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Some indirect observations, as the high fraction of Be %thlimv metallicity, or the necessity for
massive stars to be important sources of primary nitrogegmsto indicate that very metal poor
stars were fast rotators. As a consequence of this fastawotdhese stars, contrarily to current
wisdom, might lose large amounts of mass during their fieti In this paper, we review various
mechanisms triggered by rotation which may induce stronggrtass at very low metallicity. The
most efficient process comes from surface enrichments in €dMents which then drive mass
loss by stellar winds. Due to this process, a fast rotatind16Owith metallicities in the range
of Z=10"8 and 105, can lose between 30 and 55% of its initial mass. This ratatlp wind
ejected material participates to the chemical evolutiotthef interstellar medium, enriching it
exclusively in H- and He-burning products. In particulagtal poor fast rotating stars may play
a key role for explaining the origin of the peculiar abundapettern observed at the surface of
the extremely metal-poor C-rich stars, for explaining therical inhomogeneities observed in
globular clusters, and the presence of stare i@en with a very high helium content .
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1. Radiation driven stellar winds from non-rotating metal poor stars

Current wisdom considers that very metal poor stars lose no or verly amaunts of mass
through radiatively driven stellar winds. This comes from the fact thanthe metallicity is low,
the number of absorbing lines is small and thus the coupling between thevaddates and the
matter is weak. Wind models imposes a scaling relation of the type

. Z\“
@)= () M), (L.1)
©
whereM(Z) is the mass loss rate when the metallicitity is equitendM(Z@) is the mass loss
rate for the solar metallicity being the mass fraction of heavy elements. In the metallicity range
from 1/30 to 3.0 times solar, the value@fis between 0.5 and 0.8 according to stellar wind models
(I1]; [2]; [3])- Such a scaling law implies for instance that a non-rotabgM., with Z = 0.02
ends its stellar life with a final mass of 14.6Mthe same model with a metallicity &= 0.00001
ends its lifetime with a mass of 59.57Mcf. models of [4] and [34] witha = 0.5).

Thus one can expect that the metal poor 60 dar will give birth to a black hole. In that
case, the whole stellar mass may disappear in the remnant preventing therstanfiching the
interstellar medium in new synthesized elements. The metal rich model will gyolegtve a
neutron star and contribute to the enrichment of the ISM through both the aniddsupernova
ejecta. Let us note that a star which loses a lot of material by stellar winds iffengdtly enrich
the interstellar medium in new elements, compared to a star which would haveedeigimmass
all along until the supernova explosion. As [5] pointed out, when the steilads are strong,
material partially processed by the nuclear reactions will be releaseautjrfg\some species (as
helium and carbon which would be otherwise partially destroyed if remairgg@dbinto the star)
and disfavoring other ones (as e.g. oxygen which would be producédther transformation of
the species which are wind-ejected).

Thus mass loss has very important consequences, but as said ab®wexpects no or very
weak stellar winds at low metallicity from non-rotating stars. Now, one knoatsstiars are rotating
and that rotation may change all the outputs of the stellar models, in particulaaththey are
losing mass. Indirect indications, as the presence of numerous Besttassear the critical limit)
in metal poor clusters ([32]), the necessity for massive stars to be affigieducers of primary
nitrogen ([27]; [28]) point toward a higher proportion of fast rotator metal poor regions. Thus
it appears worthwhile to reconsider the question of the quantity of massyldasbrotating stars
in metal poor region. This is the point we want to address in this paper.

2. General effects of rotation

Rotation induces many processes in stellar interior (see the review by |85pgarticular, it
drives instabilities which transport angular momentum and chemical spekéssiming that the
star rapidly settles into a state of shellular rotation (constant angular velbtitg aurface of iso-
bars), the transport equations due to meridional currents and shednilities can be consistently
obtained ([6]). Since the work by J.-P. Zahn, various improvements lh@&e brought to the for-
mulas giving the velocity of the meridional currents ([7]), those of the weridiffusive coefficients



Mass loss at low Z Georges Meynet

describing the effects of shear turbulence ([8]; [9]; [37]; [38B,well as the effects of rotation on
the mass loss ([10]; [11]; [12]).

Let us recall a few basic results obtained from rotating stellar models:

1) Angular momentum is mainly transported by the meridional currents. In tteg part of
the radiative envelope these meridional currents transport angular momentwards. During
the Main-Sequence phase, the core contracts and the envelope £xpaedmeridional currents
imposes some coupling between the two, slowing down the core and accelénatiouter layers.
In the outer layers, the velocity of these currents becomes smaller wheenbigydgets higher,
i.e., for a given initial mass, when the metallicity is lower.

