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Hydrodynamics of giant planet formation

l. Overviewing the k-mechanism
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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 andsatayed in the domair14 < Igp/[g cm™] <

0, 88 < Ige/[ergg?] < 17.7. These displays may be used to determine the one-zone stability of laystedlar or planetary
structure models by directly readingf ¢he value of the stability equations for the thermodynamic state of these lapexsfied 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 phenomenon at temperdbwes 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

h-In this section the one-zone mode_l of Baker ((_1966))_, odt;jn_
esis of giant planet formation, a critical mass for staticecoUS€d to study the Cepheid pulsation mechanism, will be priefl

envelope protoplanets has been found. Mizuno ((1980)ydetgViewed. The resulting stability criteria will be reweitt in
mined the critical mass of the core to be about2(Mg = terms of local state variables, local timescales and contist
5.975x 10" g is the Earth mass), which is independent of tHglations. . . . . .
outer boundary conditions and therefore independent ofothe  Baker ((1966)) investigates the stability of thin layerséif-
cation in the solar nebula. This critical value for the corass 9ravitating, spherical gas clouds with the following projes:

corresponds closely to the cores of today’s giant planets. — hydrostatic equilibrium

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

Phenomena similar to the ones described above for gia'vIr mgzz :;t;aggazlggéhe radius
planet formation have been found in hydrodynamical modf unperturbed zone radius
els concerning star formation where protostellar coresoglep  °© unperturbed density in the zone
(Tscharnuter (1987), Balluch (1988)), whereas earliedistu '.'i.o unperturbed tem e)r/ature in the zone
found quasi-steady collapse flows. The similarities in ttmé ( L?o ungerturbed Iumi?msity
cro)physics, i.e., constitutive relations of protostettares and Ep thermal energy of the zone

protogiant planets serve as a further motivation for thislt

In the nucleated instability (also called core instability) hypot

and with the definitions of thiocal cooling time (see Fig. 1)

* Just to show the usage of the elements in the author field _ Em 1
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Fig. 1. Adiabatic exponeniy. I'; is plotted as a function of Ig internal energy [ergjgand lg density [g cr?].

and thelocal free-fall time Table 1.Opacity sources.

37 47Tr8
T = \[2as T )

32G 3M, Source T/IK]
Baker'sK ando have the following form: Yorke 1979, Yorke 1980a < 1700

Krigel 1971 170 T < 5000
o on 1 Cox & Stewart 1969 500&
oo = 3)
VBT
K = Q}T_ff : ()
m 6T composition) the one-zone stability can be inferred if thert

modynamic state is specified. The zone — or in other words the
layer — will be stable or unstable in whatever object it is @b
S=— (anp) ded as long as it satisfies the one-zone-model assumptiomgs. O

JinT/p (5) the specific growth rates (depending upon the time scaldk) wi
be diferent for layers in dferent objects.

We will now write down the sign (and therefore stability)
a thermodynamical quantity which is of order 1 and equal to
s ' 4 ca’ quaniity Wiich 1S au determmmg parts of the left-hand sides of the inequali(i®),

for nonreacting mixtures of classical perfect gases. Tlysiphl
meaning ofoo andK is clearly visible in the equations above(?) @nd (8) and thereby obtastability equations of state.

oo represents a frequency of the order one per free-fall tikie.  1he Sign determining part of inequality (6) i§:3- 4 and it
is proportional to the ratio of the free-fall time and the liog reduces to the criterion for dynamical stability
time. Substituting into Baker’s criteria, using thermodwymic

whereEy, ~ m(Py/po) has been used and

e=

identities and definitions of thermodynamic quantities, I > 3 (9)
I - alnP _(dInP _(dInk Stability of the th d ical ilibrium d d
1= ainp S,)(p— ainp )’ “=\3inp : tability of the thermodynamical equilibrium demands
(0T _(olnP (oInk Xp >0 & >0, (10)
“=\amp)s T \ainT) > T \amT); and

one obtains, after some pages of algebra, the conditiorssefor

bility given below: xr>0 (11)

21 holds for a wide range of physical situations. With
IMVag| —— ks =4 +xp+1] > O 7

o | ey = e D 1y ol > o 3
2 4 Is-1
3 —— T3 Vaq|4Vag - (Vacky + Kp) — > 0 (8) Vad = — 0 (14)
4 TCOTﬂ‘ 3F 1
For a physical discussion of the stability criteria see Bak@e find the sign determining terms in inequalities (7) and (8)
((1966)) or Cox ((1980)). respectively and obtain the following form of the criteraa fly-

We observe that these criteria for dynamical, secular and 9amical, secular and vibrationsthbility, respectively:
brational stability, respectively, can be factorized into

3 -4=:Sgpn> O (15)
1. afactor containing local timescales only, 1-3/4y,
2. a factor containing only constitutive relations and rthei—(KT 4)+kp+1=:Ssec> O (16)
derivatives. X1 .
The first factors, depending on only timescales, are peskiyv 4Vad =~ (Vadkr + kp) = 3r, = Svb > 0. (17)

definition. The signs of the left hand sides of the ineqLedi(o),

(7) and (8) therefore depend exclusively on the second factdhe constitutive relations are to be evaluated for the unpeed
containing the constitutive relations. Since they depenlg on thermodynamic state (sayd To)) of the zone. We see that the
state variables, the stability criteria themselves anactions of one-zone stability of the layer depends only on the coriistéu
the thermodynamic state in the local zone. The one-zone stabil- relationsI'y, Vag, xt. X, kp, kr- These depend only on the
|ty can therefore be determined from a simple equation @ staunperturbed thermodynam|cal state of the layer. Therdfwee
given for example, as a function of density and temperatusbove relations define the one-zone-stability equatiorstaié
Once the microphysics, i.e. the thermodynamics and opacitBayn, SsecandS,i,. See Fig. 2 for a picture di,. Regions of
(see Table 1), are specified (in practice by specifying a atedm secular instability are listed in Table 1.
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Fig. 2. Vibrational stability equation of sta®i,(Ig €, 1g ). > 0 means
vibrational stability.

3. Conclusions

1. The conditions for the stability of static, radiative éay 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 andsRes
land mean opacities — are specified, the stability equations
of state can be evaluated without specifying propertiehef t
layer.

3. For solar composition gas tkemechanism 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 instahilit
than the second He ionization zone that drives the Cepheid
pulsations.
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