIK] Ve [kms1]  cs[kmsT]
1175 R 55600 0.77414 6.4136E-10 21.7785 9.48E-08 5.280% 0.00 70.80
1176 R 517800 0.77624 6.0673E-10 21.7904 8.71E-08 5.166& 0.00 70.55
1177 R 487200 0.77813 5.7676E-10 21.7999 8.13E-08 5.08%4& 0.00 70.32
1178 R 458800 0.77975 5.5149E-10 21.8098 7.54E-08 5.02a& 0.00 70.11
1179 R 437800 0.78112 5.3095E-10 21.8169 7.15E-08 4.9¥QE 0.00 69.94
1180 R 4.17200 0.78266 5.1037E-10 21.8243 6.75E-08 4. HGE 0.00 69.75
1181 R 3.968600 0.78445 4.8907E-10 21.8320 6.35E-08 4.8604& 0.00 69.55
1182 R 3.748600 0.78647 4.6708E-10 21.8405 5.93E-08 4. 799K 0.00 69.32
1183 R 3.53800 0.78864 4.4509E-10 21.8494 5.51E-08 4,786k 0.00 69.07
1184 R 3.31800 0.79092 4.2311E-10 21.8587 5.08E-08 4.6604& 0.00 68.80
1185 R 3.09800 0.79285 4.0457E-10 21.8686 4.66E-08 4.640& 0.00 68.55
1186 R 2.94800 0.79437 3.8946E-10 21.8756 4.37E-08 4.560 0.00 68.33
1187 R 278800 0.79580 3.7432E-10 21.8830 4.08E-08 4.500 0.00 68.10
1188 R 2.63800 0.79704 3.5915E-10 21.8906 3.79E-08 4.4564 0.00 67.85
1189 R 248800 0.79808 3.4600E-10 21.8985 3.49E-08 4.40Qk 0.00 67.62
1190 R 2.37800 0.79898 3.3489E-10 21.9045 3.28E-08 4. 3604 0.00 67.42
1191 R 2.26E00 0.80002 3.2165E-10 21.9107 3.07E-08 4.340% 0.00 67.16
1192 R 2.10800 0.80087 3.0983E-10 21.9195 2.78E-08 4,270 0.00 66.93
1193 R 2.02800 0.80139 3.0157E-10 21.9244 2.62E-08 4.288%& 0.00 66.76
1194 R 194800 0.80182 2.9326E-10 21.9295 2.47E-08 4,200k 0.00 66.58
1195 R 1.86E00 0.80213 2.8491E-10 21.9346 2.31E-08 4,160 0.00 66.40
1196 R 1.78800 0.80227 2.7606E-10 21.9400 2.16E-08 4.180& 0.00 66.20
1197 R 1.69800 0.80215 2.6667E-10 21.9460 1.99E-08 4.0004& 0.00 65.99
1198 R 1.59800 0.80180 2.5928E-10 21.9523 1.81E-08 4.068E 0.00 65.83
1199 R 154800 0.80112 2.5125E-10 21.9559 1.72E-08 4.003& 0.00 65.65
1200 R 144800 0.80003 2.4310E-10 21.9634 1.53E-08 3.986& 0.00 65.48
1201 R 1.39800 0.79900 2.3729E-10 21.9672 1.43E-08 3.960E 0.00 65.36
1202 R 1.34800 0.79775 2.3130E-10 21.9715 1.32E-08 3.98G£& 0.00 65.25
1203 R 1.29800 0.79556 2.2262E-10 21.9757 1.22E-08 3.80aE 0.00 65.10
1204 R 1.19800 0.79285 2.1391E-10 21.9841 1.03E-08 3.8BQE 0.00 64.98
1205 R 1.14800 0.78970 2.0556E-10 21.9883 9.40E-09 3.84GE 0.00 64.90
1206 R 1.05800 0.78603 1.9736E-10 21.9964 7.68E-09 3. 780K 0.00 64.86
1207 R 1.01800 0.78257 1.9068E-10 22.0003 6.88E-09 3. 780£& 0.00 64.86
1208 R 9.50E-01 0.77882 1.8424E-10 22.0064 5.69E-09 3#¥Q3E 0.00 64.89
