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Introduction

Chondrules, millimeter-sized igneous spherules, comprise the major component of most chondritic meteorites. Chondrule formation appears to have started contemporaneously with calcium-aluminumrich inclusions (CAI) and may have lasted over the entire lifetime of the accretionary disk, up to ≈ 4 Ma after t 0 = (4567.30 ± 0.16) Ma [START_REF] Amelin | U-Pb chronology of the Solar System's oldest solids with variable 238 U/ 235[END_REF][START_REF] Connelly | The absolute chronology and thermal processing of solids in the solar protoplanetary disk[END_REF][START_REF] Bollard | Early formation of planetary building blocks inferred from Pb isotopic ages of chondrules[END_REF].

Chondrules can therefore potentially offer important constraints on the conditions in the disk, provided that the processes that led to their formation can be understood. They are believed to have formed by melting of solid precursors, including CAI, during transient heating events of still poorly known nature (shock waves, current sheets, impact jetting, flybys, lightnings, etc.) in pre-existing dust clumps of the protoplanetary disk [START_REF] Russell | Chondrules. Records of Protoplanetary Disk Processes[END_REF].

Two of the most fundamental aspects of chondrule formation are that (i) chondrules were heated to high temperatures capable of producing significant melting, and then cooled quickly enough to preserve a range of disequilibrium features, and (ii) chondrules show diverse textures: porphyritic, barred, dendritic, cryptocrystalline, or radiating textures. Porphyritic textures, including any ratio of olivine to pyroxene (porphyritic olivine with > 90 % olivine, porphyritic pyroxene with > 90 % pyroxene, porphyritic olivine and pyroxene), are the most abundant type in the main chondrite groups [START_REF] Jones | Petrographic constraints on the diversity of chondrule reservoirs in the protoplanetary disk[END_REF]. As outlined recently [START_REF] Desch | The importance of experiments: Constraints on chondrule formation models[END_REF][START_REF] Jones | Thermal histories of chondrules: Petrologic observations and experimental constraints[END_REF], these constraints on the thermal histories of chondrules during their melting and crystallization are among the most powerful constraints to provide viable astrophysical scenarios for chondrule formation. Thermal histories of chondrules can be deduced by studying the petrology and mineral chemistry of natural chondrules and their experimental analogs.

As resumed in the last review book dedicated to chondrules [START_REF] Russell | Chondrules. Records of Protoplanetary Disk Processes[END_REF], dynamic crystallization experiments have successfully reproduced chondrule textures, and have so far provided general constraints on maximum temperatures and cooling rates. In short, porphyritic textures result when a chondrule is heated to a maximum temperature close to, but below, its liquidus, thus preserving multiple nucleation sites, and cooled on average at initial rates < 500 K h -1 . Typical liquidus temperatures for chondrules range from about 1600-2000 K. Non-porphyritic chondrules are produced when peak temperatures exceed the liquidus slightly (for barred or dendritic textures: most, but not all, nucleation embryos are destroyed) and significantly (for radiating textures: few or no nucleation sites are available), and chondrules cool at rates around 500-3000 K h -1 [START_REF] Jones | Thermal histories of chondrules: Petrologic observations and experimental constraints[END_REF].

By analogy with terrestrial petrology rules, the interpretation of chondrule textures in these experiments largely rest on the degree of undercooling and the availability of nucleation sites for crystal growth as the melt cools [START_REF] Lofgren | Dynamic crystallization of chondrule melts of porphyritic and radial pyroxene composition[END_REF][START_REF] Radomsky | Formation conditions of pyroxene-olivine and magnesian olivine chondrules[END_REF][START_REF] Lofgren | A dynamic crystallization model for chondrule melts[END_REF]. Because of the importance of nucleation considerations, the relationship between texture and chondrule cooling rate is, to a certain extent, ambiguous. It is possible to produce different textures at the same cooling rate if the initial availability of nucleation sites is variable [START_REF] Lofgren | Dynamic crystallization of chondrule melts of porphyritic and radial pyroxene composition[END_REF][START_REF] Lofgren | A dynamic crystallization model for chondrule melts[END_REF]. Since availability of nucleation sites is a function of several variables, including precursor grain size, peak temperature, and time, textures alone do not provide unique thermal histories for specific textural types of chondrules.

