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ABSTRACT

Context. Within the core accretion scenario of planetary formatioost simulations performed so far always assume the acgreti
envelope to have a solar composition. From the study of migteshowers on Earth and numerical simulations, we know tha
planetesimals must undergo thermal ablation and disnupttten crossing a protoplanetary envelope. Thus, once tteglanet has
acquired an atmosphere, not all planetesimals reach tledrmaict, i.e., the primordial envelope (mainly H and He)sgatriched in
volatiles and silicates from the planetesimals. This ckeasfgenvelope composition during the formation can have mifstgnt efect

in the final atmospheric composition and on the formatioretioale of giant planets.

Aims. To investigate the physical implications of considering #mvelope enrichment of protoplanets due to the disrupmfaay
planetesimals during their way to the core. Particular $oisuplaced on thefiect on the critical core mass for envelopes where
condensation of water can occur.

Methods. Internal structure models are numerically solved with thplementation of updated opacities for all ranges of niettidls
and the software CEA to compute the equation of state. CERgumccomputes the chemical equilibrium for an arbitrarytorix of
gases and allows the condensation of some species, inglwditer. This means that the latent heat of phase transis@mnsistently
incorporated in the total energy budget.

Results. The critical core mass is found to decrease significantlynrdreenriched envelope composition is considered in thenalte
structure equations. A particular strong reduction of tfiical core mass is obtained for planets whose envelopalfiedty is larger
thanZ ~ 0.45 when the outer boundary conditions are suitable fodensation of water to occur in the top layers of the atmospher
We show that thisfect is qualitatively preserved also when the atmospheretiefachemical equilibrium.

Conclusions. Our results indicate that thefect of water condensation in the envelope of protoplanetsegaerely fect the critical
core mass, and should be considered in future studies.

Key words. Planet formation, exoplanet atmospheric composition.

1. Introduction als (compounds heavier than H and He) to the total mass of the
L . envelope of a protogiant planet starts to be relevant ajréad
The metallicity of the giant planets of our solar system showne early stages of growth. We show in this paper that takita i

therein). Even though this change of composition with resfie  jgnet.
solar could be a consequence of an eroding core (Guillot et al . . o
2004: Wilson & Militzer 2012), numerical studies have shown The aforementlo_ned studies (Podolak et al. 1988; Mordasini
that the change of composition induced by the disruptionarp et z;l. 2006; Ia.roslawtz & Podolak 2007) hz;ve fOCl_Jsed on com-
etesimals in the envelope of growing giant planets can bsiden PUting the trajectory of planetesimals during their way he t
erable (Podolak et al. 1988; Mordasini et al. 2006; lardsda CO'e, as well as their mass and energy deposition in theeperel
Podolak 2007; Fortney et al. 2013). For instance, a protrmladue to thermal ablapon and fjlsrupt|on. However, the rgsmlt
with a core of 6 M, can have an envelope dense enough to cofetallicity was not included in the thermochemical profesit
pletely destroy icy planetesimals of up to 100 km before th&} the envelope, i.e., it was not taken into account to sdhee t
reach the core (Bafe et al. 2006). The dominant size of planltérnal structure equations.
etesimals at the time planet formation takes place might eve The opposite focus was given by Hori & Ikoma (2011) (here-
be smaller, as is suggested by studies which incorporateothe after HI11). In the first part of their work, they assumed aegiv
lisional fragmentation in the evolution of planetesimdisapa envelope metallicity and incorporated a consistent equatf
et al. 2003; Kobayashi et al. 2011; Guilera et al. 2014). Thétate and opacity tables to solve the static internal stra@qua-
means that a considerable enrichment can readily occurfeventions. “Static” means that the only source of energy considies
protoplanets with small cores. Thereby, the contributibmet- the release of gravitational energy due to the accretiorasf-p
etesimals. This implies that the energy release due to the co
Send offprint requests to: J. Venturini traction of the envelope (which necessarily provides aivary
e-mail: julia.venturini@space.unibe.ch luminosity with time) is neglected.
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Static internal structure calculations allow for the conapu
tion of the critical core mass, which corresponds to the mawhereP is the pressurgyq the total density angg,s the gas
imum mass of the core able to sustain an envelope in hyensity!, T the temperature, an@ the gravitational constant.

drostatic equilibrium (Perri & Cameron 1974; Mizuno et afThe gradient in Eq.(3) is defined &s= (415). For the radiative
1978; Mizuno 1980). Analytical work by Stevenson (1982) anghse it is equal to:

Wuchterl (1993) (for fully radiative and fully convectivene
velopes, respectively) show that when the core becomes crf_ _ 3kLP @)
cal, the mass of the envelope is of the same order of magnitud® ~ 64rcGM, T4

than the core mass. This means that at the critical pointdlie s being the Stefan—Bolt " it d th
gravity of the envelope becomes important. Further, qetie ¢ P€iNg the Stefan—Boltzmann constanthe opacity and. the
luminosity. For the convective transpdrtis the gradient evalu-

studies of planet growth (Bodenheimer & Pollack 1986; R#lla : . ; i

et al. 1996), show that when the energy release due to the C%W-d at constant entropy (adiabatic gradient):

traction of the envelope is taken into account, rapid gasetion aInT

takes place wheMcoe  Meny, that is, when the core is aroundVad = (W) 5)

criticality. Since the timescale of gas accretion at caitimass s

is much shorter than the one required to build a critical cor€onvection occurs iVaq < Viaq (Schwarzschild criterion).

reaching criticality is a synonym of being able to form a gian

planet. Hence, the relevance of the critical core mass qutiice The three dierential equations are solved using a 4th- order

the core-accretion scenario. Runge-Kutta algorithm. Two boundary conditions are spedifi
The enrichment of the envelope due to planetesimal disrufi-the top of the gaseous envelofig, and Po;) and one at the

tion causes a reduction of the critical core mass due to the gore (core mass or core density). The outer boundary conditi

crease in mean molecular weight of the envelope (first pdintand the position of the planet are listed in Table 1. The to&ds

out by Stevenson 1982), but more importantly, due to theadedwf the planet Kp) is defined as the mass inside the Bondi or Hill

tion of the adiabatic temperature gradient that takes pld@n radius, whichever is smaller. They are, respectively:

chemical reactions among volatile molecules occur (HI11).

this work we have included theffect of water latent heat andp,_ GMp Ry = ( Mp )1/3a ©)

- ’ 3M,

studied its &ect on the critical core mass. c2
The role played by the condensation of water (i.e., the for-
mation of clouds) in Earth’s atmosphere is well known amongherec; is the sound speed arathe semimajor axis of the
the climate community (see, e.g., Pierrehumbert 2010,.&jap planet.
When vapor raises above the condensation level, wateretsopl  Two different schemes to solve the above equations were im-
form and in the phase transition process latent heat issetka plemented. In the first approach (used for the results shawn i
This modifies the energy budget of the atmosphere, causing p;}pg_g), the core masMcore), the core densitytord), and the
pressure-temperature profile to switch frdny to moist adiabat. accretion rate of solidsMcore) are given. Then the total mass
We will show that this change in the temperature profile dituaof the planet ¥p) is computed through an iterative process. A
can lead to a severe reduction of the critical core mass. first value for the total mass is assumed and the structura-equ
The paper is organized as follows. The basic equations, @éns are solved starting from the outer boundary and stapai
sumptions and numerical scheme are described in Sect. 2. fitcore. The total mass is iterated until the mass of theisore
opacities and equation of state implemented are describeddached within a given tolerance. Since in this approachahne
Sect. 3 and 4, respectively. Sect. 5 is devoted to the resuis radius Reord) and core masMcore) are known a priori, the lumi-
cerning the ect on the critical core mass due to water condeRosity of the envelope is given by the release of the grawitat
sation in an envelope of uniform metallicity. In Sect. 6 wstjty potential energy of the planetesimals:
our assumptions concerning the use of an ideal equatioiaf st )
and uniform metallicity. We discuss as well the dependerice 0 GMcoreMcore

our results on the boundary conditions, and the implicatioh =~  R_, (7)
our results on the diversity of planets that can be formethlFj, o ] .
Sect. 7 summarises our main conclusions. which implies that the energy is assumed to be depositeckat th

surface of the core. This is not consistent with our assuwnyaif
) the disruption of the planetesimals occurring before theach
2. Numerical approach the core, but to do this properly, a varying luminosity in #re
We have developed a code that solves the static internat-str{f!oP€ should be implemented, computed from the mass and en-
; ; &rgy deposition of the disrupted planetesimals. This veiltione
in a future work. However, for the cases of highly enriched en
velopes (the focus of this work), the envelopes are fullyean
tive (see Sect.6.1), and hence, the thermal structure épam
dent onL. Thus, the precise value &fis not expected toftect

minosity (or constant accretion rate of solids when spabifie
For better numerical performance, the equations are wréte
a function ofv = r3/M;, wherer is the radial coordinate of the
planet, andvi; the mass enclosed inside a sphere of radius

our results.
23 In the second approach, the total mass of the planet and total

@ = —Gpgas(%) 8- 47Tptotv]’l (1) luminosity are givenMcre is Not known a priori becauddcore is

dv V2 not known. In this case the integration is also performenhfttoe

dm surface to the core, but thefféirence is that nowlp is known,

- = 47TptotMr[3 - 4'77')0t0t\/]_1 (2) - . .