1209 R 9.17E-01 0.77546 1.7903E-10 22.0098 5.03E-09 3¥00E 0.00 64.95
1210 R 8.76E-01 0.77201 1.7411E-10 22.0141 4.24E-09 3680E 0.00 65.03
1211 R 8.49E-01 0.76795 1.6877E-10 22.0172 3.69E-09 3.668E 0.00 65.15
1212 R 8.06E-01 0.76388 1.6380E-10 22.0221 2.83E-09 3634E 0.00 65.30
1213 R 7.85E-01 0.76046 1.5988E-10 22.0245 2.42E-09 36Q2E 0.00 65.44
1214 R 7.57E-01 0.75691 1.5601E-10 22.0280 1.85E-09 3.606E 0.00 65.60
1215 R 7.39E-01 0.75246 1.5144E-10 22.0303 1.47E-09 3.589E 0.00 65.83
1216 R 7.04E-01 0.74810 1.4719E-10 22.0348 7.64E-10 3.5603E 0.00 66.07
1217 R 6.91E-01 0.74443 1.4378E-10 22.0366 4.96E-10 3-560E 0.00 66.29
1218 R 6.67E-01 0.74192 1.4152E-10 22.0399 O4WE 3.552E04 0.00 66.45
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Table A.2. Outermost 1 B of a 20 M, model at solar metallicityZ4=0.02).

The table shows the physical variables-e8.61x 10 years. Columns contain the

progressive grid point of the model, the status-{&liative, Gconvective), the

optical depthr, the opacityx, the densityp, the radius R, the valu#l, — M,
(whereM, is the total stellar mass ard, is the mass coordinate), the tempera-

ture T, the convective velocity; and the local sound speeg All the values are

in cgs units if not otherwise specified.

Grid point  STAT T % p R[Ro] M, —-M [g] TIK] Ve [kms1] ¢ [km s
1009 R 1.88204 1.15006 9.1148E-07 9.4516 3.91E-05 3.416% 0.00 110.14
1010 R 1.80804 1.16843 8.4671E-07 9.4634 3.70E-05 3.3606k 0.00 109.93
1011 R 1.68804 1.18658 7.8819E-07 9.4826 3.39E-05 3.316k 0.00 109.74
1012 R 1.61804 1.19963 7.4912E-07 9.4929 3.23E-05 3.2¥0k 0.00 109.61
1013 R 155604 1.21788 6.9847E-07 9.5037 3.08E-05 3.280k 0.00 109.45
1014 R 145604 1.24209 6.3760E-07 9.5220 2.83E-05 3.1¥0k 0.00 109.26
1015 R 1.35604 1.26170 5.9299E-07 9.5413 2.59E-05 3.126% 0.00 109.14
1016 R 1.30804 1.27584 5.6324E-07 9.5516 2.47E-05 3.096& 0.00 109.06
1017 R 1.24604 1.29061 5.3416E-07 9.5624 2.36E-05 3.060k 0.00 108.98
1018 R 1.19204 1.30554 5.0665E-07 9.5733 2.24E-05 3.020% 0.00 108.92
1019 R 1.15804 1.32091 4.8003E-07 9.5841 2.14E-05 2.99a% 0.00 108.86
1020 R 1.10804 1.33683 4.5439E-07 9.5954 2.03E-05 2.960k 0.00 108.81
1021 R 1.05204 1.35328 4.2968E-07 9.6065 1.93E-05 2.928% 0.00 108.77
1022 R 1.01804 1.37094 4.0503E-07 9.6182 1.83E-05 2.8906k 0.00 108.73
1023 R 9.62E03 1.38833 3.8248E-07 9.6306 1.73E-05 2.860k 0.00 108.71
