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Hydrodynamics of giant planet formation
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ABSTRACT

Context. To investigate the physical nature of the ‘nucleated instability’ of proto gikamets, the stability of layers in static, radiative
gas spheres is analysed on the basis of Baker’s standard one-adeé m

Aims. It is shown that stability depends only upon the equations of state, the opaitiethe local thermodynamic state in the
layer. Stability and instability can therefore be expressed in the form afigtamuations of state which are universal for a given
composition.

Methods. The stability equations of state are calculated for solar composition and iamayéd in the domain
XXKKAKXX XXX XXX XXXXXXXKKK KKK XXX XXXXXXXXXXX. These display s may be used to determine the one-zone sta-
bility of layers in stellar or planetary structure models by directly readifithe value of the stability equations for the thermodynamic
state of these layers, specified by state quantities as densaynperaturd or specific internal energg. Regions of instability in
the (o, €)-plane are described and related to the underlying microphysicatgses.

Results. Vibrational instability is found to be a common phenomenon at temperdbwes than the second He ionisation zone. The
k-mechanism is widespread under ‘cool’ conditions.
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1. Introduction energy transport by grey radiationfidision.
For the one-zone-model Baker obtains necessary conditions

XXXXXKXXXXXKX XRXXKXXKX X for dynamical, secular and vibrational (or pulsationadbdity
XRXXKXKKXRXKKX - KKXKKKKX - XKXXKXKKKK (Egs. (344, b, c) in Baker (1966)). Using Baker’s notation:
XXXXX XXXXXXX XXXXXXXXX X T ' ’
) 9.9.9.9.9.90.0.0.909090000.8.90.000.9.9900.9.99.9.9.9.9.9.4 M; mass internal to the radius
) O00.000. 8 00000000 8.90.00.00000008.9.90.0.0. m mass of the zone
XXXXXXXXX XXXXXXXXK XXXXXXX XXXXXX lo unperturbed zone radius
):0.0.0.0.0.0.0. Q0.0 0.0.9.0.815.9.0.9.9.9.0.9.9.99.0.9.9.990.9.94 XXXXXXXX unperturbed density in the zone
XXXXXXXXXX XXXXXXX XXX XXXXXXX To unperturbed temperature in the zone
) 9. 9.9.0.00. 000G 90.9.9.9.90.0.9.00.0 0D 999999099994 )9.9.0.9.0.9.0.0. 0.5 9.9.0.9.9.9.0.0.9.9.0.0.0.9.4
) 9.9.90.0.0.0.0. 0. 9.9.0.0.0. Gl 0.9.0.9.0.0. G 0.9.9.90.9.9.0.4 Ein thermal energy of the zone
XXXXXXX XXX XXXXXXX XXX XXXXXXXXXX . N N .
SOOCKXK XXKXXKK and with the definitions of thkecal cooling time (see Fig. 1)
TYXXXXXXX, 1)
2. Baker’s standard one-zone model and thelocal free-fall time
77 = XXXXXXXX, (2)

In this section the one-zone model of Baker ((1966)), o&tjjn
used to study the Cepheid pulsation mechanism, will be prieBaker'sk ando have the following form:
reviewed. The resulting stability criteria will be rewstt in

terms of local state variables, local timescales and dotisgé -, = 1 (3)
relations. V8 i
B_akgr ((1966)) investigates the §tabi|ity of th!n Iaye(sdiif- V321 14
gravitating, spherical gas clouds with the following proijsss: K = ey S ; (4)
hydrostatic equilibrium, co
thermal equilibrium, whereEy, ~ m(Po/po) has been used and
[
* Just to show the usage of the elements in the author field 0=- (%)P (5)

** The university of heaven temporarily does not accept e-mails e=
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Fig. 1. Adiabatic exponeniy. I'; is plotted as a function of Ig internal energy [ergjgand lg density [g cr?].

Table 1. Opacity sources. Fig. 2. Vibrational stability equation of sta®,,(Ig e,1g 0). > 0 means

XXXXXXXXXXXXXXXKXKKKX vibrational stability.