dv 1 pit includes the mass of all species angls just the one of the

dT TdP gaseous component. These two densities are equal if no rewetitEn
dv = Pdv () takes place. See Sect. 4.2 for more details.
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a 5.2 AU In Sect.6.2.2 we make use of the Freedman et al. (2008)
Tout 150K opacities, which are detailed computed opacity tables fan

Pout | 0.267 dyric? He and solar metallicity. We use these opacities to illisttiae
Pcore 3.2gcm? effect of diferent opacity tables in the case of envelopes with ex-
L 1.0x 10°" erg's tended radiative regions. All other results were compute#d-m

ing use of the opacity given by Eq.8 .
Table 1: Parameters used in all simulations. The planetitota
and boundary conditions defined here are referred in the mgi :
text as “standard case”. These parameters are only modifie(? ,InEquatlon of state
Sect. 5.4. Beyond suitable opacities, an enriched envelope needslen
described with a proper equation of state. It turns out tbahe
) o ) . best of our knowledge, there is no equation of state availfail
so no iteration is needed. The integration stops whe@: = an arbitrary metallicity which takes also into account tegeh-
M), is equal to the density of the core. The mass inside thigacy pressure of free electrons. The lattéea play an impor-
radius is then defined a¥oe. The independent variabkein tant role in the more massive objects. One EOS accounting for
Egs.1, 2, 3 was introduced with the purpose of making it ixbssi these @ects is the Saumon et al. (1995) EOS for a mixture of H
for the integration to stop exactly @t = pcore. Otherwise, an and He (hereafter SCVH).
interpolation inr would be required to obtain the mass at which In this work we make use of the publicly available software
Pr = peore This last method is the one used in all the resulBEA (Chemical Equilibrium with Applications) developed by
shown in this work, except for those shown in Figs. 2, 3 andASA (Gordon et al. 1994). This program solves the chemical
8. Its advantage resides in the fact that no iterations agdet equilibrium equations for an arbitrary defined gas mixtitras-
to obtainMcore, Which makes the scheme more stable for costimes an ideal gas equation of state for the mixture, bustake
masses close to the critical core mass. into account the proper dissociation and ionization terafoees
of each compound formed. Despite the fact that CEA does not
. consider the pressure of degenerate electrons (whichataas
3. Opacities into an overestimate of central temperature and pressunedgs-

Most of the opacity tables available in the literature arestiiar SIV€ OPIECtS), we have used it to study tiikeet of condensation

metallicity. In order to study theffect of enrichment of the en- O" the envelope structure.

velopes of protoplanets in a consistent way, we must usdtgpac CEAh das th% ar(]dv?ntaghe O_f conta(ijning a ddatabaze woo
tables for all ranges of metallicities. In this work we implent, CoMPounds, and the fact that it considers condensed spiéices

as in HI11, gas opacity tables for all metallicities compiig H20 in solid and liquid phasé-The latent heat of phase transi-

J. Ferguson (based on the calculations of Alexander & Fergl?_-ns is included in the_calculatlon ofthe thermodynammﬂin—

son 1994) and Rosseland mean opacities of dust calculate 'Bﬁs' For an explanation on the calculation of thg de””'."ﬁ”

Semenov et al. (2003). co densat!on takes place, see Sect.4.2. For a discussithe on
The Ferguson opacities assume scaled solar abundances ensation of other species th_an water, see Sec_:t. 6.4.

relative abundances of the various elements is assumetbsola__| N Program can be customized to use as an input the pres-

the total abundance is scaled). The range of validity ofabées SUre: temperature and composition in molar or mass fradtion
is for T > 1000 K and—2 < log R < 6, whereR = p/Tg, 0 our simulations, the envelope is assumed to be made of hydro-

being the gas density ark the temperature in million kelvin, 961 helium, carbon and oxygen. We take a fix¢d @iass ratio

Whenever the envelope values of temperature and density '24:0'69'|W1hs'3%hs IS thle or;]e corresponding to Comet_vI;aI][ey
outside these ranges, the tables are extrapolated. Usinga | umma et al. ), value that we assume representativeof t

or constant extrapolation does ndliet our results. early solar system. The metallici®, is defined as:
As in HI11, we define the total opacity as:

M
K = Kgas ¥+ f Kdust (8) Z= MZ = 9
env

wherekgas andkqust are the Rosseland mean opacity of gas amethereMz, eny is the mass of elements heavier than H and He in
dust grains, respectively. The reductiemhancementfactdrin-  the envelope, anien, the total mass of the envelope.
cludes the unknown values of the size of the dust grains itopro ~ Carbon and oxygen constitute the Z-component of the enve-
planetary envelopes. In principle, the grains releasetiéwpbla- lope.Z is a free parameter in our study, and is assumed to be
tion of planetesimals could increase the dust opacity veigpect uniform throughout the envelope. This assumption will b& ju
to the disc values, but also the grains could rapidly codguaiad tified in Sect. 6. The mass abundance of H and Kea(dY,
hence increase their size, reducing in this way the opatilyeo respectively) are computed as a weighted average between th
dust (Podolak 2003; Movshovitz & Podolak 2008; Movshovitgolar and Comet Halley values, as in HI%1.
et al. 2010; Mordasini 2014; Ormel 2014). CEA gives as an output the density, mean molecular weight,

In this work we adopt values of = 1, since the fiect of internal energy, specific heat, and logarithmic derivativecer-
other reductiofenhancement values was already investigated ®n thermodynamical quantities from which it is possibte t
HI11. Usingf = 10 hardly d&ects the critical core values withcompute the adiabatic gradient.
re_s_pect of using = 1, and using lower values cffreduce_s the 5 For the complete list of condensed species consid-
critical core mass even further. Thereby, settfng 1 provides ooq in CEA see Appendix B of the Users Manual from

upper values for the critical core mass as far as ffextof dust httpy/www.gre.nasa.goWWW/CEAWehceaWhat.htm

opacity is concerned. Regardless of the fact that thesepgreru s This choice of planetesimal composition is dictated by themjar-
limits, we will show that they become increasingly smalléttw ison with earlier work of HI11. These ratios could be variedrtatch,
increasing metallicity. e.g, the composition of fierent stars.
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The adiabatic gradient (defined by eq. 5) is an importaAnd the gas density must satisfy:
quantity because, together with the radiative gradient4qt
determines the type of heat transport present in the eneelop _ MgasP (18)
Given its relevance to our study of the structure of plaryetar “9°~ RT

velopes, we present in the next section how we determine this N . . )
gradient. kﬂ]e gas density is readily obtained from:

Pgas = (1= Xe)otot (19)

4.1. Adiabatic gradient with CEA This density enters in the hydrostatic equilibrium equatioe-
One of the outputs of CEA is the log-derivative of the volumeause the pressure gradient is exerted just by thé §as.the
with respect to temperature at constant pressure. Fromuhis- mass conservation equation, the density that includesotaé t
tity and the specific heat at constant pressure, the adiafpati Mass, i.€pr, is the one that must be used. (See Sect.2).
dient can be easily calculated.

From the implicit function theorem: .. . .
om the Implicit function theore 5. Critical core mass for different uniform

(6T) (3P) (68) _ 1 (10) metallicities
IP/s\aS/T\dT /p 5.1. Comparison with HI11
From the definition of the adiabatic gradient, The static internal structure equations were solved fomgea
of uniform envelope metallicities between 0.1 and 0.95, and
V.= E(ﬂ) (11) wide range in protoplanetary mass. The planet locationndou
2= 7 oP)s ary conditions and envelope composition were taken as i1 HI1

(see Table 1), in order to be able to perform comparison.tests
Then, The equality in composition means that we set the sxnaad
P (9S/9P Y for a givenZ (see Sect.4), and that we allowed the same 13
_P(0S/6P)r (12) species in gaseous phase (H, He, O, Q,@t, COZ H;O, CH4,

T (0S/0T)e H*, O and e) to be formed when chemical equilibrium is com-
I . puted. Hereafter we will refer to this case as the “restittase.
From the definition of the heat capacity at constant pressure p comparison with HI11 is shown in Fig.1 (green versus red
(Ce): curve). The agreement between the two calculations is temar

85 c able, especially considering that @&fdrent way of computing the
(_) -=F (13) EOS was used in theftierent works (HI111 did not use CEA, but

or/e T computed the thermodynamical quantities partly from th8 NI
tables, see HI11).

