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ABSTRACT

Context. To investigate the physical nature of the ‘nucleated iritglof proto giant planets, the stability of layers in §tg radiative
gas spheres is analysed on the basis of Baker’s standarboeenodel.

Aims. It is shown that stability depends only upon the equationstate, the opacities and the local thermodynamic stateein th
layer. Stability and instability can therefore be exprésisethe form of stability equations of state which are unsadifor a given
composition.

Methods. The stability equations of state are calculated for solarmusition and are displayed in the domaib4 < Igp/[g cn ] <

0, 88 < Ige/[ergg!] < 17.7. These displays may be used to determine the one-zonditgtabilayers in stellar or planetary
structure models by directly reading@f ¢he value of the stability equations for the thermodynartatesof these layers, specified by
state quantities as densjty temperaturd or specific internal energg. Regions of instability in theg( €)-plane are described and
related to the underlying microphysical processes.

Results. Vibrational instability is found to be a common phenomenbtemperatures lower than the second He ionisation zone. The
k-mechanism is widespread under ‘cool’ conditions.
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1. Introduction 2. Baker’s standard one-zone model

In this section the one-zone model of Baker (1966), oridynal
used to study the Cepheid pulsation mechanism, will beljprie
reviewed. The resulting stability criteria will be rewalt in

In thenucleated instability (also called core instability) hypothe-
sis of giant planet formation, a critical mass for staticecenve-
lope protoplanets has been found. Mizuno (1980) deternihreed - ! -
critical mass of the core to be aboutli (Mg = 5.975x 10?7g terms of local state variables, local timescales and corise
is the Earth mass), which is independent of the outer boynd&f!ations. _ _ = _ _
conditions and therefore independent of the location irstiar Baker (1966) investigates the stability of thin layers iff-se
nebula. This critical value for the core mass correspormtsety  9ravitating, spherical gas clouds with the following proiges:
to the cores of today’s giant planets. . T

— hydrostatic equilibrium,

Although no hydrodynamical study has been available many. thermal equilibrium,
workers conjectured that a collapse or rapid contractidhent  _ energy transport by grey radiatiorfidision.
sue after accumulating the critical mass. The main motwati
for this article is to investigate the stability of the stagnvelope For the one-zone-model Baker obtains necessary condfons
at the critical mass. With this aim the local, linear stapibf dynamical, secular and vibrational (or pulsational) sigt(Eqs.
static radiative gas spheres is investigated on the baBial@'s  (34a, b, c) in Baker 1966). Using Baker’s notation:
(1966) standard one-zone model.

Phenomena similar to the ones described above for gialfr mass internal to the radius
planet formation have been found in hydrodynamical mod Mmass of the zone
els concerning star formation where protostellar cores eko unperturbed zone radius
plode (Tscharnuter 1987, Balluch 1988), whereas earligliss ~o Unperturbed density in the zone
found quasi-steady collapse flows. The similarities in tma ( To Unperturbed temperature in the zone
cro)physics, i.e., constitutive relations of protostetiares and Lro unperturbed luminosity
protogiant planets serve as a further motivation for thislgt Ew thermal energy of the zone

and with the definitions of thiocal cooling time (see Fig. 1)
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Fig. 1. Adiabatic exponenk;. T’ is plotted as a function of |g internal energy [erglgand Ig density [g cm?].

and thdocal free-fall time Table 1.Opacity sources.
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composition) the one-zone stability can be inferred if thert
whereEq ~ m(Po/po) has been used and modynamic state is specified. The zone — or in other words the
S=— (m) layer — will be stable or unstable in whatever object it is éub

ainT Jp (5) ded aslong as it satisfies the one-zone-model assumptiahs. O
e=mc the specific growth rates (depending upon the time scaldk) wi