2) The chemical species are mainly transported by shear turbulencagainebsence of a
magnetic fields; when a magnetic fields is amplified by differential rotation as ifeyler-Spruit
dynamo mechanism [24], the main transport mechanism is meridional circyla@pnDuring the
Main-Sequence this process is responsible for the nitrogen enhansesheerved at the surface of
OB stars (see e.g. [42]). The shear turbulence is stronger wheretthegts of the angular velocity
are stronger. Due to point 1 above, the gradientQ afe stronger in metal poor stars and thus the
mixing of the chemical elements will be stronger in these stars. Some obsesviatiticate that
this might well be the case ([25]; [26]). Let us note also that the effigi@fithe mixing will vary
from one element to another. If an element is strongly and rapidly built ugeieahvective core,
it will diffuse by rotational mixing more rapidly in the radiative envelope tharelment with a
smoother gradient between the convective core and the radiative pavdlbis explains why the
stellar surface will be more rapidly enriched in nitrogen than in helium.

In addition to these internal transport processes, rotation also modifiphykizal properties
of the stellar surface. Indeed the shape of the star is deformed by raofatiact which is now put
in evidence observationally thanks to the interferometry, see [13]). Rotatiolies a non-uniform
brightness (also now observed, see [14]). The polar regions mytetdar that the equatorial ones.
This is a consequence of the hydrostatic and radiative equilibrium (vipelddeorem [15]). In
addition, as a result of the internal transport processes, the sudloity and the surface chemical
composition are modified.

The various processes described above are worthwhile to keep in miedisay all play some
role in promoting mass loss in metal poor stars. We can classify the effectstbn on mass loss
in three categories.

1. The structural effects of rotation.
2. The changes brought by rotation on the radiation driven stellar winds.

3. The mechanical wind induced by rotation at break-up.

Let us now consider in turn these various processes.

3. Structural effects of rotation on massloss

Rotation, by changing the chemical structure of the star, modifies its evollf@mrinstance,
moderate rotation at metallicities of the Small Magellanic Cloud (SMC) favorsastievolution
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Figure 1: Evolution of theTes as a function of the fraction of the lifetime spent in the HarrAling phase for
20 M, stars with different initial velocities.

in the Hertzsprung-Russel diagram. This behavior is illustrated in Fig. Tamcccount for the
high number of red supergiants observed in the SMC ([16]), an oligemal fact which is not at
all reproduced by non-rotating stellar models.

Now it is well known that the mass loss rates are greater when the star ®utlvéhe red part
of the HR diagram, thus in this case, rotation modifies the mass loss indirectiangiog the
evolutionary tracks. Thei, = 0, 200, 300 and 400 kni$ models lose respectively 0.14, 1.40,
1.71 and 1.93 M during the core He-burning phase (see Table 1 in [16]). The enherdef the
mass lost reflects the longer lifetimes of the red supergiant phase wheityw&loreases. Note that
these number were obtained assuming that the same scaling law between sasd ioetallicity
applies during the red supergiant phase. If, during this phase, massdogs from continuum-
opacity driven wind then the mass-loss rate will not depend on metallicity (seevtew by [45]).
In that case, the redward evolution favored by rotation would have &egranpact on mass loss
than that shown by the computations shown above.

Of course, such a trend cannot continue forever. For instancerathigh rotation, the star
will have a homogeneous evolution and will never become a red supe(ii@it In this case,
the mass loss will be reduced, although this effect will be somewhat comeeinisy two other
processes: first by the fact that the Main-Sequence lifetime will last farghy second, by the fact
that the star will enter the Wolf-Rayet phase (a phase with high mass losyaatn earlier stage
of its evolution.
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4. Radiation driven stellar windswith rotation

The effects of rotation on the radiation driven stellar winds result fronctia@ges brought by
rotation to the stellar surface. They induce changes of the morphologihe sefellar winds and
increase their intensities.