Vad =

Deriving the Gibbs free energ®(= U — TS + PV) with respect
to T andP it can be shown that:
5.2. Inclusion of H,O condensation

S Y
(3_p)T - _(6_T)p (149 The blue line of Fig.1 shows the results for the same setup, bu
in this case no restriction is imposed in the compounds thiat ¢
And finally, substituting by the log-derivatives and usihg fact be formed when the chemical equilibrium is computed. Hence,

that the mixture is an ideal gas: CEA makes use of its chemical database, and allew8 com-
pounds to be formed from the same proportion of H, He, C and
_ B(M) (15) O than before. It also allows condensed species to be formed.
ad= Cp\aINT /p We will refer to this case, where no restriction is imposethia

species that can be formed at equilibrium, the “non-restlit
wheren is the number of gas moles aRthe gas constant. case.
Regardless of the case, the most remarkable feature shown
by Fig.1 is the drastical reduction of the critical core maith
increasing Z. Comparing now the “non-restricted” with thme-"

In CEA the mean molecular weight is defined/ss= n’h (M Stricted” case, it can be seen that the reductioMgf; with in-

being the total mass of the system amgk the number of moles creasing Z Is Ia_rger for the first case. Namely, ZO'&.O]’ the
of the gas), which is not the mean molecular weight of thelgasq'fference in critical core mass between the restricted and the
f non-restricted case, is @Mgit ~ 2Mg, and since the critical

the case when condensation occurs. fth ricted e 0.2M.. the relati
It can be shown that the molecular weight of the gas satisfiddass of the ?nges ricted caseMsriinr ~ 0.2Me, the relative

difference ism ~ 10.

4.2. Condensed species in CEA: density calculation

Mgas = (1 - XC)M (16)

4 . M mAP . . .
or equivalentlypgas = gi;T , beingm, the atomic mass unit arig

whereX. is the mass fraction of the condensed species, quanttig Boltzmann constant. The mean molecular weight of theigas is
readily computed with CEA using Egs. 2.3b and 2.4a of Gommerically equivalent tdvlg.s but is unitless.
don et al. (1994). Since the density computed by the prograiit is debated in the literature if actualpyas or pu should be used

satisfies: in the hydrostatic equilibrium equation, but recent worlggest that
the correct expression is wigh.s (Gorshkov et al. 2012). In any case,
MP we have checked that usingas or pit in the hydrostatic equilibrium
Prot = (17)  equation does notfEect our results.
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Fig. 1: Critical core mass as a function of metallicity. Gréime: Fig. 2: Profile of the gas mean molecular weight of the enve-

results of the case “wholly polluted” of Fig.2 of HI11, reddi: lope as a function of its temperature 6r= 0.7 whenMgere =

this work, restricted case. Blue line: this work, non-rieséitd  Mcritnr(Z = 0.7). Solid lines: non-restricted case. Dotted lines:

case. (See main text for the definitions of thifatient cases).  restricted case. Note that in the the non-restricted ggsede-
creases in the outer layers (i.e., low temperature valuégnw
comparing to the restricted case. Thiteet is explained in the
main text. The dference between both profiles at high tempera-

In order to understand the ftrence inMcx between the tyres is a consequence of &drence in the pressure-temperature
‘restricted” and “non-restricted” cases, we plot the gasamepfiles, see Fig. 5.
molecular weight and adiabatic gradient as a function oktie
velope temperature fa = 0.7. For both profiles we assume the
same core mass, which corresponds to the critical core of the
non-restricted case faf = 0.7. The purpose of this choice is
to ensure the same core gravity. This, in turn, ensures ligat t
differences observed in the atmospheric profiles originate from 025
the chemistry and not from afrence in initial pressure gra-
dients. The results are shown in Figs. 2 and 3. A decrease of 0.2
the gas mean molecular weight and of the adiabatic gradient i
the outer layers are observed when comparing the nonatestri 3 5L
with the restricted case (solid and dotted lines, respelglivBy
analyzing the composition in the outer layers of the envelaip o1 L ; / ]
the non-restricted case, we find that the 13 species assuyned b et
HI11 are indeed the dominating ones in the CEA calculatiens a
well, as shows Fig. 4 foZ = 0.7.° However, we also find that
large amounts of water are being condensed in the coldestlay
of the envelope of the non-restricted case, fact which doés n 0 : —_——
occur in the restricted case (see Fig. 4). In fact, observigg. 100 1000
2 and 4, it can be appreciated that the remarkaliferdince in T

mean molecular weightin the outer part of the envelope b&werjy 3. profile of the adiabatic gradient of the envelope asa+
the non-restricted and restricted cases lasts as long@séex- 11 ofits temperature faZ = 0.7. The core mass and labels are
Istin bothdvgpor and 29“;3 plhase. -:;h's ISa (]ionsgquepce of wigy just as in Fig. 2. Note that there is a strong reductiomef t
was _stateh ml Sect.4.2: the larger the mass fraction of 6@t ,jiapatic gradient in the outer layers of the envelope, (e
species, the owejgas_(se_e Eq.16). temperature values) in the non-restricted case. Tifexeis ex-
Water condensation in the outer layers of the envelope mofineq in the main text. The fierence between both profiles at

ifies the molecular weight and adiabatic gradient. In ord@st o temperatures has the same explanation as in the pgeviou
sess which of the twofkects plays a role in reducing, we figure.

performed the following test. We computed the envelope lerofi

for Z = 0.7 andMp = 0.29 M, usingu of the restricted case and

Vag Of the non-restricted case. The profile follows exactly the

same profile as the non-restricted case. Therefore, thetiedu the gravity is fixed, and therefore the pressure gradient {Eq

of the adiabatic gradient is what causes the smaller dritieas. is fixed. The thermal profile is established by Eq.(3). From th
A straightforward way to understand why the reduction dfleal gas equation we have:

the adiabatic gradient tends to lower the critical core nmss

follows: given a fixed core mass (as in the cases shown in}ig.p = ﬂ (20)

MM

0.05 —

non-restricted case
. restricted case -------

® The envelope composition faf = 0.2 and 0.4 are also shown in . _ )
Fig. 4, to illustrate how the abundance of volatiles, in jsatar water, (Whereu is the mean molecular weight of the gas mixture and
increases with increasing metallicity. the atomic mass unit). If the envelope is convective Rrpgdi-
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minishes, the temperature for a given radius diminisheackle 1e+06 :
in order to keep the same pressure gradient, the densityeof th
envelope has to increase. Since the envelope mass is the inte
gral of the density, if the density increases, the envelopesm 100 |-
increases as well. The more massive an envelope gets foe giv
core mass, the more likely it is that the core becomes cr{ise®
Fig.?). = 0.01 -
As stated before, the formation of other compounds in thg
non-restricted case does not play a role, since the 13 comgjsou
assumed by HI11 are the most abundant ones when chemical 1e-06 -
equilibrium is computed. But taking into account the conden
sation really changes the picture, as illustrated in Fitnghis

10000 -

1+

0.0001

1e-08 - i non-restricted case 7

restricted-with-H,0-condensation case -------

figure, the pressure-temperature profile ferQzZ7 for the non- le10 |/ restricted-with-H,0-condensatiori case, vapor pressure g
restricted case, and the restricted case without condensait H0 COHGIENCE CUries
water, are shown. Superposed, we plot the case where the com- **™}00 1000 10000
position is “restricted”, but where water is allowed to cende TIK]

(hereafter we will refer to this case as “restricted-withter- )

condensation”). The vapor pressure for this last casedspits- Fig. 5: Pressure as a function of temperature fe0Z and
ted. From this figure it is clear that® is being condensed fromMp = 0.29 Me. In the case where water is allowed to con-
the top of the atmosphere unti282 K, since in this range of dense (orange lines), the vapor pressure follows, urt282
temperature the vapor pressure is equa| to the Saturamﬂlpne K, the ClaUSIus—CJapeyl’Oh curve, which d_eﬂnes the IOC|-Wher
of water (green- dotted line, given by the Clausius-Clapeye- the vaporand liquid phase, and vapor and ice phase, canist-ex
lation). As the temperature increases from the top of thelepe  (9reen-dotted line). Hence, in these range of temperatueeer

to the surface of the core, there is a location from which waté Peing condensed, and the pressure-temperature profiies f
can only exist in vapor phase. For the mass abundance of w4 ‘moist adiabat".