1024 R 9.24k03 1.40532 3.6200E-07 9.6416 1.65E-05 2.828k 0.00 108.69
1025 R 8.85803 1.42367 3.4159E-07 9.6531 1.57E-05 2.796% 0.00 108.68
1026 R 8.45803 1.44389 3.2125E-07 9.6653 1.48E-05 2. 760k 0.00 108.67
1027 R 8.05803 1.46417 3.0276E-07 9.6783 1.40E-05 2. 728 0.00 108.67
1028 R 7. 728603 1.48419 2.8611E-07 9.6896 1.33E-05 2.690% 0.00 108.68
1029 R 7.38803 1.50595 2.6954E-07 9.7016 1.26E-05 2.66a% 0.00 108.68
1030 R 7.04803 1.52815 2.5408E-07 9.7142 1.19E-05 2.682k 0.00 108.68
1031 R 6.73803 1.55060 2.3969E-07 9.7260 1.13E-05 2.600k 0.00 108.68
1032 R 6.42603 1.57310 2.2639E-07 9.7385 1.07E-05 2.5¥0k 0.00 108.67
1033 R 6.15803 1.59542 2.1415E-07 9.7499 1.02E-05 2.540 0.00 108.66
1034 R 5.88£03 1.62281 2.0030E-07 9.7619 9.69E-06 2.506k 0.00 108.63
1035 R 553803 1.65803 1.8493E-07 9.7784 9.02E-06 2.46Ck 0.00 108.57
1036 R 517603 1.69089 1.7276E-07 9.7961 8.35E-06 2.426% 0.00 108.48
1037 R 49403 1.72391 1.6211E-07 9.8077 7.94E-06 2.390k 0.00 108.36
1038 R 464603 1.76662 1.5016E-07 9.8242 7.39E-06 2.360k 0.00 108.14
1039 R 432603 1.80536 1.4067E-07 9.8420 6.84E-06 2.31d% 0.00 107.88
1040 R 412603 1.83771 1.3352E-07 9.8539 6.50E-06 2.28ak 0.00 107.60
1041 R 3.91E03 1.86954 1.2702E-07 9.8664 6.15E-06 2.266% 0.00 107.28
1042 R 3.73803 1.90044 1.2115E-07 9.8776 5.85E-06 2.226% 0.00 106.90
1043 R 3.55603 1.93471 1.1542E-07 9.8894 5.56E-06 2.190% 0.00 106.44
1044 R 3.37803 1.97305 1.0986E-07 9.9017 5.26E-06 2.166% 0.00 105.86
1045 R 3.18803 2.01222 1.0492E-07 9.9146 4.96E-06 2.18a% 0.00 105.21
1046 R 3.01803 2.05131 1.0056E-07 9.9260 4.71E-06 2.166% 0.00 104.47
1047 C 2.85803 2.09321 9.6390E-08 9.9379 4.46E-06 2.0¥Gk 0.27 103.59
1048 C 2.68603 2.13709 9.2418E-08 9.9502 4.21E-06 2.089k 3.48 102.53
1049 C 250803 2.17706 8.8976E-08 9.9630 3.96E-06 2.000k 5.74 101.40
1050 C 2.36E03 2.21180 8.6007E-08 9.9739 3.76E-06 1.9¥6& 7.30 100.24
1051 C 22103 2.24604 8.3153E-08 9.9851 3.55E-06 1.946& 8.51 98.93
1052 C 2.07803 2.27681 8.0595E-08 9.9967 3.35E-06 1.910% 9.43 97.55
1053 C 1.94603 2.30324 7.8309E-08 10.0070 3.17E-06 1.8¥0k 10.10 96.14
1054 C 1.80603 2.32459 7.6279E-08 10.0177 2.99E-06 1.848% 10.53 94.69
1055 C 1.69803 2.34028 7.4483E-08 10.0269 2.84E-06 1.848% 10.74 93.24
1056 C 15803 2.35064 7.2749E-08 10.0363 2.69E-06 1.786% 10.81 91.67
1057 C 147803 2.35334 7.1321E-08 10.0460 2.54E-06 1.768% 10.61 90.24