4.1 Stellar wind anisotropies

Naively we would first guess that a rotating star would lose mass préighgirom the equa-
tor, where the effective gravity (gravity decreased by the effect®ftcdntrifugal force) is lower.
This is probably true when the star reaches the critical limit (i.e. when the@tplaurface veloc-
ity is such that the centrifugal acceleration exactly compensates the grautyhis is not correct
when the star is not at the critical limit. Indeed as recalled above, a rotatingasgtea non uni-
form surface brightness, and the polar regions are those which havadst powerful radiative
flux. Thus one expects that the star will lose mass preferentially along tigoral axis. This is
correct for hot stars, for which the dominant source of opacity is @edcattering. In that case
the opacity only depends on the mass fraction of hydrogen and doesperids on other physical
guantities such as temperature. Thus rotation induces anisotropies of tie (jliri];[18]). This
is illustrated in Fig. 2. Wind anisotropies have consequences for the amgoiaentum that a star
retains in its interior. Indeed, when mass is lost preferentially along the grisr little angular
momentum is lost. This process allows loss of mass without too much loss of angutzentum
a process which might be important in the context of the evolutionary sosraading to Gamma
Ray Bursts. Indeed in the framework of the collapsar scenario ([éhB,has to accommodate
two contradictory requirements: on one side, the progenitor needs to Iesamarder to have its
H and He-rich envelope removed at the time of its explosion, and on the athdrihmust have
retained sufficient angular momentum in its central region to give birth ta adiating black-hole.

4.2 Intensities of the stellar winds

The quantity of mass lost through radiatively driven stellar winds is erdthbg rotation. This
enhancement can occur through two channels: by reducing the edfeetivity at the surface of
the star, by increasing the opacity of the outer layers through surfac#iaitgtanhancements due
to rotational mixing.

e reduction of the effective gravity:The ratio of the mass loss rate of a star with a surface
angular velocityQ to that of a non-rotating star, of the same initial mass, metallicity and
lying at the same position in the HR diagram is given by ([12])

-1

Qe

M(Q) (a-n

—, (4.1)
1-§( -]’

9\ Vit 1

whererl is the electron scattering opacity for a non—rotating star with the same mass and
luminosity, a is a force multiplier ([19]). The enhancement factor remains modest frg sta
with luminosity sufficiently far away from the Eddington limit ([12]). Typicall%% ~15

for main-sequence B—stars. In that case, when the surface velopityaahes the critical
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Figure 2: Iso-mass loss distribution for a 120:Mstar with Log L/L;=6.0 and Ex = 30000 K rotating at a
fraction 0.8 of critical velocity.

limit, the effective gravity decreases and the radiative flux also deeadeus the mat-

ter becomes less bound when, at the same time, the radiative forces bdsomeaker.
When the stellar luminosity approaches the Eddington limit, the mass loss incoaases
much greater, reaching orders of magnitude. This comes from the facbthton lowers

the maximum luminosity or the Eddington luminosity of a star. Thus it may happen that
for a velocity still far from the classical critical limit, the rotationally decreasgkimum
luminosity becomes equal to the actual luminosity of the star. In that caseg strass loss
ensues and the star is said to have reache@Ehimit ([12]).

o Effects due to rotational mixing:During the core helium burning phase, at low metallicity,
the surface may be strongly enriched in both H-burning and He-burmgdypts,.e. mainly
in nitrogen, carbon and oxygen. Nitrogen is produced by transformafitime carbon and
oxygen produced in the He-burning core and which have diffusedtagional mixing in the
H-burning shell ([34]). Part of the carbon and oxygen producetiérHe-core also diffuses
up to the surface. Thus at the surface, one obtains very high value @N© elements.
For instance a 60 Mwith Z=10"8 anduini = 800 km s'! has, at the end of its evolution, a
CNO content at the surface equivalent to 1 million times its initial metallicity! In thegme
models, we have applied the usual scaling laws linking the surface metallicity toahse
loss rates (see EqQ. 1). In that case, one obtains that the star losestdisepimcess more
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Figure 3: Evolution of the surface velocities for a 60J\star with 3 different initial metallicities.

than half of its initial mass (see Table 1).

5. Mechanical windsinduced by rotation

As recalled above, during the Main-Sequence phase the core cornacthe envelope ex-
pands. In case of local conservation of the angular momentum, the cate thas spin faster and
faster while the envelope would slow down. In that case, it can be easilyrstiat the surface ve-
locity would evolve away from the critical velocity (see e.g. [22]). In moddth shellular rotation
however an important coupling between the core and the envelope is d=dtitisough the action
of the meridional currents. As a net result, angular momentum is broumhttfre inner regions
to the outer ones. Thus, would the star lose no mass by radiation drivem siigltis (as is the
case at low Z), one expects that the surface velocity would increase witlaticherould approach
the critical limit (see Fig. 3). In contrast, when radiation driven stellar wisrdsimportant, the
timescale for removing mass and angular momentum at the surface is sharntérgianescale for
accelerating the outer layers by the above process and the surfacéyweézreases as a function
of time. It evolves away from the critical limit. Thus, an interesting situation mxonhen the star
loses little mass by radiation driven stellar winds, it has more chance to loségnassechanical
wind. On the other hand, when the star loses mass at a high rate by radidtiem mhass loss
then it has no chance to reach the critical limit and thus to undergo a medhaimnidaWe discuss
further below the possible importance of this mechanical wind.
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6. Discussion