whenzZ = 0.7, this happens at=282 K. If the abundance of wa-

ter is lower than in th& = 0.7 case, the shift between “moist”

and “dry” adiabat (as is usually called in atmospheric sadi 10000
see, e.g., Pierrehumbert 2010, chap. 2) occurs for lowgréem -
atures (see Fig.6). This is because the vapor pressurepsipro 100 - 1

tional to the mole fraction of vapor (law of partial press)re L

This depends on the amount of water present in the outer lay- I
ers of the envelope, which increases with metallicity, asash & 001 b i
Fig.4. s -
. . . . A
Return|n1g to Fig.5, it can be noticed that due to water corgg ~ 0-0001 il
densation(g,—p_)moist < (§5)ary in the coldest layers of the atmo- 2| _ - ]
sphere. This is the cause of the strong reduction in the atiab g

gradient of the non-restricted case shown in Fig.3. 1le-08

Fig.5 can also be used to understand why condensation of I Zzoh
. le-10 - =L -
water reduced/ ;. If we look at the envelope profile from the I " 0coexistencezc&\9é§
surface of the core to the top of the atmosphere, when we com-  1¢.12 2,
pare the non-restricted with the restricted case, we seathize 100 1000 10000

pressure (equivalent to atmospheric height) where wasgtsst TIK
to condense, the temperature of the non-restricted caseraoe _. .
drop so much as in the restricted case. Since latent heat isgﬂg' 6: Pressure as a function of temperature fgoz,_ 0.4 and
leased in the transition vapor-solid and vapor-liquid, ¢mee- ©O-7-Mp = 0.29 M, for all cases. The dotted-black lines corre-
lope gets warmer when condensation of water takes place. ﬁ??nd to regions where the envelope is radiative. This reio
release of latent heat is what really makes th@edence be- exiremely tiny in the case of=D.2 profile.

tween the “moist” and “dry” profiles. It modifies the pressure
temperature profile remarkably, making it possible to have a
much higher pressure for a given temperature, which tréessla

in a much higher envelope density, and therefore, in a censidy ;[ PSS SRPENEET OB A1 VAl Torany oiens
able reduction of critical core mass. 9 P

that becomes critical from a gradual enriching process hand
enriched the envelope becomes when reaching the critical co
5.3. Increasing envelope metallicity mass. In order to tackle this, we performed the followingc-
tion. We assumed that a core grows up to § dlie to the accre-
In the previous section, we confirmed an earlier finding ofiHation of planetesimals that reach the core without beingrdgstl
& Ikoma (2011) that an enrichment of the envelope leads torathe envelope. In other words, all the planetesimals relaeh
reduction of the mass of the core at which gas can be accretedare without undergoing any physical disruption or theraidh-
a runaway fashion. In addition, we pointed out that in casge ttion until the core acquires a mass of § MOnceMcore = 6 Mg,
enrichment leads to condensation, the reduction of th&akit we assume that the protoplanet has acquired an atmosplfiére su
core mass is even greater (see Figs.1 and 7) and can actuadintly massive to completely disrupt the infalling plaasals
become the dominanffect. before they reach the core. This choice of § & a threshold is
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completely arbitrary. It corresponds to the case of icy plasi- 50 0.5
mals with a radius of 100 km or less (Béimet al. 2006). How- N ]
o : 45 0.45
ever, as we explained in Sect. 1, planetesimals could bdesmal
In that case, full disruption could already occur for planeith or ™ o4
a smaller core; a case also analysed at the end of this section 35 - 1
For the case of a fixed core mass of g i the core thresh- & 30 | 47 085 5
old for completely disrupting planetesimals in the enveldp % .l 1L o3 S
we solved the internal structure equations, and let thelepge s <3
metallicity grow gradually until the planet becomes céticThe = 20| TE4 o025 E
results are shown in Fig. 8, where the total mass of the epeelo 15 .
as a function of the total mass of the heavy elements acquired 44 [ 177 °2
by the planet is plotted. If initially, when the fully disrtipn of L] 015
the planetesimals starid,= 0.02 (Z,), then the envelope is able >r i i
0.1

to accrete planetesimals until reaching a metallicity+00.48, 0
which represents an envelope mass content of heavy elements
of 1.4 My. At this point the core becomes critical, i.e., no more
solution to the static internal equations can be found. Aadco

ing to the standard view of the core-accretion model, the sUfig. 7: Total mass of the planet as a function of the mass of
sequent evolution of the protoplanet would imply the adoret the core for diferent uniform metallicities antd = 10?7 erg’s.

of large amounts of gas in a runaway fashion (Mizuno 198bigre the composition of the envelope corresponds to the-“non
Bodenheimer & Pollack 1986), making it possible for the pragestricted case” (see main text). The highesthown is 0.5 for
toplanet to become a giant planet soon after the protoplemet aesthetic reasons.

comes critical. The results found here suggest that afeedibr
ruption of planetesimals in the envelope begins, the ptaget
envelope does not need to grow much in order for the planet to
become critical. In the particular case of the simulatidmam

here, a protoplanet witM.qe = 6 Mg needs to accrete 1.4 M

of H and He and the same amount of heavy elements to become
critical. A consistent evolutionary study, where the mtiy is 1r
computed from the accretion rate of solids, will be done i th

4 6 8 10 12 14 16 18
MCOI’E [MD]

0.5

0.45

0.4

0.35

future to be able to account for the timescales to triggeaway = ro® z

of gas when the envelope enrichment is taken into account. = -1 025 g
A similar analysis of the enrichment process can also @ 0.04 - 1 1Ld 0, E

drawn for cores smaller than 64wy just making use of Fig.1. o 1L oss

If we assume, for instance, that the core stops to grow at 1 0.03 - 1 '

Mg, then the envelope will get gradually enriched until theecor i‘ r 0l

becomes critical at Z 0.62 (see blue curve of Fig.1). The 0.02 - . 1 14 o005

corresponding mass of the planet in this critical casMis= , , , 6 8005 601 ﬁ 0

1.5 Mg, which means that in this case the mass of heavy el- 6 62 64 66 68 7 12 14 16

ements in the envelope whe;; is reached would be: 0.3 Mz Mg]

Mg, and the mass of H-He 0.2. M. It would be interesting

also for cases like this, wheic;; is low and the envelopes arerig. 8: Envelope mass as a function of the mass of solids con-
heavily polluted, to study the subsequent evolution. The & tained in the planet\l;). The mass of the core is fixed at 6,M
these small but highly enriched critical protoplanets ise@sy  aAn accretion rate of solids 0$8L0-6 Mg/yr was assumed, which

to assess priori, since the gravity of the core could not b grrespond to a luminosity of #0erg’s (the same used in all the
large enough to trigger gas runaway (Ikoma et al. 2000; Hgjiher results). The decreaseMéy, for low metallicities (shown

& Ikoma 2010). In principle, if runaway of gas accretion cahn jn the insert) is due to the increase in the gas opacity and the
be reached, the planet would continue its growth by slowty-cofact that for these cases of low Z, a radiative zone develops i
tracting (and therefore, also slowly) accreting gas. lfay of  the outer layers. For 2 0.1, the structures are almost fully con-
gas is not triggered during the lifetime of the gas disc, #1€ Iyective. Therefore the increase igss does not play a role, the

sult could be the formation of a super-Earth, heavily ergtth yominant &ect is the increase iMen, due to the inclusion of Z
planet, which would be a very interesting scenario, giventh i the EOS.

creasing amount of Earth and super-Earth sized planetsitbat

being found (Petigura et al. 2013), and the inference of & ver

enrlched_ composition for these type of objects (Valencialet 5.4. Dependence on the boundary conditions and semimajor

2013; Gillon et al. 2012; Nettelmann et al. 2011). A more ex- axis

tended discussion concerning théfelient type of planets that

could be formed when the enrichment of the envelope is censidl the results shown before were for a planet whose boundary

ered, is presented in Sect.6.5. conditions are those stated in Tablel. In order to checkahge
in boundary conditions for which condensation can lead iga s
nificant reduction of the critical mass, we perform the fofiog

7 Since we need to fix the core mass at the beginning of the sinigst. We set the outer temperature and pressure of the fianet

lations, we use, in this case, the first numerical schemeritbescin a given position in the protoplanetary disc making use ofdhe

Sect.2. lowing simple disc model (see, namely, Armitage 2010):
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Fig.11a shows theffect of changing the outer pressuPgy:.
12 That is, th_ePout used to solve the internal structure equatio_n_s is
Tout = To(@) 1) the one given by Eq.22, but all the other boundary conditions
a correspond to the standard case. From this figure we infér tha
the critical core mass is reduced whieg,; increases, since the
pressure in the envelope is always higher for highgg. This
fact can be understood as follows: from Egs. 10, 11 and 13; it
can be inferred that%E)T < 0. Hence, at the outer boundary of
tHe planet, the entropy decreases for lafggg. For these pro-
files of Z=0.7, the envelopes are fully convective, so the entropy
" . of the envelope is fixed bRyt Tour. On the other hand, the tem-
a= @ as the “reference case”. erature at the surface of the core is the same for all thescase