This assertion is further confirmed by a recent high-resolution cathodoluminescence survey of FeOpoor chondrules from various chondrite groups [START_REF] Libourel | Chondrules as direct thermochemical sensors of solar protoplanetary disk gas[END_REF]. This study suggests the formation of olivine in chondrules by a process of gas assisted epitaxial growth. It is shown that this interaction with the surrounding gas, rather than various cooling histories, defined chondrule composition and texture [START_REF] Tissandier | Gas-melt interactions and their bearing on chondrule formation[END_REF][START_REF] Krot | Silica-rich igneous rims around magnesian chondrules in CR carbonaceous chondrites: Evidence for condensation origin from fractionated nebular gas[END_REF][START_REF] Libourel | Role of gas-melt interaction during chondrule formation[END_REF][START_REF] Jones | Thermal histories of chondrules: Petrologic observations and experimental constraints[END_REF][START_REF] Barosch | Mineralogically zoned chondrules in ordinary chondrites as evidence for open system chondrule behaviour[END_REF]. The bulk composition of chondrules is controlled by the duration of gasmelt interaction and the partial pressures reigning in the gaseous environment. [START_REF] Libourel | Chondrules as direct thermochemical sensors of solar protoplanetary disk gas[END_REF] also infer that porphyritic or barred textures of chondrules have the same thermal history.

Their difference is simply controlled by the presence or the absence of metal grains that acted as seeding agents at high temperature circa 1800 K during near equilibrium conditions crystallization of chondrule melts. After this short time of equilibrium crystallization (few minutes to few tens of minutes), porphyritic and barred chondrules are inferred to terminate their formation by fast cooling in the order of 10 3 -10 4 K h -1 or a quench, in order to prevent further crystallization and elemental diffusion.

In this two-stage thermal history model, porphyritic and barred chondrules, the most abundant types of chondrules in chondrites, did not stay hot very long and cool fast, suggesting that chondrule formation is mainly governed by radiative cooling processes.

In order to better understand chondrule thermal history, the aim of this note is twofold. We intend first to compute how the temperature behaves in a cloud of molten droplets that cool down radiatively and solidify to become chondrules, and to evaluate if this computed thermal history match those inferred from observations of chondrules. We then assess if the resulting thermal history in the cloud matches the relative abundance of chondrule texture types in chondrites, e.g. porphyritic vs non-porphyritic.

Problem statement

The main idea here is to consider spatial variations of the density and the absorption coefficient in the cloud, in order to mimic a clump of high and heterogeneous dust density in the protoplanetary disk. Such a region may be formed by turbulence and instability phenomena occurring in the disk that lead to concentration of dust particles [START_REF] Cuzzi | Size-selective concentration of chondrules and other small particles in protoplanetary nebula turbulence[END_REF][START_REF] Cuzzi | Chondrule formation in particle-rich nebular regions at least hundreds of kilometres across[END_REF]. Regarding the heating mechanism, which is not the subject of the present work, shock waves or lightnings are two processes that could suit our case of study. The cloud of molten droplets is assumed stationary in a mechanical point of view: we do not consider any movement or expansion of the medium. Moreover, since there is no time-dependency of the density and the absorption coefficient, the optical depth of the medium can be considered as an input parameter and will play an important role regarding the cooling time of the cloud (Section 3). Results will be compared in Section 4 to a model in which the ejected molten material resulting of collisions between planetesimals forms small droplets, cools radiatively, and solidify to become chondrules [START_REF] Dullemond | Forming chondrules in impact splashes. I. Radiative cooling model[END_REF].

Radiative and heat transfer

Although used in a different perspective (i.e. we do not consider an expanding medium), the set of equations used to simulate the cooling paths in the cloud was presented by [START_REF] Dullemond | Forming chondrules in impact splashes. I. Radiative cooling model[END_REF].