At this point it is interesting to discuss three aspects of the various effestsided above.
First what are the main uncertainties affecting them? Second, what areciad¢ive importance?
And finally what are their consequences for the interstellar medium enritf?me

6.1 Uncertainties

In addition to the usual uncertainties affecting the radiation driven massdtess the above
processes poses three additional problems:

1. What does happen when the CNO content of the surface increaseobyesixof magnitude
as was obtained in the 60 )Mmodel described aboveCan we apply the usual scaling law
between Z and the mass losses? This is what we have done in our modajso(usinb),
but of course this should be studied in more details by stellar winds modelmstance, for
WR stars, [46] have shown that &t= Z /30, 60% of the driving is due to CNO elements
and only 10% to Fe. Here the high CNO surface enhancements resultdtational mixing
which enrich the radiative outer region of the star in these elements, butrafsdhe fact
that the star evolves to the red part of the HR diagram, making an outeratimeveone to
appear. This convective zone plays an essential role in dredging @iN®eelements at the
surface. Thus what is needed here is the effects on the stellar windé@fe@Ghancements
in a somewhat red part of the HR diagram (typical effective temperatditbe order of Log
Tett ~3.8).

2. Do stars can reach the critical limitFor instance, [21] obtain that during pre-main sequence
evolution of rapidly rotating massive stars, “equatorial mass loss” ortiortal mass ejec-
tion” never occur (see also [20]). In these models the condition of Zékotwe gravity is
never reached. However, these authors studied pre-main sequehdsoa and made dif-
ferent hypotheses on the transport mechanisms than in the present 8inde they were
interested in the radiative contraction phase, they correctly supposetthavarious in-
stabilities and currents which transport angular momentum have charéctémes much
longer than the radiative-contraction time”. This is no longer the case fofi#ieSequence
phase. In our models, we consistently accounted for the transport ahthwtar momentum
by the meridional currents and the shear instabilities. A detailed accoune afathsport
mechanisms shows that they are never able to prevent the star fronmget@hcritical ve-
locity. Another difference between the approach in the work of [21] @aund is that [21]
consider another distribution of the angular velocity than in our models. Jingyosed con-
stantQ on cylindrical surface, while here we adopted, as imposed by the thé§6}, @
“shellular rotation law”. They resolved the Poisson equation for the gtawii@ potential,
while here we adopted the Roche model. Let us note that the Roche appiioRriapears
justified in the present case, since only the outer layers, containing little erassyproach-
ing the critical limit. The majority of the stellar mass has a rotation rate much below the
critical limit and is thus not strongly deformed by rotation. Thus these diffege probably
explain why in our models we reach situations where the effective gravityrbes zero.



Mass loss at low Z Georges Meynet

3. What does happen when the surface velocity reaches the critical ligt?us first note
that when the surface reaches the critical velocity, the energy which isestitled to make
equatorial matter to escape from the potential well of the star is still importanis i¥h
because the gravity of the system continues of course to be effectalead) the path from
the surface to the infinity and needs to be overcome. If one estimates thee astacity
from the usual equation energy for a piece of material of maasthe equator of a body of
massM, radiusR and rotating at the critical velocity,

1

2 1 2
é MU + é MUggc—

GMm

= =0, (6.1)

one obtains, usingpgrit = GM/R that the escape velocity is simply reduced by a factor
1/+/2 = 0.71 with respect to the escape velocity from a non-rotating Bodyus the reduc-
tion is rather limited and one can wonder if matter will be really lost. A way to ovaeco
this difficulty is to consider the fact that, at the critical limit, the matter will be lauddh&

a keplerian orbit around the star. Thus, probably, when the staregdiot critical limit an
equatorial disk is formed like for instance around Be stars. Here weoseppat this disk
will eventually dissipate by radiative effects and thus that the material willdielpthe star.