The results for the critical core mass as a function of met@écause they correspond to the same planetary®mabsre-

licity for different semimajor axis (with the corresponding OUtehra the pressure at the surface of the core also has todes lar

temperature and pressure given by Egs.21, 22) are Showr}o'lnlargerPout (see Wuchterl 1993; Ikoma et al. 2001, for a dis-

Fig.9. Results for 2 Alk a < 8.5 AU are shown in solid lines, ¢ ssion on the sensitivity of the critical core mass withdheer
superposed with the reference cases in dashed lines (see Bndary conditions for fully convective envelopes).

tion). The qualitative similarity of the éierent curves with the : : '
. In Fig.11b, the only parameter we changdlig:.. The first
reference case where water condenses (blue curve) or wveth th i .
arkable observation is thatTf, is larger than the temper-

; m
one where water is not allowed to condense (yellow curve) p|r . ; .
vides a hint on whether water condensation is taking place pre given by the Clausius-Clapeyron relatiorPaf no con-

Qo ; . {ensation of water occurs. In our particular disc toy mobisl t
not for the diferent semimajor axis considered. We note th Copens foa < 3.5 AU. Then. the chande i . is what gives
for a= 2 AU, Ty is always too high for water condensatio PP == ' ’ 9€ Mout 9

E ise to the two types of profiles observed in the general case
i

Pou = Po[ %) (22)

whereay, Ty, Po are the standard boundary conditions used
all previous results, i.e, those given in Tablel. In thistise¢
we will refer to the simulations that use boundary condgian

to take place. For all the other curves condensation of wa ig.10, where all boundary conditions are modified corsity
takes place at some point. The start of the condensa_tloa-coWith Eq,s.21, 22). The general trend of changiag is thatMer
fglfeldsItz;)cg]?o??ng%lgg]eval?eeg c;f\t/gﬁguri\éas'_AO%iﬁ'r?g Cdiminishes wherT,,: diminishes. This can be explained draw-
P g ' Y IMWlerit ing similar arguments than with Fig.11a. Due to Eq.13, wekno
0.865 < Z < 0.905 (see Fig.9). The drop iy corresponds - %)p > 0, and hence, at the outer boundary of the planet
to the fact that condensation starts to happean at0.865. The the profiles with lowesToy, are the ones with lowest entropy.

same happens fa = 3.2 AU atZ = 0.75 and fora = 3.5 AU ;00 o temperature at the surface of the core is the same fo
atZ = 0.55. The surprising thing about the 3 AU case is that fQr

, Sk . all the profiles, the profiles with lowest entropy will haveeth
even higher metallicities, water condensation ceasestéasan largest Eentral pressﬂre (becaud®{ is always nrggative) Con-
for this is as follows: when the minimum in the “valley” 8 X

is reached, the metallicity has increased so much that ibersequently, regardingo., the further the planet is from the star,

§he smaller will beMey
no more free H at the top of the envelope. That is; Ktarts to erit-
be the limiting reactant, so increasing Z (that is, addinger® We have fqund, thefef‘”e’ that the changengt and Tout
and O) does not lead to the formation of more water. Inste&ioVOke oppositeféects in the change of the critical core mass
more CQ starts to be formed in this region of the valley (wher@® W& move furtheroutin the disc. This is what makes Fig.9 and
dMii/dZ > 0). At Z = 0.905, the amount of water formed is lo i9.10 not so easy to interpret. LOOk'.ng back at the_ profl_Ies 0
enough to make the vapor pressure be lower than the samraﬁ]@'lo’ we see that the casee£3.5 AU is the only one in which

vapor pressure for all theT values of the envelope. Thereby!€ Profile is moist due to the increaseRgy (when compar-
for Z > 0.905, the profiles follow again the “dry” adiabat, ndng to 'ghe referenc_e case), which place the pressure-temper
water condensation takes place anymore. curve in the left side of the Clausius-Clapeyron curve. her t

Despite this particular case aE 3 AU, the general trend ob- cases ol =2, 3 and 3.2 AU, the increase Ry, that actually

e o ; : ccurs with respect to Fig.11b is not enough to switch the pro
servedin Fig 9 is that }O co.ndensa.tlon oceurs more.readlly foﬁles from dr topmoist Hegnce in these casgs what makest?\es
planets located further out in the disc. However, while tead y : ’ ’

is clear, the exact behavior is mordfdiult to predict. For in- profiles follow the *dry” adiabat (i.e, water does not conse

stance, the behavior M changes considerably for3a < 4 is the increa_se iy With respect to the reference case. _

AU, but remains very similar for the cases@# 4, 5.2 and 8.5 _ Conceming the cases af = 4, 5.2 and 8.5 AU, since
AU. To have a better insight on thefiiirence inMg;x among (TousPou) reside always in the region where® is in solid
these cases, we analyse profilesZos 0.7 andMp = 0.29M, pha_lse (o_r in the solid-vapor trgn5|t|on), the prof|le§ follthe

for all the diferent cases shown in Fig.9. The results of changiffiP'St adiabat. Due to the oppositéaets onMer; that arise when
aand the correspondiry, andTou (@s dictated by Egs.21, 22)Pout andTo,: decreases as the planet is further from the star, the
are shown in Fig.16 As expected from the behavior M at Profiles in these cases are very similar. o

Z = 0.7 in Fig.9, the cases @f < 3.2 AU follow the “dry” adia- We can conclude then that the decreasilin with increas-
bat, whereas the casesaf 3.5 AU correspond to the “moist” ing metallicity due to the condensation of water in the eopel
adiabat. Since there are several factors that could bengayi ©f protoplanets is robust with respect to changing boundany
role in shaping these profiles, we study tifEeet of changing ditions. The exact location in the disc where®istarts to con-
just one boundary condition and fixing all the others with théense will depend on the disc model and stellar spectral type
standard values (i.e, those given in Tablel) in Figs.11 a,b.  butfor distances larger than this, the valueMaf;; will be prac-

8 If migration were taken into account, this change in the lolamyp ° Property that can be inferred for stellar structure makisg of the
conditions would be the way to compute the internal strectfrthe Virial Theorem, see, for instance, Kippenhahn et al. (20E8) bodies
planets in the case that immediate adaptation to the dispeteture with a core this is not strictly true, but the changes in aiémperature
and pressure values were assumed. are negligible.
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Fig. 9: Critical core mass as a function of metallicity foeth
specified semimajor axis and corresponding boundary condi-
tions given by Eqgs. 21 and 22. Dashed lines correspond to the
reference cases (boundary conditions at 5.2 AU) plotted in

Fig. 1: the yellow curve is the“restricted” case (i.e., witth con-
densation of water), and the blue one the “non-restrictegé¢
(where water condenses). For all the new cases (solid wmes) &
ter is allowed to condense. The only case where water does n@t
condense for any value &fis fora = 2 AU.
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] Fig. 11: Pressure-temperature profiles foffetient position in

i the disc for Z£0.7 andMp = 0.29Ms,. a) Poy: given by Eq.22 for
] the labeled semimajor axis, blg,= 150 K (reference case, see
] Table 1) for all the profiles . B) o given by Eq.21 for the labeled
— semimajor axis, bu®,; corresponds to the reference case for all
. the profiles.

velope, and this may not be always the case. Nevertheldhs, if
envelope is fully convective, this assumption is a reastenaie.

Fig. 10: Pressure-temperature profiles foffetient position in This was the case for all envelopes witre 0.45. However, it
the disc for Z0.7 andMp = 0.29Ms. Tour andPoy: correspond could also be that the envelopes were fully convective beau

to those given by Egs.21, 22 for the semimajor axis specifiedd Uniform Z was assumed. It is important to know if this is the

the labels.

case or not, because if the enrichment does not reach thetlowe

temperature region of the envelope, no water will be prefsgnt
temperatures lower than its condensation temperaturethemd

tically independent of the location of the planet in the diss the condensation of water will not take place (at least fer th
shows Fig.9 for & 4 AU. boundary conditions considered in this work).