We remind here briefly an overview of this model. Chondrule precursors, consisting in small particles of dust, were heated until around their liquidus temperature. This heating phase is not addressed here. The initial state is then a cloud of molten droplets and gas at a temperature T = 2000 K. The phenomenon responsible for the cooling is radiative emission. Such a droplet cloud is radiating into vacuum and its properties are computed by a volume average. Note that the radiative interaction between the molten chondrules is intrinsically taken into account in this approach. We will show at the end of at the end of Section 3.1 that (i) the cloud always cools more slowly than a single chondrule and that (ii) the cloud is equivalent to a single chondrule if and only if the optical depth is small when compared to 1. In order to deal more easily with the droplets, we take an equivalent homogeneous medium with the associated volume-averaged physical quantities rather than considering a set of discrete particles. We especially defined ρ as the average density. The surrounding gas is supposed not to interfere in this process: thermal conduction is negligible and from a radiative point of view, its extinction coefficient is supposed to be negligible when compared to the extinction coefficient of chondrules and thus makes it a non-participating medium. Taking into account the gas may be possible since one proceed by a volume average; however, it will be more difficult afterwards to come back to the temperature of the chondrules without any further assumption regarding heat transfer between them and the gas.

In a general way, the radiative transfer equation is

1 c ∂ ∂t + ∂ ∂ℓ I = η -χ I , ( 1 
)
where I is the specific intensity, η is the emission coefficient, χ is the extinction coefficient, and c

is the speed of light. ∂/∂ℓ is the derivative operator along the optical path and it will be written differently according to the coordinate system. All these quantities depend on position, direction of propagation, time, and frequency. Derivation of the radiative transfer equation can be found in [START_REF] Mihalas | Stellar Atmospheres[END_REF] or [START_REF] Freeman | Foundations of Radiation Hydrodynamics[END_REF]. Formalism and notations are taken from these references. Some assumptions can be made to simplify this equation. Here, the problem has spherically symmetric properties, whereas time dependency as well as frequency dependency can be neglected [START_REF] Dullemond | Forming chondrules in impact splashes. I. Radiative cooling model[END_REF]. Scattering is taken into account in the definition of the extinction coefficient as χ = 3ρ / (4ξa) where ξ = 3.3 × 10 3 kg m -3 is the material density of chondrules, a = 3 × 10 -4 m their mean radius. Under the hypothesis of local thermodynamic equilibrium the emission coefficient becomes η = χ (σ/π) T 4 , σ being the Stefan-Boltzmann constant. We obtain then

µ ∂I ∂r + 1 -µ 2 r ∂I ∂µ = χ σ π T 4 -I , (2) 
where µ = n • r/ r is the cosine of the angle between the direction of propagation n and the radius vector r at the considered location. This equation is integrated to obtain the zeroth and first moment equations. These two are combined into

1 χ 1 r 2 ∂ ∂r r 2 χ ∂ (f J) ∂r + 3f -1 r J = J - σ π T 4 , ( 3 
)
where J is the mean intensity, f the Eddington factor. More details regarding this transformation can be found in [START_REF] Dullemond | Forming chondrules in impact splashes. I. Radiative cooling model[END_REF]. For a description of the tangent-ray method that aims at computing f , which is necessary to solve Equation ( 3), see [START_REF] Freeman | Foundations of Radiation Hydrodynamics[END_REF] or [START_REF] Peraiah | An Introduction to Radiative Transfer: Methods and Applications in Astrophysics[END_REF].

The radiative problem is coupled to the heat equation, that is simply obtained from the first law of thermodynamics:

ρc P ∂T ∂t = 4π χ J - σ π T 4 , (4) 
where c P is the specific heat capacity at constant pressure of the chondrule material. The two coupled equations are then solved using finite difference method.