XXXXXXX XXX XXX XXXXXXXX

Stability of the thermodynamical equilibrium demands

is a thermodynamical quantity which is of order 1 and equal to

for nonreacting mixtures of classical perfect gases. Thysipal x, >0, ¢, >0, (10)
meaning ofoo andK is clearly visible in the equations above.

o represents a frequency of the order one per free-fall tihe.and

is proportional to the ratio of the free-fall time and the liog

time. Substituting into Baker’s criteria, using thermodgric x1 >0 (11)

identities and definitions of thermodynamic quantities,
holds for a wide range of physical situations. With

_(dInP _(dInP = olnk
L=\ ainp)s X " \ainp ), ® T \amp), Mo1= X1 o (12)
oinT olnP dlnk T
V.. = _(ein~ _ 2tk I'=yx,+xIT3-1) > 0 (13)
ad (—alnp)s,)('r ((9|nT)p’KT (6|nT)T 1 I4 TF3_1
SRR T (14)

one obtains, after some pages of algebra, the conditiorssefor
bility given below:

I,

we find the sign determining terms in inequalities (7) and (8)

7T_2 1 @ri-4) > 0 (6) respectively and obtain the following form of the criterga fly-
8 Tff ! namical, secular and vibrationsthbility, respectively:
2 1-3/4
d > F1Vad[¢(/q -4 +kp+1l > 0 (7) 31 —4=:Sgn> 0 (15)
TeoT T 1-3/4y,
2 3 4 ——— (k1 —4)+kp+1=:Sgec> O (16)
———T%Va4|4Vag— (Vasky +&p) = 5—| > O (8) Xt
4 TeoTh 3l KXAXXXXXXXXXX = X a7)

For a physical discussion of the stability criteria see Bak
((1966)) or Cox ((1980)).

We observe that these criteria for dynamical, secular and
brational stability, respectively, can be factorized into

The constitutive relations are to be evaluated for the unper
mrbed thermodynamic state (say,(To)) of the zone. We see

at the one-zone stability of the layer depends only on the
constitutive relationg’;, XXXXXXXXXX XXX XX XXX XXX

1. afactor containing local timescales only, XXXXXXXXXXX. These depend only on the unperturbed ther-
2. a factor containing only constitutive relations and themodynamical state of the layer. Therefore the above reistie-
derivatives. fine the one-zone-stability equations of st8fgn, SsecandSyip.

) . ) . See Fig. 2 for a picture @,j,. Regions of secular instability are
The first factors, depending on only timescales, are pestiyv |isied in Table 1.

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

(7) and (8) therefore depend exclusively on the second rf&cto

containing the constitutive relations. Since they depemyion 3 conclusions

state variables, the stability criteria themselves fnections of

the thermodynamic state in the local zone. The one-zone sta- XXXXXXXX

bility can therefore be determined from a simple equation of The conditions for the stability of static, radiative lagén

state, given for example, as a function of density and teapegas spheres, as described by Baker's ((1966)) standardaree-

ture. Once the microphysics, i.e. the thermodynamics aad-opmodel, can be expressed as stability equations of stateseThe

ities (see Table??), are specified (in practice by specifying atability equations of state depend only on the local thelyno

chemical composition) the one-zone stability can be iefif namic state of the layer.

the thermodynamic state is specified. The zone — or in other If the constitutive relations — equations of state and Rosse

words the layer — will be stable or unstable in whatever dbfecland mean opacities — are specified, the stability equaténs

is imbedded as long as it satisfies the one-zone-model assugigte can be evaluated without specifying properties ofayer.

tions. Only the specific growth rates (depending upon the tim  For solar composition gas themechanism is working in

scales) will be dierent for layers in dferent objects. the regions of the ice and dust features in the opacitiesHshe
We will now write down the sign (and therefore stability}issociation and the combined H, first He ionization zonénas

determining parts of the left-hand sides of the inequalif), dicated by vibrational instability. These regions of ifslisy are

(7) and (8) and thereby obtastability equations of state. much larger in extent and degree of instability than the séco

The sign determining part of inequality (6) i§3- 4 and it He jonization zone that drives the Cepheid pulsations.

reduces to the criterion for dynamical stability _
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Fl > é . (9)
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