To evaluate how well mixed the envelope will be, we per-

) ) formed the following test. We assumed that the enrichment of
6. Discussion material occurs at temperatures higher than the condensati

6.1. Validity of the uniform metallicity assumption

temperature of water. Hence, the outermost part of the atmo-
sphere T < Tcong) is assumed not to be enriched and have a

Although the disruption of planetesimals is more likely - o solar composition, whereas the innermost part(Tcond) is as-
cur in the densest regions close to the surface of the caze, simed to have a uniform Z (higher than soFeYer.wn_h this two
final fate of the “metals” is not a priori clear. The heavy eldayered model atmosphere the envelopes are still fully eonv

ments could sink slowly to the core, or get well mixed in the

H-He envelope, depending upon the strength of convectidn an This scenario could take place if the water droplets forméener
the solubility of the material in the H-He envelope. In S&R T < T,,.q precipitated, which is the reason why we chdgg,q as the
we assumed that the metallicity was uniform throughout tire éboundary between the polluted and non polluted layers.
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tive, then a global mixing of material will occur and thenefo
the envelopes will acquire, eventually, a uniform composit

Since this initial set-up implies a considerable jump in mea 30
molecular weight all = Tgong (Where the boundary between
the solar composition and the high-Z region occurs), theouad
criterion for stability against convection should be udeighpen- 25

hahn et al. 2013, chap. 6), instead of the Schwarschildricnite Ef
Therefore, for our calculation the radiative zones are é¢tfos §
which: = 2 §
Vrad < Vad + Vﬂ (23)

oln, dlnp dlnp 15 7
whereV, = %(ﬁ)w, ¢ = (ﬁ)m andé = —(ﬁ)m. For an
ideal gas = 0 = 1 . . . 11 1I2 1I3 1I4 1I5 16

Due to the finite jump oft at T = Teong V,, diverges at this Moo [Mo]

temperature. Hence, to compute the composition gradiemt, w
assumed the same simple prescription used in stellar &volut_, ) . .
models to treat the problem of overshooting (Alibert et @pg), F19- 12: Planetary mass as a function of the core mass given

i.e, we assumed that the change @ effective within a distance by solving the internal structure equations for pure H-He en
0.2H of the radius at whicll = Teona (H is the scale height of velopes. The red curve uses CEA for the EOS and the blue,

the atmosphere & = Teond, and we takev, constant in this SCVH. Boundary conditions are those from TableAMci; ~
interval.

For the opacity of the solar composition layer, we use, fer th
sake of consistency, the same opacities that we used bbfdre,
with aZ = Z, for the Ferguson gas opacities. It is important t
remark that for the range of temperatures of this (predotiyina
H-He region, the Ferguson opacities are extrapolated,eare-t
fore, its values are probably not very accurate. We will ai$sc
the dfect of varying this opacity in the next section.

The results of the test show that the critical envelopes

€hown in Fig. 12. From this figure, it can be appreciated tHat d
ferences in planetary mass for a given core mass start to-be no
ticeable when reaching the critical core mass. The critcaé
masses are 14.184Jvand 15.58 M, for CEA and SCVH cases,
respectively; which implies a relative errorofL0% in the com-
Butation of the critical core mass. Even performing the stase

}Qees;tipgglfr' Qgrrrz-rgzittrilg:\eig ‘(3:‘3?]2iraeer?:énfétr’ﬂ}frconve%weg with other boundary conditions or opacities, we find thatehe
y p conds P ror is never larger thar 12%%*2

thatZ > 0.6. This means that for these high enriched cases, the o
assumption of uniform Z was a good one, and hence that con- To have a better insight of thefect of degeneracy, we show,

' " o in'Fig.13, a map of the dierence in density obtained using CEA
gggz%tggé)fhvg?;er is likely to take place, at least for thadiftes and SCVH EOS, as a function of (log P, log T). Overlapped are

Finally, whatever the fate of the water droplets (this de*aenthe profiles of the envelope obtained > = Mp(Mait.cea)

. : BT for CEA and SCVH cases (same conditions as in Fig.12 were
ing on the dynamics of the atmosphere and the miscibilithef t .
forming droplets), if the envelope remains convective uth® assumed). Although the fiierence between CEA and SCVH

layer where HO can condense, it is likely that the continuougomes is not easily distinguishable, it can be noticed tha

saturated state of 40 can sustain a moist-adiabatic pressurgz=" Profile overestimates the central temperature and press
temperature profilé! This will make it possible for the critical gadlng, as a consequence, to an a_Iso overestimated al
core mass to reduce considerably, as shows Fig.1. Ther&ﬁoreS'ty' The diference in central density between these CEA and

high enriched envelopes (which should not be so rare duhniag tSCVH profiles is of 0.1 g’ The higher density obtained us-

formation scenario, as shown by Fortney et al. 2013), ffexe g‘gsr%;@rtgﬂiségfe;g%g:s'ggirsir:)\cslsogie Tgsfli/:w;\?:gﬁ%v\;rq
of condensation of water can really play a role. ’ g..c.

that the change in critical core mass induced by considéhiag
enrichment of the envelope (and in particular, the enrialtme
6.2. Role of microphysics by condensable species) is orders of magnitude larger tHen t
changes produced by including non-idefieets. This justifies
our assumption in assessing thiéeet of condensation on the
Since in this work an ideal gas equation of state was assumneddetermination of the critical mass.
the structure calculation, it is relevant to have an estnoéthe
error introduced by neglecting the degeneracy of the gaight h
pressure. For this reason, a comparative test for H-He epesl|
implementing CEA and SCVH EOS was performed.

The results of the planetary mass as a function of the cd€.2. Remarks on the opacity
mass (obtained by solving the internal structure equaliare

6.2.1. Ideal gas assumption

Concerning the opacity, it should be kept in mind that theyker
11 Actually, the condition of a fully convective envelope tosegerfect SON opacities for the gas are extrapolated in the coldestdayf
mixing is overly severe. In reality, vertical mixing tendstake place the envelopes computed in this work. In principle this doets n
in regions well above the convective-radiative boundarp. Earth,
namely, the convective region extends for 10 km over thegqtlanr- 2 Note, however, that due to the non-linearity of the planetfation
face, but vertical, &cient mixing of material occurs up to 80 km heightprocess, this dierence in critical core mass can significantly influence
(Goody 1995). the final characteristics of the planet.
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Fig. 13: Map of the density ffierence between CEA and SCVHFig. 14: red line: profile for two-layered atmosphere, buhgs

EOS as a function of temperature and pressure, for pure H-Fieedman opacities in the H-He region instead of the Ferguso

composition. Superposed are shown the profiles of the epeelopacities used in all other results of the paper. Blue lined.Z

for the two diferent EOS foMp = 18.7 M, (planetary mass for (and uniform in the envelope) where water is allowed to con-

which M¢ore = Mcrit Wwhen CEA is used for the EOS). All unitsdensed. The resemblance of both profiles, compared to the “re

in cgs. stricted” profile of Fig.5, suggests that for the red cunecbr-
responding critical core mass will also be very low. Solitek
stand for convective regions and dotted for radiative ones.

affect the profile of envelopes with high and uniform metalicit

since they are fully convective; but it couldfect the structure mass depends on how much water is present in the cold layers of
for the test described in Sect.6.1. For instance, if instfacs- the envelope.

ing the extrapolated Ferguson opacities for the H-He regien The real amount of water will depend on several mechanisms
used Freedman et al. (2008) tables, the envelope would ec@#erating in a planet formation scenario: the amount ptesen
radiative in the H-He region. This is because the Freedman-opthe incoming planetesimals, the depth at which they are com-
ity values are lower for the cold regions than the ones egtragPletely destroyed, the strength of convection and the éxien
lated from Ferguson, and hence, the adiabatic gradiennbesothe convective cells, etc. To simplify this complex scenglet
larger than the radiative one. In this case, then, the mxafithe US imagine the following picture. We ignore where planetes-
material would probably not occur in the whole envelope. HoWnals deposit their mass. We assume large scale-convection
ever, because of the use of reduced opacities in the outernfdgnce, the volatiles provided by planetesimals (whateveir t
part of the atmosphere, the critical core mass would stiflaim Moleculg¢atomic state) will also be transported to the top of the
very low (Ikoma et al. 2000; Hubickyj et al. 2005; Hori & Ikomacore, where temperature is high enough to dissociate arsrwat
2010), as suggested by Fig.14. It is interesting to remaak thnolecule. Then, due to convection, the bubbles reach theatue
even if condensation of water does not take place, the ariti¢€vel and the abundance of water will remain fixed in that antou

core masses shown in Fig.1 will not be significantiieated. ~ Up to the top of the atmosphere. Therefore, in order to teshin
approximate way thefkect of disequilibrium, we assume in the

test of this section that the amount of water is the one in-equi
6.3. Chemical equilibrium assumption librium at a quenching temperature. In reality, the queresiell
ﬂ:eaoends on the species present in the atmosphere and their co
centrations. Given the similarity of the P-T profiles in olanets
and in Jupiter around1000 K, we takel guencr=1000 K.
In this section we focus on the abundance of water, which