Density profiles

This section presents the different density profiles that have been tested. We recall that the density was defined at the beginning of Section 2.1 as the volume-averaged density of the mix of chondrules and gas. Density profiles were chosen arbitrarily and different shapes were tested between two extreme values: a maximum at the center ρ (r = r min ) = ρ max (r min is close to 0) and a minimum at the outer edge ρ (r = r max ) = ρ min . The different shapes that will be considered in this study are the following:

ρ 0 (r) = ρ 0 (uniform density), (5) 
ρ 1 (r) = A r + B , (6) 
ρ 2 (r) = A r + B , (7) 
ρ 3 = ρ 2 + (ρ 2 -ρ 1 ) = 2 ρ 2 -ρ 1 . (8) 
Equations (6-8) will be referred respectively as the inverse, linear and inverse-symmetric profiles. The inverse profile presents a peak of density near the center follow by a sharp decrease, while the last one keeps a high density until the outer region where it decreases also strongly to reach the constrained minimum value. The 1/r does not present any singularity since the radial mesh cannot start exactly at r = 0 because Equation ( 3) is not properly defined. The coefficients A and B can be derived in each case and the complete expressions of the density profiles are:

ρ 1 (r) = (ρ max -ρ min ) r max r min (r max -r min ) 1 r + ρ min r max -ρ max r min r max -r min , (9) 
ρ 2 (r) = (ρ min -ρ max ) r + ρ max r max -ρ min r min r max -r min .

(10)

Results

Recalling that the heating phase is not modeled here and that the initial condition is set at T 0 = 2000 K, inferred cooling paths for different putative chondrule droplets taken in the cloud show a large diversity of cooling rates irrespective of the density profiles of the cloud itself. At the edge of the cloud, the optical depth is always low and the cloud will cool fast radiatively. In contrast, at the center of the cloud the density is so high that the cloud is optically thick and no radiation can escape from its interior. Thus, the temperature of the molten droplets will initially stay roughly constant in time and then will drop more or less rapidly as the time elapses.

High temperature phase

In order to characterize the cooling of the medium we consider the time spent at a temperature higher than 1900 K, denoted by t c and defined by

T (r = r min , t = t c ) = 1900 K . (11) 
We find that this is a good order of magnitude of the cooling time of the medium and it helps us assess whether the model is realistic or not. The center of the spherical medium will stay hot for the longest time, so t c gives the maximal possible duration spent at temperature warmer than 1900 K. In our case this characteristic time t c depends on the optical depth which is defined by the following integral:

τ max = rmax rmin χ (r) dr . (12) 
Optical depth embodies and depends on two physical quantities, the density through the extinction coefficient and the size of the forming region r max . For a given density profile, the optical depth can be therefore modified in two different ways by changing the maximal radius or the maximal density.

Figure 1 shows results of the evolution of the characteristic time t c for the inverse profile of density ρ 1 (r) = A/r + B with variations of (i) maximal radius and (ii) maximal density. It is finally observed than there is no preferred way to influence the characteristic time. This observation implies that for a given density profile the maximal density or the radius of the spherical medium have the same effect.

All the information is included in the optical depth, which is therefore a relevant parameter of the model. To make it clear, a dense but small medium or a sparse but large medium cool in the same way as long as they have the same optical depth. On the one hand, that makes the study of our problem simpler with one parameter less, however on the other hand we loose some physical information since density and size will not be distinguishable.

One can wonder what happen if density profile is completely changed. Figure 1 shows that the asymptotic evolution of the characteristic time is not really sensitive to that change: the four different series of points have the same behavior. At very low optical depth τ max ≪ 1, the same minimal value independent of τ max and the density profile is reached, that is roughly, t c = 4 × 10 -2 s, while at high optical depth τ max ≫ 1, the evolution is approximately the same.

This minimum value has a physical meaning. If the optical depth of the medium is really small, then it means that the equivalent medium we considered is a non-participating medium. In other words we can consider that radiation is not absorbed at all. Coming back to particle point of view, we can say that chondrules do not see each other and they cool independently. We consider then a single chondrule of radius a, density ξ, and heat specific capacity c P . If T refers to the average temperature of the chondrule, cooling by radiative emission follows the equation

a 3 ξc P dT dt = -σT 4 . ( 13 
)
We solved it numerically and the solution satisfies indeed T (t = 0.04) = 1900 K.