1058 C 1.39803 2.34958 7.0171E-08 10.0528 2.43E-06 1.780% 10.26 89.00
1059 C 1.31803 2.33995 6.9027E-08 10.0598 2.33E-06 1.708% 9.87 87.70
1060 C 1.23803 2.32417 6.7878E-08 10.0668 2.22E-06 1.682% 9.34 86.34
1061 C 1.16E03 2.30414 6.6802E-08 10.0740 2.12E-06 1.680 8.69 85.05
1062 C 1.09203 2.28134 6.5791E-08 10.0801 2.03E-06 1.68CGk 8.00 83.83
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Grid point  STAT T % ) R[Rs] M. - M [g] TIK] Ve [kms1]  cs[kmsT]
1063 C 1.03803 2.25516 6.4766E-08 10.0863 1.94E-06 1.640% 7.32 82.61
1064 C 9.71g02 2.22633 6.3719E-08 10.0923 1.86E-06 1.586%& 6.62 81.39
1065 C 9.12802 2.19204 6.2614E-08 10.0984 1.77E-06 1.560%k 5.91 80.16
1066 C 8.55802 2.15002 6.1433E-08 10.1046 1.69E-06 1.586%& 5.16 78.90
1067 C 8.00802 2.10271 6.0183E-08 10.1109 1.60E-06 1.500k 4.39 77.68
1068 C 7.48802 2.05208 5.8853E-08 10.1170 1.52E-06 1.483% 3.66 76.48
1069 C 6.97802 2.01013 5.7714E-08 10.1233 1.44E-06 1.46Q% 3.03 75.53
1070 C 6.68802 1.97885 5.6821E-08 10.1270 1.40E-06 1.440% 2.59 74.84
1071 C 6.40802 1.94778 5.5882E-08 10.1308 1.35E-06 1.480k 2.26 74.14
1072 C 6.11£02 1.91749 5.4897E-08 10.1346 1.30E-06 1.416% 1.97 73.45
1073 C 5.84602 1.88866 5.3907E-08 10.1386 1.25E-06 1.300k 1.71 72.79
1074 C 559802 1.86001 5.2917E-08 10.1422 1.21E-06 1.38Ck 1.49 72.15
1075 C 534802 1.83056 5.1882E-08 10.1459 1.17E-06 1.368% 1.28 71.52
1076 C 5.10802 1.80057 5.0800E-08 10.1497 1.13E-06 1.36Q% 1.09 70.88
1077 C 4.86E02 1.76619 4.9509E-08 10.1536 1.08E-06 1.38Ck 0.91 70.17
1078 C 45702 1.72789 4.7985E-08 10.1586 1.03E-06 1.34Q% 0.73 69.36
1079 C 429802 1.69264 4.6470E-08 10.1638 9.72E-07 1.202% 0.56 68.61
1080 C 404602 1.66094 4.4977E-08 10.1686 9.24E-07 1.2¢¥Q% 0.43 67.90
1081 C 3.80802 1.63122 4.3415E-08 10.1735 8.75E-07 1.26Q% 0.32 67.18
1082 C 3.56£02 1.60288 4.1784E-08 10.1786 8.26E-07 1.282% 0.23 66.46
1083 C 3.33802 1.57488 4.0035E-08 10.1838 7.78E-07 1.240% 0.16 65.72
1084 C 3.09802 1.54737 3.8160E-08 10.1896 7.26E-07 1.186% 0.10 64.94
1085 C 2.86B02 1.52243 3.6302E-08 10.1957 6.75E-07 1.163% 0.05 64.18
1086 C 2.65E02 1.49992 3.4470E-08 10.2015 6.29E-07 1.140% 0.01 63.44
1087 R 245802 1.48240 3.2925E-08 10.2075 5.83E-07 1.1:20% 0.00 62.83
1088 R 2.32802 1.46981 3.1697E-08 10.2115 5.54E-07 1.1.06% 0.00 62.35
1089 R 2.19802 1.45895 3.0510E-08 10.2156 5.24E-07 1.000% 0.00 61.88
1090 R 2.08802 1.44955 2.9369E-08 10.2194 4.99E-07 1.0v¥GE 0.00 61.43