There are basically two processes that can preclude chem
equilibrium in planetary atmospheres: UV-photochemistry
close-in exoplanets, and vertical mixing in cold atmosphef
iant planets (Moses 2014, and references therein). It Ik we . : X o
Enownpthat in(Jupiter, the measured CO abundancé at the e key factor n our results. For this, we consider a fous .
of the atmosphere is much higher than expected from chemif osph_ere that is made only of water and noble gases. Since
equilibrium calculations (Lodders 2010). The main reatfico- 10 '€action occurs between water and noble gases, thisrazena
ducing CO in planetary atmospheres g4 CH, 22 3Hy + CO. provides a good opportunity to study in an approximate way th

The timescale of this reaction is indeed so long for the termpgffeCt of water condensation in a system where all the species

o . i hed until the temperature is high enough foewat
ature and pressure at the top of Jupiter’s atmosphere, thas C remain quenct o HEIN
no longer destroyed by this reaction (Seager 2010). The amoly dissociate (|_.e, fof £2000 K)' We mimic, in this way, what
%uld happen in a disequilibrium scenario.

of CO measured at the top of the atmosphere correspondsto In Fig.15 we present temperature-pressure profiles for the

at T~1000 K, where chemical equilibrium still holds (Lodders minal’ composition the envel mposition I
2010). The CO produced at this level is carried outwards b c} _athc_:o p?(s. 0 ;a;e (Ceed SOped(f[ﬁ pos “0. lified”
vertical mixing. Hence, the CO is froze-in, or “quenchedTat sotar mh IS wor ’h"e'. ,I € L~ an )kan | enew S|kr]np| e |
~1000 K (the so-called quench level). case, where no chemical reactions take place since theopave

The aforementioned reactiofffects as well the amount of made of water and noble gasésBoth cases share the same

water at the top of the atmosphere, issue of major importimce’? The noble gases considered for the “simplified compositame’He
our results, since thefect of water condensation on the criticahnd Ne and the mole fractions are chosen to have approximiie!
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Fig. 15: Comparison of pressure-temperature profile betilee Fig. 16: Critical core mass as a function of the mole fractibn
simplified envelope composition and the nominal compasitiovater in the simplified case (purple) and nominal case (blue)
for Z=0.7. In both cases water is allowed to condense. The saWiater condensation takes place in both cases.

mole fraction of water at the top of the atmosphere is assumed
for both profiles. Therefore, the departure from the moigilaat

. : 0.45 .

occurs at the same (P,T) in both profiles. water mole fraction at t’op of the'atim  —ectoee ;
0.4 water mole fraction at T=1000 K ——— 5 7"' .

mole fraction of water at the top of the atmosphere. As was ex- %3 /

plained in Sect.5.2, this guarantees that the departune fine 0.3

moist-adiabatic profile occurs at approximately the sanig)(P /

Notice, however, that the profiles follow ftBrent tracks after 2 0.25

the departure from the moist adiabat. This is due to the lack & o2

chemical reactions in the simplified case. In the nominaécas /

chemical reactions take place at 500 K. This lowers the adi- R s /

abatic gradient and causes the bump of the blue curve in that o1

range of temperature. Hence, computing the critical corssma | .7

with the simplified envelope composition provides us noyanl 005 o T —

way of simulating a quenched (or disequilibrium) scenabidt, 0 B/

also allows us to disentangle thé&ext of reduction of critical oL 02 03 04 i o5 06 07 08

core mass due to chemical reactions and water condensation.
The dfect of water condensation is determined by the poipt . . " _

in the temperature-pressure diagram at which the vaposypres I%(I:% 1a7n' dNt?Q'&%ﬁ?ﬁgﬁﬁg'gpﬁ:ﬁee{a'?(frllaet'% n k())(?ttvr\]/gzr%hg&et

stops being saturated (and this depends just on the motmflac(bluye) and at £1000 K (green) P

of vapor). Thus, concerning théfect of water condensation on 9 :

the critical core mass, the two profiles shown in Fig.15 atéveq

alent. We can therefore compute the critical core mass #r th

simplified case in two steps: Nevertheless, as was explained before, the fact of having

xn,0=0.29 at the top of the atmosphere in the nominal case for

=0.7 is a result of assuming chemical equilibrium in that taye

1. We compute the critical core mass as a function of the m % hi babl h listi af
fraction of water ko) for the simplified composition (Fig. WHICh IS probably nottrue. Thus, a more realistic amountaf w

16). ter at the top of the atmosphere should be the one=41000
2. We compute the mole fraction of water as a function of z féf (namely, xH20=0.2_2.f0_r Zz(.)'?’ S€e green curve of Fig. 17),
the nominal composition (Fig.17, purple curve) where chemical equilibrium is a reliable assumption. Weehe
o ' fore compute again the critical core mass for the simplifig¢

Hence, by combining Figs. 16 and 17 (purple curve) we c®9sition, but assuming that the mole fraction of water is the
express the critical core mass of the simplified compositisn On€ of the nominal composition a=L000 K. The critical core
a function of an “equivalent” Z, for which “equivalent” mesn Mass as afunction of the equivalent metallicity for the difiegl
having the same mole fraction of water as the one on the tgPositional cases (with and without water condensaaoa)
of the atmosphere of the nominal composition. For instafoze, Sown in Fig.18. _ _
a mole fraction of water of 0.29 in the simplified cadéy; ~ From Fig.18 we can draw the following conclusions. In a
0.5Ms (Fig.16). For the nominal composition, this mole fractioghemical disequilibrium scenario (like the one we mimichwit
of water at the top of the atmosphere corresponds to a nuéttalli our simplified composition), considering or not the condens
of Z=0.7. Thus, the simplified composition with a mole fraction

of water of 0.29 has an“equivalent metallicity” of 0.7. 14 For simplification, fully convective envelopes were assdnfgince
this is the case for the nominal composition for2.45, we just show

same mean molecular weight at the top of the atmosphere thédrei results for this range of metallicities, so comparison Fif. 1 is suit-
“nominal” composition case. able.
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. . . . . . form, it does not take into account its condensation. Howeve
100 E . we can at least test whether the abundance of MHhe at-
g ] mosphere would be flicient for its condensation to matter. For
[ ] this, we consider an atmosphere in which we add nitrogereto th
10 \ ] already included H, He, C an O. We keep the same sgl@r C
: T~ ] as used throughout, and assume also a solar ratig©f Ns-
I ] ing CEA, we find that in the coldest layers of the envelope, the
1L ] mass fraction of Nkl formed is just~ 5% . Therefore, even if
g \ all the ammonia formed could condense, this would be a minor

Mcrit [MD]

contribution compared to the amount of condensed watemn Eve
more important, if condensation of other species took plte
effect of reduction of critical core mass would be even larger,
since the &ect of release of latent heat explained in Sect.5.2 is
001 not unique to water, but qualitatively general to all vapolid
045 05 055 06 065 07 075 08 (Orvapor-liquid) phase transitions.

z

N\
0.1 AN

Fig. 18: Critical core mass as a function of the equivalertatne 6.5. Gas accretion timescale

|iCity for the S|mpI|f|ed Composition cases. Purple solittli CaS.e The growth of an enriched, critical protop|anet is not easy t
where water condenses and the mole fraction of water is l_jhﬂgr_ A simple estimation of the gas accretion timescale lwa
same as the one at the top of the atmosphere of the nomisigtained by computing the Kelvin-Helmholtz timescale, ethi

composition case (i.e, the one given by the purple line oflfy  corresponds, approximately to (Ikoma et al. 2000) :
Green-solid: water condenses but the mole fraction of water
responds to that at=1000 K of the nominal composition (greengKH _ GMcoreMeny (24)
line of Fig.17). Orange-dashed: same as green curve buisin t Reorel
case water is NOT allowed to condense. . . L )

Using Eq.7, this can be simplified to:

Menv

tion of water (green and orange curves of Fig.18, respdgjive TKH ~ (25)
brings a diference in critical core mass of still an order of magni-
tude for large Z, the same that was found considering chémica Evaluating this expression when the structures become crit
equilibrium (Fig.1). Of course, the absolute values\yi; are ical, and usingVicore = 10°°Mg/yr (which is the approximated
larger in the disequilibrium scenario, because the rednatif planetesimal accretion rate for the cases presented ipdipisr,
adiabatic gradient we had fozT500 K (Fig. 5) due to chemical as well as a standard value in the planet formation liteeatur
reactions does not take place in these watd#le gas envelopes.see e.g., Bodenheimer & Pollack (1986); Pollack et al. (996
With this simplified composition we are excluding all chealic Ikoma et al. (2000)), we find, for20.7, thatryy ~ 7 x 10%r
reactions (except dissociation ob@). This is not justified for when water condensation takes place, agg ~ 10°yr when

T2 1000 K, and also, in reality, the presence of dust grains master does not condense. In principle, these timescalekhiou
increase the rate of chemical reactions (Fegley & Lodde®g 19 dicate that the condensation of water significantly spepdbe
throughout the envelope. Therefore, the absoldgg values of accretion of gas. However, two things have to be kept in mind:
Fig.18 are upper limits when translating these into the maini
composition out-of-chemical equilibrium case.