More precisely, the behavior at high optical depth seems to be t c = O τ 2 max . Figure 1 only represents some data obtained with the profiles from ρ 0 to ρ 2 for the sake of readability. The series of points obtained with the ρ 3 profile has the same behavior than the other ones. Results from linear regression performed on the points at optical depth τ max 10 gives the following slopes: 1.96, 2.00, 2.00, and 1.97, respectively for the profiles from ρ 0 to ρ 3 . A theoretical justification is presented in the Appendix.

Elsewhere in the dust volume

The density profile has nevertheless some influence on the cooling in other location than the center.

As we said, the characteristic time is the maximal value of the time spent at high temperature but one can wonder if it is representative of what is happening elsewhere (i.e. not at the center). The third profile ρ 3 has a roughly constant density equal to the maximal value and decreases abruptly when close to the outer edge of the medium. By definition, this behavior is symmetric to ρ 2 which decreases abruptly near the center and has a roughly constant value equal to the minimal one until the outer edge. A relevant comparison between the different results obtained with these three shapes was made with the same characteristic time arbitrarily chosen at 300 s and results are presented in Figure 2. The optical depth in each case is therefore slightly different as it has been observed on Figure 1 because we are in the case τ max ≫ 1. We observe a great change in the distribution of temperature evolutions. The more the density decreases quickly the less t c is a good evaluation of the time spent at high temperature, meaning that if we move away from the center it is not valid anymore.

The actual duration of the high temperature phase is already several times less than t c at r = 0.2 for the ρ 1 profile for instance. In each case, the optical depth was chosen to obtain a characteristic time tc ≈ 300 s.

Discussion

The discussion will focus on the cooling rates given by the simulations, the different chondrule textures, and the link that can be made between such cooling model and textural abundances of chondrules in chondrites. Results are also compared with the model of forming chondrules in impact splashes. While the heating process that lead to the initial temperature of 2000 K of our simulation is not addressed, we propose some perspectives to improve the input data of the medium density profile.

Cooling thermal history, chondrule textures, and chondrule-forming event

Mineralogical zoned chondrules are the dominant and typical chondrules in carbonaceous and ordinary chondrites [START_REF] Tissandier | Gas-melt interactions and their bearing on chondrule formation[END_REF][START_REF] Krot | Silica-rich igneous rims around magnesian chondrules in CR carbonaceous chondrites: Evidence for condensation origin from fractionated nebular gas[END_REF][START_REF] Friend | The conditions of chondrule formation, Part II: Open system[END_REF][START_REF] Jones | Thermal histories of chondrules: Petrologic observations and experimental constraints[END_REF] and have long been interpreted as the results of gas-melt interaction. The implications are that chondrules

formed from an open-system process in communication with the surrounding gas [START_REF] Hezel | Evidence for fractional condensation and reprocessing at high temperatures in CH chondrites[END_REF][START_REF] Barosch | Mineralogically zoned chondrules in ordinary chondrites as evidence for open system chondrule behaviour[END_REF].

From general kinetic considerations (elemental diffusion and olivine/low-Ca pyroxene growth rate), porphyritic textures result in gas-melt interaction phase that should last between a few minutes to a maximum of few tens of minutes: the melt being maintained near Mg-rich olivine saturation due to high partial pressures of the surrounding gaseous environment [START_REF] Libourel | Chondrules as direct thermochemical sensors of solar protoplanetary disk gas[END_REF]. That timing for the gas-melt interaction provide roughly the following constraints on the optical depth of the cloud: 50 τ max 300. As said before it is not possible to determine which contribution between size and density of the chondrule formation region has the prominent role here. However, some constraints have been already proposed for these two quantities, e.g. by [START_REF] Cuzzi | Chondrule formation in particle-rich nebular regions at least hundreds of kilometres across[END_REF]. They give a minimal size for chondrules formation region of 150 to 6000 km but it already depends on the average chondrule number density estimated around 10 m -3 . Note that the associated optical depths are respectively 0.56 and 22.4. Using the present model with these values of the optical depth implies a really fast cooling with cooling rates well above 10 4 K h -1 . It would be difficult for the porphyritic chondrules to crystallize in this case. [START_REF] Hubbard | Evaluating non-shock, non-collisional models for chondrule formation[END_REF] propose an optical depth of the chondrule formation region around 10, but they consider a participation of the gas to the radiative cooling process and focus only on reaching the experimental range of cooling rates and not to maintain the initial hot temperature needed for gas-melt interaction.