is a thermodynamical quantity which is of order 1 and equal tobe dffere_nt for Iaye_rs in dferent ob_Jects. .
for nonreacting mixtures of classical perfect gases. Thesph We .W.'" now write down the Sign (and therefore Stf"lb'“ty)
ical meaning ofo and K is clearly visible in the equations d&termining parts of the left-hand sides of the inequalif®),
above.co represents a frequency of the order one per free-fAf}) @nd (8) and thereby obtastability equations of state. _
time. K is proportional to the ratio of the free-fall time and the 1 Ne Sign determining part of inequality (6) iF3- 4 and it
cooling time. Substituting into Baker's criteria, usingtmody- "€duces to the criterion for dynamical stability

namic identities and definitions of thermodynamic quaiti 4
r1>=- 9
(amp) (amp) (amk) 173 ©
1= s Xo =737 —=) > k=375
dlnpjg "7 \dInp )z dInP/; Stability of the thermodynamical equilibrium demands
oinT JolnP dlnk 0 0 10
V — — = X > ) CV > ) ( )
ad (alnP)S’XT (alnT)p’KT (alnT)T !
and
one obtains, after some pages of algebra, the conditiorsssfor
bility given below: Xt >0 (11)
721 holds for a wide range of physical situations. With
——=@ri-4)>0 (6)
8 7 P Xt
71_2 1_3/4)(p Fg—lzﬁa >0 (12)
IMVag| ————(+ —4)+xp+ 1| > 0 7
e ! |- D r=y, +xe@5-1) > 0 13)
7T2 3 2 Fg -1
A - . Vad = >0 14
" [2Va4|4Vag — (Vagky + Kp) 3| > 0 (8) ad - (14)
For a physical discussion of the stability criteria see Bak®¥/€ find the sign determining terms in inequalities (7) and (8)
(1966) or Cox (1980). respectively and obtain the following form of the criteraa tly-
We observe that these criteria for dynamical, secular and {{amical, secular and vibratiorsiability, respectively:
brational stability, respectively, can be factorized into 3y —4=: Sypn> 0 (15)
1. afactor containing local timescales only, 1-3/4y
. . . . . 14
2. a factor containing only constitutive relations and the————(ky —4) + kp + 1 =1 Sgec> 0 (16)
derivatives. AT 4
The first factors, depending on only timescales, are pesitiv 4Vag— (Vakr + Kkp) — ar; =1 Svib > 0. 17)

definition. The signs of the left hand sides of the inequedi(6),

(7) and (8) therefore depend exclusively on the second factd@ he constitutive relations are to be evaluated for the unpesd
containing the constitutive relations. Since they depeamyg on thermodynamic state (sagq To)) of the zone. We see that the
state variables, the stability criteria themselves amctionsof one-zone stability of the layer depends only on the constitu
the thermodynamic state in the local zone. The one-zone stabil- tive relationsl’y, Vag, X7, X, kp, k7. These depend only on the
ity can therefore be determined from a simple equation & staunperturbed thermodynamical state of the layer. Therefwe
given for example, as a function of density and temperatubove relations define the one-zone-stability equatiorstaié
Once the microphysics, i.e. the thermodynamics and opacitBayn, SsecandSyi,. See Fig. 2 for a picture @i, Regions of
(see Table 1), are specified (in practice by specifying a atem secular instability are listed in Table 1.
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Fig. 2. Vibrational stability equation of stat®,j,(Ig e, Igp). > 0 means
vibrational stability.

3. Conclusions

1. The conditions for the stability of static, radiative ¢ay in
gas spheres, as described by Baker’s (1966) standard one-
zone model, can be expressed as stability equations of state
These stability equations of state depend only on the local
thermodynamic state of the layer.

2. If the constitutive relations — equations of state and
Rosseland mean opacities — are specified, the stability- equa
tions of state can be evaluated without specifying proesrti
of the layer.

3. For solar composition gas thkemechanism is working in the
regions of the ice and dust features in the opacities, the H
dissociation and the combined H, first He ionization zone,
as indicated by vibrational instability. These regionsrof i
stability are much larger in extent and degree of instabilit
than the second He ionization zone that drives the Cepheid
pulsations.
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