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The origin of dust grains in the early universe is one of thesinobiallenging subjects in astro-
physics. Recent study of the evolution of massive Populdtiostars has suggested that the
metal-enriched mass-loss winds from very massive Populdli red-supergiants with the initial
masses higher thavzaus ~ 250 M, could be potential formation sites of dust grains. In this
proceedings, in order to explore the possibility of dustrfation in such stellar winds, we present
the analytical formulae that describe the formation caodiof dust grains in steady stellar winds.
We find that, in a stellar wind of a Population Il red-supargiwith Mzams = 500Mg,, the for-
mation of carbon grains is possible if the mass-loss ratenand velocity satisfy the condition
(M/107° M, yr1)(viy/10 km s1)~2 > 0.06. We note that a series of formulae given in this
study would be useful in evaluating the feasibility of dusthation in steady mass-loss winds of
various types of stellar populations.
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1. Introduction

The first cosmic dust is considered to be produced in the mietakjecta of supernovae (SNe)
that occur from the first stellar generation, so-called RFatpn Il (Pop IIl) stars. Numerical
simulations of the formation of metal-free stars have shtivahthe mass of Pop Il stars would be
much higher than those of the local Pop I/l stars [1, 2], sufipg that SNe arising from massive
stars would play dominant roles in dust enrichment histéth@early universe. However, a typical
mass of Pop Ill stars is a matter of controversy; the prediotass-scale ranges from a few téhs
[3, 4] up to more than a few hundrelik, [5, 6]. If Pop Il stars have formed with the initial masses
aboveMzams ~ 250 M., they are likely to finally collapse into black holes and taildisperse a
large amount of heavy elements at the end of their lives [7, 8]

On the other hand, such very massive Pop Il stars could ca#yienrich the surrounding
medium during their evolutionary stages. Yoon et al. [8eesively investigated the evolution of
massive Pop Il stars for the mass range of 10—-18QQ and found that non-rotating stars with
Mzams = 250 M., experience convective dredge-up of a significant amounaxdfan and oxygen
from the helium-burning core into the hydrogen envelopéatéd-supergiant (RSG) phase. Thus,
if the mass loss is driven efficiently during the RSG phase,@MNO-enriched stellar winds can
pollute the ambient medium and can also offer formatiorssfehe first dust grains in the universe.

In this proceedings, with the aim of assessing the pogsilofidust formation in RSG winds of
very massive Pop llI stars, we present the analytical foamdescribing the formation condition
of carbon grains in steady stellar winds. The formula is Base the scaling relation of dust
formation given in Nozawa & Kozasa [9] and would be very ukafievaluating the feasibility of
dust formation in mass-loss winds of any kinds of stellaryations.

2. The Modd

Recently, Nozawa & Kozasa [9] formulated the non-steadyestormation of small clusters
and the growth of grains accompanied by chemical reactBp&xamining the results of dust for-
mation calculations for various gas densities and cooktgs; they found that the condensation ef-
ficiency and average radius of newly formed grains are usallgrdescribed by a non-dimensional
quantity Ao, defined as the ratio of the supersaturation timeszal¢o the collision timescalé
at the onset time,, of dust formation. They also showed that the formation of @ BMySiO;
grains is realized whef, > 1. Hence, the formation of dust in mass-loss winds can beiated
by deriving/Agn, for given wind properties such as the mass-loss rate and velodity.

In general, the mass-loss rate and wind velocity of massars are not well known; the mass
loss may be caused pulsationally and dynamically as a re$uttultiple effects of centrifugal
force, magnetic fields, turbulence, and outburst in stellaface. Thus, it might be hard to predict
accurately the total amount and size distribution of dushfm in the course of the stellar evolution.
In this study, instead of modeling the detailed mass-lost®hy, we aim at presenting the ranges of
the mass-loss rate and wind velocity with which the formratid dust is feasible in stellar winds.
In the following, we describe the model of density, tempaatand chemical composition of the
outflowing gas, and demonstrate hdw is expressed by the mass-loss rate and wind velocity.
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2.1 Hydrodynamic Model of the Circumstellar Gas

We consider a simple model where the circumstellar gas iharigally symmetric outflow
with a constant wind velocity. In this case, the density {eaif the outflowing gas is given by

o) = v (r>_2, (2.1)

4TlT2VW 47'[R§tar\/w Rstar

whereM is the mass-loss rate, is the wind velocityRstaris the stellar radius, andis the distance
from the center of the star. The temperature distributiothefgas is assumed to be

—a

;

T =Tas (=) 22)
star

whereTg, is the effective temperature of the star, and- 1 for adiabatic expansion, amd= 0.5

for the case of radiative equilibrium.

2.2 Chemical Composition of the Circumstdlar Gas

As mentioned in the Introduction, very massive Pop Il staith Mzams = 250 M, could
undergo extensive dredge-up during helium-core burnidgghvconveys a considerable amount of
carbon and oxygen to the hydrogen envelope [8]. For the mad@eb00M., RSG without rotation,
the average number fractions of carbon and oxygen in the entelope aréc = 3.11x 102 and
Ao = 1.75x 103, respectively [8]. Thus, the gas outflowing from very mas$8Gs is expected
to be carbon-rich with a high C/O ratie\§{ /Ao = 1.78 for the 500M, RSG model).

In a carbon-rich cooling gas, all oxygen atoms react witlhoaratoms to form CO molecules,
and carbon atoms and/or carbon-bearing molecules left tigeCO formation are available for
the formation of carbon clusters and grains. Figure 1 shb@sdsult of the chemical equilibrium
calculation along the gas flow [10], as an example, for theMO®Pop Il RSG (see below for the
properties of this star). It can be seen that CO moleculeesistéible gas species in the temperature
range considered here, and most of the carbon unbound in G€xuhes exists as atomic carbon
atT > 1750 K and as gH at 1400 K< T < 1700 K. This indicates that the formation of carbon
grains is likely to proceed through successive attachmioardon atoms (or g4 molecules) at
high temperatures.