Linking thermal history to chondrule textural abundances

In an effort to better use thermal histories of chondrules in chondrites to test chondrule formation models, chondrules in a given chondrite are considered as a population of objects rather than individual objects. Porphyritic vs non-porphyritic chondrules having different thermal histories we show, in the following, how it is possible to link chondrules textures and their abundances to the thermal histories given by the simulations.

As a working example, one can consider the following proportions: around 85 % of chondrules are porphyritic which stayed a while (see below) at high temperature before cooling as mentioned above, while the remaining 15 % of non-porphyritic chondrules have been quickly quenched. These proportions were taken from a study on ordinary chondrites by [START_REF] Gooding | Relative abundances of chondrule primary textural types in ordinary chondrites and their bearing on conditions of chondrule formation[END_REF] who estimate the porphyritic chondrule abundance from 74 % to 94 %. Another study on carbonaceous chondrites by Friend et al. ( 2016) is closer to the higher limit with 95 %. In both cases, porphyritic and barred chondrule proportions have been added since their thermal history is assumed to be the same [START_REF] Libourel | Chondrules as direct thermochemical sensors of solar protoplanetary disk gas[END_REF]. The local characteristic time (i.e. time to reach 1900 K at a given position r) covers all the range from almost 0 s, the outer layer cools instantaneously, to the global t c , the characteristic time at the core we defined earlier. So it is not possible to have a clear distinction between the porphyritic and non-porphyritic chondrules. It is necessary to set arbitrarily a limit. If we consider the chemical diffusivity of silica to be around 10 -10 m 2 s -1 and the characteristic crystal size ℓ c = 100 µm, then a characteristic time for the chemical diffusion of silica to take place is 100 s.

Figures 3a-b present results with ρ 3 profile satisfying this condition. To the right of the red line chondrules are closer to the core of the cloud and among the 85 % of the total mass that experience at least 8 quenched. Note that if we increase the 100 s limit, which marks the difference between porphyritic and non-porphyritic chondrule, it has consequences on the cooling of the whole medium: it may lead the innermost regions to stay hot for a significant number of hours that is likely too long. Still, on the presented results, 68 % of the total mass stay above 1900 K for at least five minutes, matching the porphyritic main characteristic to stay hot long enough to allow the interaction with the gas to proceed.

After the initial hot phase, slow or quick cooling?

What happened next for the porphyritic chondrules? Figure 3 also complies with the cooling rate inferred for chondrules from dynamic crystallization experiments [START_REF] Desch | The importance of experiments: Constraints on chondrule formation models[END_REF][START_REF] Jones | Thermal histories of chondrules: Petrologic observations and experimental constraints[END_REF]. However, because of the importance of nucleation considerations, it has been shown that cooling rates alone do not provide a good unambiguous explanation for the formation of specific textural types of chondrules. Several experiments have shown indeed that crystallization is not as spontaneous. [START_REF] Arndt | Radiative cooling experiments on lunar glass analogues[END_REF] analyzed lunar anorthosite glass analogues close in composition to mesostasis of some porphyritic chondrules and were not able to determine a critical cooling rate of the lunar rocks (being too small). These authors thus concluded that a magma of this composition tends to form glass easily when radiatively cooled. A more recent study by [START_REF] Nagashima | Critical cooling rates for glass formation in levitated Mg 2 SiO 4 -MgSiO 3 chondrule melts[END_REF] considers that the usual critical cooling rate of chondrules of 10 3 K h -1 is greatly overestimated. In the latter study, it was also shown that experimental settings have an influence on the crystallization process especially if there is a sample holder that is a favoring nucleation site.