Practically, in the present models, we remove the supercritical layers.rasval of ma-
terial allows the outer layers to become again subcritical at least until sesalation will
bring again the surface near the critical limit (see [23] for more detalils in tbisass). Sec-
ular evolution during the Main-Sequence phase triggers two counteraaffajs: on one
side, the stellar surface expands. Local conservation of the angutaentom makes the
surface to slow down and the surface velocity to evolve away from theatritigit. On the
other hand, meridional circulation continuously brings angular momentum sutfece and
accelerates the outer layers. This last effect in general overcoméssttene and the star
rapidly reach again the critical limit. How much mass is lost by this process?ehsadmve,
the two above processes will maintain the star near the critical limit for most diitiee In
the models, we adopt the mass loss rate required to maintain the star at al9&36 95 the
critical limit. Such a mass loss rate is imposed as long as the secular evolutios baicig
the star near the critical limit. In general, during the Main-Sequence pbase the critical
limit is reached, the star remains near this limit for the rest of the Main-SequuiTase. At
the end of the Main-Sequence phase, evolution speeds up and thedosaheation of the
angular momentum overcomes the effects due to meridional currents, tledltas away
from the critical limit and the imposed “critical” mass loss is turned off.

6.2 Importance of the various effects on masslossinduced by rotation

The processes which are the most important for metal poor stars aratmng of the critical
limit (both the classical limit and th@r -limit) and the increase of the surface metallicity by the
concomitant effect of rotational diffusion and dredging-up by an cctevective zone.

In order to quantify the importance of the various effects discussedealyey compare in
Table 1 four 60 M, with an initial velocity of 800 km st at four different metallicitiesZ = 0

1We suppose here that the vectrecis normal to the direction of the vectogi.
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z Q/Qcrit | AMums | A Mpus
0 0 0 0.0013 (0)
0 071 |242 |0.27(0)
108 |0 0.18 | 0.09 (0)

108 |0.77 |2.38 |33.80(0.85)

105 |0 0.21 | 0.22(0)
105 | 090 |6.15 | 16.94(0)

0.0005| 0 0.78 | 13.29 (0)
0.0005| 0.94 | 20.96 | 21.79 (17.15)

Table 1. Mass lost in solar masses by 60-Mion-rotating and rotating models at different metallesti
during the MS and the post MS phases. The number in paresthebie last column indicates the mass lost
during the WR phase. See text for the references of the stetidels.

([33]), 108, 1075 ([23]) and 10°2 (Decressin et al., submitted) and we give the mass lost during
the MS and the post MS (PMS) phases. The mass lost by non-rotating modlsts ggven.

From Table 1, we first note that a given value of the initial velocity (he@l8@ s1) corre-
sponds to lower value d®/Qc;it at lower metallicity. This is a consequence of the fact that stars
are more compact at lo&. Would we have kep®/Qit constant one would have higher values of
Uini at low Z.

During the MS phase, we see that the non-rotating models lose nearly no Tinessotating
models, on the other hands, lose some mass when reaching the critical limite Rayhil star the
critical limit is reached when the mass fraction of hydrogen at the cefytas 0.35. For the models
atZ=10"8, 10 and 0.0005, the critical limit is reached respectively wKgis equal to 0.40, 0.56
and 0.65. Thus at higher metallicity, the critical limit is reached earlier. Thisddehcomes from
two facts: first keepin@i, constant implies highe®/Qci; at higherZ, then, meridional currents,
which accelerate the outer layers are more rapid at higher metallicities.

The mass lost after the Main-Sequence phase remains very modeshfmtating stars, ex-
cept for the model aZ = 0.0005. For the rotating models, except in the case of the Pop Il models,
all models lose great amounts of material. In the case of the modelgwithi08 and 10°°, the
main effect responsible for the huge mass loss is the surface enrichm@iN©irlements. In the
case of thez = 0.0005, no such effect is observed, however the star, as a result bfgh mass
loss during the MS phase and also due to rotational mixing, has a long WR, ghasg which
most of the mass is lost. The Pop Ill model on the other hand loses little amommaissfduring the
post-MS phase. This comes from the fact that the star evolves only a¢mhend of its evolution
in the red part of the HR diagram, preventing thus an efficient dredgirg te CNO elements at

10
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the surface. Thus the surface enhancements remain modest and wdegractoo short phase for
having an important impact on mass loss. On the other hand, it would be tirigresscompute
models with higher initial values d®/Qit.

As a general conclusion, we see that the quantity of mass lost very muehdfepn rotation
in metal poor regions. Moreover, the lost material is enriched in new syizéite elements like
helium, carbon, nitrogen and oxygen and thus will participate to the chemioalten of the
interstellar medium. Short comments on this point are made in the paragraph below

6.3 Interesting consequences

The effects of rotation in metal poor stellar models have an impact on the steflatgpions
and the nucleosynthesis. Some of these effects are mainly due to the noeaeffiixing obtained
in metal poor stars and do not much depend on the mass loss induced bynrobétiers are
consequences of both effects.