1091 R 197802 1.44085 2.8205E-08 10.2234 4.73E-07 1.060%& 0.00 60.97
1092 R 1.86E02 1.43173 2.6869E-08 10.2275 4.47E-07 1.042% 0.00 60.43
1093 R 1.72602 1.42204 2.5352E-08 10.2329 4.15E-07 1.022% 0.00 59.81
1094 R 159802 1.41419 2.4109E-08 10.2385 3.82E-07 1.006E& 0.00 59.29
1095 R 150802 1.40808 2.3160E-08 10.2421 3.63E-07 9.9404£& 0.00 58.89
1096 R 142602 1.40244 2.2244E-08 10.2458 3.44E-07 9.7+QE 0.00 58.50
1097 R 1.35802 1.39730 2.1365E-08 10.2493 3.27E-07 9.650E 0.00 58.12
1098 R 1.28602 1.39246 2.0485E-08 10.2529 3.10E-07 9.54QK 0.00 57.73
1099 R 1.21E02 1.38794 1.9605E-08 10.2565 2.93E-07 9.3806& 0.00 57.34
1100 R 114802 1.38372 1.8710E-08 10.2603 2.76E-07 9. 246k 0.00 56.93
1101 R 1.08802 1.37985 1.7798E-08 10.2642 2.60E-07 9.160£& 0.00 56.51
1102 R 1.0102 1.37684 1.6995E-08 10.2684 2.43E-07 8.970E 0.00 56.13
1103 R 9.59E01 1.37462 1.6306E-08 10.2716 2.31E-07 8.8504E 0.00 55.80
1104 R 9.10801 1.37291 1.5607E-08 10.2749 2.19E-07 8. 786k 0.00 55.46
1105 R 8.61k01 1.37164 1.4811E-08 10.2783 2.07E-07 8.5004& 0.00 55.07
1106 R 8.01E01 1.37106 1.3914E-08 10.2829 1.92E-07 8.4804& 0.00 54.60
1107 R 741801 1.37119 1.3184E-08 10.2877 1.77E-07 8.200K 0.00 54.22
1108 R 7.04801 1.37161 1.2631E-08 10.2907 1.68E-07 8.1:02& 0.00 53.91
1109 R 6.68E01 1.37234 1.2022E-08 10.2938 1.59E-07 8.07QE 0.00 53.57
1110 R 6.26801 1.37335 1.1354E-08 10.2977 1.48E-07 7.9864& 0.00 53.18
1111 R 5.83801 1.37444 1.0789E-08 10.3018 1.37E-07 7.840% 0.00 52.85
1112 R 555801 1.37559 1.0338E-08 10.3047 1.30E-07 7. 720K 0.00 52.57
1113 R 5.27801 1.37700 9.8872E-09 10.3076 1.24E-07 7.620E 0.00 52.29
1114 R 5.00801 1.37874 9.4310E-09 10.3107 1.17E-07 7.546& 0.00 51.99
1115 R 472601 1.38088 8.9689E-09 10.3139 1.10E-07 7.400% 0.00 51.69
1116 R 444801 1.38319 8.5480E-09 10.3173 1.03E-07 7.3064& 0.00 51.40
1117 R 422601 1.38562 8.1697E-09 10.3201 9.76E-08 7.240& 0.00 51.13
1118 R 4.00E01 1.38845 7.7869E-09 10.3230 9.22E-08 7.14Q%K 0.00 50.85
1119 R 3.78801 1.39177 7.3995E-09 10.3261 8.67E-08 7.040E 0.00 50.56
1120 R 3.56801 1.39617 6.9626E-09 10.3293 8.12E-08 6.890E 0.00 50.23
1121 R 3.29801 1.40204 6.4740E-09 10.3336 7.45E-08 6. 780K 0.00 49.83
1122 R 3.02801 1.40739 6.0948E-09 10.3381 6.79E-08 6.686£E 0.00 49.51
1123 R 2.88801 1.41162 5.8291E-09 10.3406 6.43E-08 6.58a4& 0.00 49.27
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.2 Sub-surface convection in hot stédsline Material p 7