On the other hand new observations lead [START_REF] Jones | Thermal histories of chondrules: Petrologic observations and experimental constraints[END_REF] and [START_REF] Libourel | Chondrules as direct thermochemical sensors of solar protoplanetary disk gas[END_REF] to propose a two-stage cooling model with a high temperature phase, followed by a rapid cooling or a quench to stop the crystallization -glass is observed in chondrules -and also the elemental diffusionchemical gradients are preserved in olivines and in the glassy mesostasis. Ideally, to satisfy this thermal history, we should reproduce (i) a slow cooling rate about a few K h -1 until the temperature decreases to 1600-1800 K so that crystallization would be favored and (ii) a subsequent rapid cooling phase close to the critical cooling rate to prevent the traditional crystallization process by a temperature decrease.

Depending on the chemical composition and mainly on the silica content or the bulk polymerization, the critical cooling rates of such melts go from 10 2 K h -1 to 10 6 K h -1 [START_REF] Cabral | Glass-forming ability versus stability of silicate glasses. I. Experimental test[END_REF]. Figure 3b shows that cooling rates at the core of the cloud just reach this lower limit. The radiative model with non-uniform density shows here some limitations: the decreasing in temperature occurs quickly after the initial plateau, meaning that the cooling rate arises and reaches a maximum and decreases slowly afterwards. Thus, given the initial temperature, having a slow cooling rate around 1800 K implies an extremely long and slow overall cooling, which will be a problem regarding the time spent at high temperature and reaching the critical cooling rate later on. Static droplet clouds of non-uniform density could be a plausible environment to form by radiative cooling non-porphyritic chondrules at the edge of the cloud, as well as to provide in the inner part of the cloud an environment that stay at the early stage hot long enough to allow the interaction with the gas to proceed. It fails however to produce fast quenching for the main simulated porphyritic textures.

Comparison with the expansion model

Dullemond et al. (2014) already applied this coupled system of radiative and heat transfer equations in the case of an expanding cloud of droplets. After a collision between two planetesimals, several clouds of molten lava droplets are formed. They are supposed to be spherical and they expand linearly with respect to time. Density and therefore absorption coefficient and optical depth will decrease because of the expansion and at some point will allow the efficient radiative cooling of the medium. Results

with the expansion model show that cooling rates are similar throughout their expanding cloud (see Figure 3c), the only difference in the temperature evolution being the duration of the initial hot phase. Expansion is also a more favorable case to reach high cooling rates not only after the high temperature phase but also at the glass transition around 1000-1200 K. This is more in line with the new observables by [START_REF] Libourel | Chondrules as direct thermochemical sensors of solar protoplanetary disk gas[END_REF]. Still, a cloud expansion process is not necessary to preserve a high temperature for a given time, and with a static model based on spatial variations of physical properties, one can see that the more the hot phase lasts, the slower the cooling rate is.

The correlation between characteristic time and cooling rates has the advantage of bringing diversity in thermal histories: with one case it is possible to obtain the different textural types. Moreover, the crystallization of low-Ca pyroxene occurs at lower temperature than olivine and if we consider that chemical interaction with gas is still the key factor here, staying long enough at this range of temperature is needed [START_REF] Tissandier | Gas-melt interactions and their bearing on chondrule formation[END_REF][START_REF] Libourel | Role of gas-melt interaction during chondrule formation[END_REF][START_REF] Friend | The conditions of chondrule formation, Part II: Open system[END_REF]. Slow cooling rates obtained at the inner region of the domain can meet this requirement.