Among the effects mainly due to enhanced rotational mixing, let us mention thihédast
rotating massive stars might be very efficient sources of primary nitrogemetal poor regions
([27]; [28] and see the contribution by Chiappini et al. in this volume) aad te different trends
for C/O and N/O at very low metallicity. Other isotopes suchH¥g, 120 could also be produced
abundantly in such models.

Interesting consequences resulting from both enhanced rotational mixihgnass loss are:

o the possibility to explain the origin of the peculiar abundance pattern exhibjte¢ebex-
tremely metal poor C-rich stars. These stars could be formed from windiadatfrotating
massive stars or from material ejected, either in a mass transfer episbgevords, from a
rotating E-AGB star ([23], Hirschi, submitted).

e to provide an explanation for the origin of the helium-rich stargvifCen. The presence
of a blue ZAMS sequence in this cluster (in addition to a red sequence whaiboig a
factor two less rich in iron) is interpreted as the existence in this cluster pfhedium rich
stars. Typically stars on the blue sequence would have, according to steliiels, a mass
fraction of helium of 0.40, while stars on the red sequence would only &aveslium mass
fraction of 0.25 ([29]). We have proposed that the helium-rich star&ddoel formed from
wind material of fast rotating massive stars ([30]). This material wouldeddeave the
appropriate chemical composition for accounting for the abundancergatbserved in the
blue sequence.

e Interestingly, fast rotating massive stars, losing mass at the critical limit, asddcon-
tribute in providing material for forming second generation stars in globlleters. Such
stars would present peculiar surface abundances, relics of thégéamprocessing in the fast
rotating massive stars (see [47], and also the contributions by Chaband Prantzos in
the present volume).

7. Conclusions

It is now a well known fact that rotation is a key feature of the evolutiortarfss For metallic-
ities between those of the Small Magellanic Cloud and of the solar neighbgntadating models

11
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better reproduce the observed characteristics of stars than nongatetdels (see e.g. the discus-
sion in [23]). From this argument alone, one would expect that they waalfthe same in metal
poor regions. Of course at very low metallicity, direct comparisons betwesssive star models
and observed stars are no longer possible. Thus it is particularly impantaéimis case to first
check the models in metallicity range where such comparisons are possilde. tiéhsame phys-
ical processes as those necessary to obtain good fits at high metallicigcateged for in metal
poor stars, one notes that stars are on one hand strongly mixed and athh¢hdnand may lose
large amounts of material. These features might be very helpful for expgamimerous puzzling
observational facts concerning metal poor stars as seen aboveowdgrsuch models stimulate
new questions which can be the subjects of future works:

e One can wonder what would be the contribution of very fast rotating Ropdssive stars
to the ionizing flux. These stars would follow an homogeneous evolutiotyeirothe blue
side of the HR diagram, would have their lifetimes increased and would becdrst&s.
For all these reasons, they would likely be important sources of ioniziatpph.

e What would be the ultimate fate of such fast rotating Pop Il stars? Woulddiveybirth to
collapsars as proposed by [43] and [44]?

o If pair instability supernovae have left no nucleosynthetic sign of theitexxé® in observed
metal poor star, is this because no sufficiently high massive stars havioewed? Or, if
formed, might these stars have skipped the Pair Instability regime due to strasgyloss
triggered by fast rotation?

e Does the dynamo mechanism of Tayler-Spruit work in Pop Il stars? Thihiamsm needs
a small pristine magnetic field which will be amplified at the expense of the diffiefeota-
tional energy. But does this pristine magnetic field exist in this case? Irtlbaseechanism
is working, how its effects vary as a function of the metallicity?

e Could the first generations of massive stars be important producesdiofrhas was sus-
pected long time ago by [36]?

e What was the distribution of the rotational velocities at different metallicitiegRisdistri-
bution the same in the field and in dense clusters (like globular clusters)tadlkeabove,
some indirect observations indicate that the distribution might be biased ttasmdtators
at low metallicity. Are there any other indirect hints supporting this view? Wlmatlevbe
the physical mechanism responsible for such a trend? (Shorter diskdagisode in metal
poor regions?).

The list above is not exhaustive. It simply reflects the richness of thauvhich will
certainly become a very fruitful area of research in the coming years.
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