Grid point  STAT T % ) R[Rs] M. - M [g] TIK] Ve [kms1]  cs[kmsT]
1124 R 273801 1.41634 5.5609E-09 10.3433 6.08E-08 6.466E 0.00 49.03
1125 R 259801 1.42226 5.2595E-09 10.3461 5.72E-08 6.368E 0.00 48.74
1126 R 241801 1.42985 4.9241E-09 10.3497 5.29E-08 6.2BQ4E 0.00 48.41
1127 R 2.23801 1.43837 4.6133E-09 10.3536 4.86E-08 6.1-40E 0.00 48.09
1128 R 2.08801 1.44656 4.3587E-09 10.3570 4.50E-08 6.04GE 0.00 47.81
1129 R 19601 1.45480 4.1322E-09 10.3598 4.22E-08 5.9B8a4& 0.00 47.54
1130 R 1.84801 1.46274 3.9346E-09 10.3628 3.93E-08 5.873E 0.00 47.30
1131 R 1.76E01 1.47005 3.7666E-09 10.3651 3.73E-08 5.80Q& 0.00 47.08
1132 R 1.67801 1.47948 3.5652E-09 10.3675 3.52E-08 5. M1Q%E 0.00 46.80
1133 R 155601 1.48989 3.3581E-09 10.3710 3.24E-08 5.640E 0.00 46.50
1134 R 1.45801 1.50018 3.1779E-09 10.3738 3.02E-08 5.52QE 0.00 46.22
1135 R 1.36B01 1.51024 3.0255E-09 10.3767 2.80E-08 5.4B8Q%& 0.00 45.96
1136 R 1.29801 1.51938 2.9012E-09 10.3789 2.66E-08 5.386& 0.00 45.74
1137 R 1.23801 1.52942 2.7765E-09 10.3811 2.51E-08 5.31@E 0.00 45,51
1138 R 1.16E01 1.54073 2.6471E-09 10.3834 2.36E-08 5.24a%& 0.00 45.24
1139 R 1.09801 1.55335 2.5130E-09 10.3860 2.20E-08 5.1-64& 0.00 44.94
1140 R 1.02801 1.56677 2.3784E-09 10.3887 2.05E-08 5.0#0QKE 0.00 44.61
1141 R 9.50E00 1.58081 2.2433E-09 10.3916 1.89E-08 4,988k 0.00 44.25
1142 R 8.78800 1.59453 2.1289E-09 10.3946 1.73E-08 4.908& 0.00 43.91
1143 R 8.28£00 1.60744 2.0356E-09 10.3968 1.62E-08 4,883k 0.00 43.60
1144 R 7.778B00 1.62179 1.9422E-09 10.3991 1.51E-08 4. 7664 0.00 43.25
1145 R 7.26800 1.63733 1.8489E-09 10.4016 1.41E-08 4.688& 0.00 42.87
1146 R 6.75800 1.65130 1.7685E-09 10.4041 1.30E-08 4.64GE 0.00 42.50
1147 R 6.37800 1.66300 1.7008E-09 10.4060 1.22E-08 4.5664 0.00 42.15
1148 R 5.99800 1.67593 1.6205E-09 10.4080 1.14E-08 4.44TE 0.00 41.69
1149 C 5.46£00 1.68633 1.5492E-09 10.4109 1.03E-08 4.4004& 0.07 41.23
1150 C 518200 1.69348 1.4995E-09 10.4125 9.75E-09 4,380 0.07 40.87
1151 C 489800 1.70032 1.4498E-09 10.4142 9.17E-09 4.200& 0.07 40.47
1152 C 4.61E00 1.70654 1.4000E-09 10.4159 8.59E-09 4,286k 0.08 40.03
1153 C 432600 1.71194 1.3475E-09 10.4177 8.02E-09 4,140 0.08 39.52
1154 C 4.00E00 1.71555 1.2921E-09 10.4198 7.38E-09 4. 100 0.08 38.92
1155 C 3.68£00 1.71615 1.2488E-09 10.4219 6.74E-09 4.04Q%& 0.09 38.41