2.3 Derivation of the non-dimensional quantity Ao

For the wind model given above, we here provide a non-dinee@asiquantity\on = Tsat/ Tcoll,
considering that carbon grains condense via the succestsaghment of carbon atoms.
The timescale of collisions of carbon atoms is given by

1
8KT \ 2
,1 2 ~
T 5= — | fc, 2.3
coll T3 (nmc> C ( )
whereag is the radius of the condensate per atéris, the Boltzmann constanty is the mass of a
carbon atom, andc’is the nominal number density of free carbon atoms unbou@@imolecules

(see Section 2.3 in Nozawa & Kozasa [9] for the definition & ttominal number density). By
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Figure 1: Number fractions of carbon-bearing gas species as a funofigas temperature obtained from
the chemical equilibrium calculation for the circumstelavelope model of the 50@., Pop Il RSG.

introducing a parametelr = Ac/Ao, which is the number ratio of carbon atoms to oxygen atoms,
the nominal number density of carbon atoms is written as

. 2
o (1) () ()
fic=—(1-2 ) —— , 2.4
© pmy f ATRE M ) \ Tstar @4
whereyu is the mean molecular weight, angl; is the mass of hydrogen. The supersaturation ratio
Sis described by
A§ AckTY AckT
InS——ﬁJrIn( o >_?—5+In< o ), (2.5)

wherep, is the vapor pressure of the condensate, and the Gibbs fezgyefor the formation of
bulk condensate from the vapor is approximated\gykT = —y/T + & with the numerical values
y andd derived by least-squares fittings of the thermodynamica [ddf] in the temperature range
of T = 200-2500 K. Then, the timescale on which the supersaturadito increases is given as

1
dinS av T\e/y 2
1 W
=— = —_— ————-1). 2.6
fsat dt Rstar <Tstar> <T a > (2.:6)

From Equations (2.3) and (2.6), the non-dimensional gtyant, is written as

 AcTad <1_}> <8|(Ton>%< M ) <h>% (l_g_1>_l(27)
t=ton B apmy f nmc 477Rstarv\%/ Tstar Ton O '

whereTo,, is the gas temperature &t to, (that is, condensation temperature of dust). In general,
a = 0.5 is used for the temperature profile of the outflowing gas [&2]. In this case,

l M VW -2 Lstar B
Aon~150( 1—= ) [ == 2.
on 50( f) <1m3> (1&5 M, yr—l> <1o km s1> (105 |_@> - 28

whereLsta is the luminosity of the star<{ 47R3,0Ta.), 8 = 1.28 A | andy = 8.64 x 10* K
[13], and we adop = 1.3 andT,, = 1800 K. Equation (2.8) demonstrates that, do= 0.5, the
formation process of dust (represented/y) in stellar winds is sensitive to the mass-loss idte
and wind velocityw, but does not depend explicitly ORiar.

Non = ——
Teoll

Nl
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Figure 2: Final average radiu&ye. and condensation efficiendyone. Of carbon grains that can formin a
RSG wind of a Pop Il star wittMzams = 500Mg, as a function ofp defined in Equation (3.1). The solid
lines are the results obtained analytically from Equati@8), (3.2), and (3.3), while the dashed lines are
the results of detailed numerical simulations of dust faioma The vertical dotted line markg = 0.06,
above which the formation of dust is found to be possible [geation (3.1)].

3. Formation Condition of Dust in a RSG Wind of a Pop |11 500 M, Star

As shown in Nozawa & Kozasa [9], the formation of carbon gsampossible wheig, > 1.
Thus, from Equation (2.8), the formation condition for aamtgrains in a steady RSG wind of a
Pop Il 500M,, star (f = 1.78,Ac = 3.11x 1073, Lgiar= 1072 L.,) is given as follows:

_ M W) s 006 3.1)
¢=\10°5 Moyr-1/\10kms?t/ ~ 7 '

This equation indicates that, for a constant wind velocit@®km s, carbon grains can condense
if M>25x10°6M, yr L.

Nozawa & Kozasa [9] also presented the approximation foandelscribing the average grain
radiusaave. and condensation efficiendyone. as a function of\qpn; the approximation formulae
for carbon grains are given by

bg<%§z_1>:_421+0&mmgmn (3-2)

ok

and
log feone = 4.15[tanh(1.9110g/Aon + 0.088) — 1], (3.3)

wherea, = 5.946 A . The solid lines in Figure 2 shovegye. and feone Obtained from the above
analytic formulae as a function @ for the 500M., Pop Ill RSG model. The condensation ef-
ficiency rapidly increases fromp ~ 0.06, reaching unity afp ~ 1. The dashed lines in Figure 2
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plot the results of the numerical simulations of non-stestdye dust formation, which are in good
agreement with the analytical ones. In fact, there are stifidirences inaae at ¢ 2 10 and in
feone at @ < 0.2, both of which mainly come from the simple assumptioMgf= 1800 K in the
present analysis; in realityyn, is higher than 1800 K for a highéY,,, and vice versa.

In this study, we have put the constraints on the mass-lassarad wind velocity with which
carbon grains can condense in RSG winds of very massive Psiail$. Here, it should be empha-
sized that our analysis can be also applicable for dust fitoma mass-loss winds of any types of
stellar populations, as long as the mass-loss wind is ste&urefore, a series of formulae given
in this work would be powerful tools in assessing the poksitif dust formation in stellar winds.
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