Conclusion and perspectives

This note has considered radiative cooling of a non-uniform density medium representing a cloud of droplets free in space that is not expanding. Since there is no time dependency, the maximal optical depth is the relevant parameter to evaluate the radiative cooling of this environment. Optical depth can be estimated using the time needed for gas-melt interaction to occur. Several density profiles have also been studied. A relevant comparison of the results with the same characteristic time of cooling suggests that keeping the density near its maximal value (with the so-called inverse-symmetric profile)

is the most favorable case in order to maximize the amount of material that stays at the hot initial temperature for a sufficient duration, mimicking porphyritic chondrule textures. We proposed also to go further and to evaluate the relevancy of chondrule formation models by taking into account the chondrule textural abundances: porphyritic versus non-porphyritic textures. The present model manages to keep a relevant proportion of 85 % (the proportion of porphyritic chondrules) of the total mass at high temperature allowing gas-melt interaction to proceed as well as an immediate quench for the remaining 15 % of the material (which is to form all the non-porphyritic chondrules). However, it cannot reproduce a fast cooling after a long initial hot phase, and in that, expansion models seems also promising. In addition to reproducing the adequate thermal histories with an initial hot temperature phase, chondrule forming model and cooling simulations should be able to produce textural abundances that are consistent with observations, if an overall frame to the production of chondrules is to be given.

A further work, that goes beyond what has been presented here, will be to get meaningful input data for density profiles. A well suited case for spatial variation is the formation within the solar nebula of high density clumps or vortices where dust particles can be concentrated by turbulence and instabilities as they orbit around the young Sun. Different turbulent phenomena take place in protoplanetary disks: magneto-rotational instability, baroclinic instability, etc. [START_REF] Dullemond | Theoretical models of the structure of protoplanetary disks[END_REF][START_REF] Hubbard | Evaluating non-shock, non-collisional models for chondrule formation[END_REF] that lead to an effective turbulent viscosity. Turbulence concentration is highly size-selective and it has been shown that chondrule size range corresponds to the optimal range at 2.5 au with relatively standard nebula parameters. Several articles on turbulence concentration has been published and especially by [START_REF] Cuzzi | Turbulence, chondrules, and planetesimals[END_REF] and [START_REF] Cuzzi | Size-selective concentration of chondrules and other small particles in protoplanetary nebula turbulence[END_REF]. This excellent agreement suggests chondrules have been processed or sorted in such regions. If protoplanetary disks simulation can reach sufficient resolution adapted to the size of chondrule formation region, it will be interested to see what kind of density distributions are obtained in regions where turbulence has concentrated particles and gas.

Figure 1 :

 1 Figure 1: Characteristic time tc (s) as a function of the optical depth τmax. For the inverse profile ρ 1 , the two gray colors represent a variation of τmax with (i) maximal radius, (ii) maximal density. They follow the same trend and markers even overlap.

Figure 2 :

 2 Figure 2: Decreasing of the temperature at different locations in the medium for different shapes of the density profile.

Figure 3 :

 3 Figure3: Results obtained with the inverse-symmetric profile in order to make 85 % of the mass staying at a temperature greater than 1900 K for at least 60 s. r is the distance from the center of the cloud, in fraction of the cloud diameter.
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Appendix

If we consider a point with a large enough optical depth the medium approaches thermodynamical equilibrium and the mean intensity J tends towards the black-body radiative emission B = σ π T 4 . The approximation of diffusion can be used properly. As presented by [START_REF] Mihalas | Stellar Atmospheres[END_REF], it consists in the expression of the J as a power-series of B and its derivatives regarding the local optical depth τ . The first terms are given by

where ε is a function verifying τ 2 ε (τ, t) -→ τ →+∞ 0. Let us integrate from the initial state until the characteristic time t c defined in Equation ( 11):

The following quantities are defined for brevity:

We now write B (τ, t) = B ∞ + η (τ, t), where η is a function verifying η (τ, t) -→

does not depend on time, the infinite optical depth preventing radiation from escaping. Thus,

where we note ξ (τ, t) = η (τ, t) + K ′ τ 2 ε (τ, t) to simplify. Since ξ (τ, t) -→ τ →+∞ 0 and considering a small α > 0, when τ is large enough, |ξ (τ, t)| α B ∞ , and therefore

We get then K τ 2 ∼ t c B ∞ .