Note finally that we assumed in this test that all water con-
denses when the pressure and temperature are suited for it t
occur. This is true in an equilibrium scenario. It is well ko
within the cloud formation community that in the presence of
only one condensible species, the creation of the first aonde
sates -nucleation- might require a high level of supersatur
tion (see, e.g., the reviews of Helling et al. 2008; Marleglet
2013). However, if the atmosphere contains preexistindeatc
ing seeds, like dust grains, condensations can already fmcu
saturation ratios close to one. This heterogeneous niareiat
what explains cloud formation on Earth. In the atmosphemres w
are referring in this work, dust grains are much more abundan

than on Earth due to the constant replenishment by the ablati Indeed, if a planet reaches the critical mass at a gi@n

of planetesimals. Therefore, water cfeetively nucleate and o effects will appear. First, as a result of solid (i.e., planetes
condense in the atmospheres of these growing planets. imal) accretion, the metal content of the planetf increases.
Second, as a result of gas accretion, the meéanfi the planet

will change. According to lkoma et al. (2000), the gas adoret
rate at the critical point is similar, but slightly largenan the
Apart from water, other compounds could condense in tpéanetesimal accretion rate. At the time when the criticakc
pressure-temperature regimes considered in this workatn pmass is reached, the accretion of solids and gas will lead to a
ticular, it is known that the atmosphere of Jupiter posselié¢s decrease of the meahin the envelope. As a result, the critical
clouds. Unfortunately, while CEA does handle Nid gaseous core mass, as well as the total amount of heavy elementsédor th

core

1. Accretion rate of gas depends on both the self-gravity of
the envelope, and its ability to cool (and thereby, to con-
ract). The latter depends on the microphysics of the enve-
ope. Solving the full planet-growth problem for enriched
envelopes would imply, in part, considering self-consiste
grain growth calculation for the opacity (Ormel 2014; Mor-
dasini 2014), because thisfects the planet cooling. This,
coupled to a code that solves the structure with a varying
luminosity with time, will be implemented in a future work.

2. Even if the gas accretion timescale is shorter for the case
where water condensation occurs, gas accretion would lead
to a decrease of the envelope metallicity (i.e. dilutiomd a
therefore to the increase of the critical core mass.

6.4. Condensation of other species
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\ e
Case 2: Mz > Mz,crit T 7
=>Super-criticality => ?

Fig. 20: Critical mass of metals (mass content of metals é th
Fig. 19: Sketch of the possible phases an enriched proteplaplanet wherMcore = Merit) as a function of metallicity. Red line:
could follow after reaching the critical mass. Although iilet restricted case. Blue line: non-restricted case. Boundary
lustrated (for not overloading the image), planetesimetetion ditions given by Table 1. Note that despite the similarityhwi
is present in all the stages and the material assumed tomenta.1, in this case the y-axis represents all the metal comte
in the envelope. Despite the competition between gas amd plthe planet at criticality, and not just that of the core. Degiag
etesimal accretion, the immediate result would be dilytsimce on the slope oMz.it(Z), for the same planetesimal accretion
at this point the accretion of gas is larger than that of soligs rate, the planet could become sub or super-critical. Thepste
explained in the main text. As a consequence of dilutidg; in-  the slope (water condensation case), the more likely istthe-s
creases. After this point, depending on the accretion fgitan- ture to become sub-critical, and thereby, to follow casdus-l
etesimals (which gives a neMy) versus the accretion rate oftrated in the Fig. 19.
gas from the disc, the planet could become sub-critical pesu
critical, as is discussed in Sect.6.5.
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7. Conclusions

. . ) ) _ The critical core mass for envelopes enriched in carbon apd o
critical structurd\/lz,cri.t, increase. A key point, for the |mmed|ategen through the disruption of planetesimals was computad, ¢
future of the planet is therefore to compare the increasdof roporating the reduced values found by Hori & lkoma (201tL). |
(resulting from the accretion of planetesimals) and theeiase \yas found that large amounts of water are formed in the epeelo
in the critical amount of heavy elemerits. of the enriched protoplanets, and that an important fraatfdt

Thus, two possible scenarios could take place after the cdan condense for boundary conditions suitedafar 4 AU. Be-
ical core mass is reached (see sketch on Fig. 19 for an dlustause of the release of latent heat that takes place wh@rceh-
tion). In the first scenario (case 1), the increase of clititass is  densation occurs, the energy budget of the envelope is drama
more rapid than the increase M. In this case, the planet will ically changed. This translates into a drastic patterrt ghithe
become again subcritical, will not accrete anymore gasalljin pressure-temperature envelope profile, which implies arkm
as a result of planetesimal accretion, the metallicty magseiase able increase in pressure for a given temperature of thdape/e
again. In the second scenario (case 2), the increase afatritiTherefore, compared to the case whep®Htondensation is not
mass is smaller than the increaseMy. In this case, the planetincluded, the density of the envelope in the condensed case i
will remain super-critical, and might become a giant planet ~ creases significantly, reducing the critical core to extlynow

The occurrence of case 1 or 2 depends therefore on the }@I_ues, as ShO_WS F|g.;._ )
ative increase oMz ¢it(Z) andMz(Z). The steeper the slope of The reduction of critical core mass duet(_) water condensatio
Mzcit(Z), the larger the increase Mz for a given reduction depends on the a_lmo.unt of water present in the outer Iaygers of
of Z. Thus, the higher the probability to be in case 1. For ifte envelope, which isfiected by the assumption of chemical
stance, as shown in Fig.20, when comparing the case where @ilibrium. However, we have shown that for a disequitibmi
ter condenses with the one where water does not condense Sfhario, the critical core mass is still significantly ree.
former case has a steeper slope than the latter. Therefare, w This critical core mass is important in the context of the
ter condensation would lead probably to case 1, and henge tosiandard’ models of planet formation because it sets the ti
increase of the heavy element content of the planet. required to form a gas giant. Indeed, as shown in many papers,

In reality, which case takes place depends on the Iocation:E'fa gas accretion rate for a critical mass-of0 M, is so large

the forming planet, solid accretion rate, among other ciiores. at the formatlon_tlme of a giant planet is for _p_ractlcalmnses
very close to the time needed to reach the critical mass (gee e

Bodenheimer & Pollack 1986; Pollack et al. 1996; Alibertlet a

15 We are assuming in this discussion (as is illustrated in £, that 2005). . .

the mass of the core is fixed. Hence the heavy elements prbuide However, this conclusion only holds for large values of the
planetesimals accretion remain in the envelope, making'd thereby Critical core, as the gas accretion rate at the critical nigss
Mz crit, QrOW. rapidly increasing function of the planetary mass. As weehav
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shown here, the condensation of water reduces drastidaly ¥ovshovitz, N., Bodenheimer, P., Podolak, M., & Lissauer].J2010, Icarus,
critical mass, and as a consequence, the gas accretiori thee a 209, 616

it ; ; vshovitz, N. & Podolak, M. 2008, in Astronomical Society the Pacific
critical mass copld be in this context very small compared Mj)Conference Series, Vol. 398, Extreme Solar Systems, edidohét, F. A.
standard formation models. The work presented here sh@t's th g.qio s E. Thorsett, & A. Wolszczan, 257
the standard picture of planet formation, including thea&pt mMumma, M. J., Weissman, P. R., & Stern, S. A. 1993, in Protesiad Planets
of critical core mass, is overly simplified and should be revised Ill, ed. E. H. Levy & J. I. Lunine, 1177-1252
in the future. Nettelmann, N., Fortney, J. J., Kramm, U., & Redmer, R. 2@, 733, 2
Ormel, C. W. 2014, ApJ, 789, L18
Perri, F. & Cameron, A. G. W. 1974, Icarus, 22, 416
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Fig. 4: Envelope composition as a function of temperatur&fe 0.2, 0.4, and 0.7Mp=0.29 M; for all profiles (planetary mass
whenMcore (Z=0.7) = Mgt (Z=0.7)). Left column: non-restricted case. Right columntrieed case. In the non-resticted case it
can be appreciated that water (solid lines) coexist in vapasse (blue curve), solid phase (cyan curve) and even witiidliphase
(violet curve) in the case & = 0.7. Except HO in solid and liquid phase, the other 13 species shown here rgadily considered
in HI11. In the restricted case, water only exists in vapageh
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