1156 C 3.51E00 1.71368 1.2020E-09 10.4231 6.38E-09 3.9%0E 0.09 37.80
1157 C 3.16E00 1.70637 1.1546E-09 10.4257 5.67E-09 3.900& 0.09 37.14
1158 C 2.98800 1.69773 1.1208E-09 10.4270 5.31E-09 3.88QE 0.10 36.66
1159 C 2. 79800 1.68575 1.0858E-09 10.4285 4.92E-09 3.8064& 0.09 36.16
1160 C 2.61E00 1.67097 1.0512E-09 10.4300 4.55E-09 3.75aE 0.13 35.67
1161 C 243800 1.65364 1.0168E-09 10.4315 4.18E-09 3.790£& 0.12 35.21
1162 C 227800 1.63409 9.8245E-10 10.4330 3.84E-09 3.640KE 0.11 34.79
1163 C 2.11800 1.61186 9.4679E-10 10.4345 3.49E-09 3.506£& 0.13 34.41
1164 C 195800 1.59444 9.2036E-10 10.4361 3.15E-09 3.586E 0.14 34.16
1165 C 1.88800 1.58330 9.0408E-10 10.4367 3.00E-09 3.58Q%& 0.16 34.02
1166 C 1.81E00 1.56475 8.7896E-10 10.4374 2.85E-09 3.406£ 0.16 33.84
1167 C 1.68800 1.54394 8.5291E-10 10.4389 2.56E-09 3.456KE 0.16 33.68
1168 C 1.61E00 1.52883 8.3498E-10 10.4396 2.41E-09 3.483E 0.17 33.59
1169 C 155600 1.51274 8.1655E-10 10.4404 2.26E-09 3.408E 0.19 33.52
1170 C 148800 1.48977 7.9113E-10 10.4412 2.11E-09 3.37GE 0.19 33.43
1171 R 1.38800 1.46832 7.6805E-10 10.4425 1.87E-09 3.34QE 0.00 33.38
1172 R 1.34600 1.44895 7.4758E-10 10.4431 1.77E-09 3.316£ 0.00 33.34
1173 R 1.25600 1.42850 7.2624E-10 10.4442 1.57E-09 3.280E 0.00 33.32
1174 R 1.21E00 1.41409 7.1132E-10 10.4448 1.47E-09 3.2/0E 0.00 33.31
1175 R 1.17600 1.39428 6.9089E-10 10.4454 1.37E-09 3.2406£ 0.00 33.31
1176 R 1.10800 1.36990 6.6582E-10 10.4465 1.20E-09 3.246GE 0.00 33.32
1177 R 1.05800 1.34597 6.4121E-10 10.4474 1.05E-09 3.180& 0.00 33.35
1178 R 9.87E-01 1.32442 6.1900E-10 10.4485 8.97E-10 3462E 0.00 33.38
1179 R 9.44E-01 1.30661 6.0086E-10 10.4493 7.84E-10 34@4E 0.00 33.42
1180 R 9.07E-01 1.28575 5.8007E-10 10.4500 6.86E-10 3409E 0.00 33.47
1181 R 8.57E-01 1.26672 5.6146E-10 10.4510 5.48E-10 3:008E 0.00 33.52
1182 R 8.32E-01 1.25106 5.4637E-10 10.4515 4.81E-10 3083E 0.00 33.57
1183 R 7.98E-01 1.23145 5.2773E-10 10.4522 3.85E-10 3.064E 0.00 33.64
1184 R 7.63E-01 1.20815 5.0587E-10 10.4531 2.84E-10 3:042E 0.00 33.74
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Grid point  STAT T % ) R[Rs] M. - M [g] TIK] Ve [kms1]  cs[kmsT]
1185 R 7.21E-01 1.18955 4.8863E-10 10.4541 1.60E-10 3:0Q5E 0.00 33.84
1186 R 7.04E-01 1.17182 4.7235E-10 10.4545 1.11E-10 3:000E 0.00 33.93

1187 R 6.67E-01 1.15923 4.6089E-10 10.4556 O«4WE 2.999E04 0.00 34.01
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