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Porous dust particles in astrophysics and their thermal properties

Keywords: porous particles, cometary dust, light absorption, thermal reemission

Numerical analogues of non-fractal porous cometary dust particles are generated using a recently introduced model of open-pore solid particles. The refractive index of amorphous silicate is considered and the particle sizes follow a Sekanina-Hanner distribution within the size-range (0.01µm-1 µm). Using the Discrete Dipole Approximation (DDA) method, we calculate the thermal re-emission spectrum of a population of porous particles in the spectral region 0.2-39.8 µm and the equilibrium temperature of the particles (when placed at 1 AU distance from Sun).

Porosity tends to reduce the temperature of the particles because porous particles radiate heat more effectively than dense particles. A characteristic particle size is determined for which the particle temperature is maximum regardless of the porosity. The temperature of a cloud of polydisperse particles is more homogeneous for highly porous particles. These results are compared with those generated by Mie theory where the Bruggeman mixing rule is applied (EMT method). When agreement between the DDA and the EMT results is achieved, simple approximations are derived from the EMT to analyze and make clear the various behaviors of the spectral thermal re-emission revealed in the numerical data. In particular, the reason why the emission peak around 10µm is depressed by porosity and shifted to the smaller wavelength by a steeper particle-size distribution is explained.

Introduction

Since the careful observations of the dust tail of comet 1P/Halley by Bessel in 1835 [START_REF] Festou | A brief conceptual history of cometary science in Comets II[END_REF], light scattered by cometary dust has been an increasingly important area of study, not least to obtain information about the physical conditions of the early epoch of the solar system. Apart from a few space missions aimed at visiting comet nuclei, our present knowledge about structure and physical properties of cometary dust still derives essentially from distant observations (Levasseur-Regourd et al, 1999 ; Levasseur-Regourd et al, 2018). However, the distribution of the actual shapes of an ensemble of remote dust particles is always a matter fraught with controversy.

Direct although rough information about the structure of cometary dust come from particles collected in the vicinity of comet nucleus [START_REF] Jorda | Properties of the dust cloud caused by the Deep Impact experiment[END_REF][START_REF] Flynn | Physical, chemical, and mineralogical properties of comet 81P/Wild 2 particles collected by Stardust[END_REF][START_REF] Schulz | Comet 67P/Churyumov-Gerasimenko sheds dust coat accumulated over the past four years[END_REF]Bentley et al, 2016b). As yet it is difficult to reconstruct without ambiguity the real structure that a fragile particle had in its natural environment before collecting it [START_REF] Lasue | Flattened loose particles from numerical simulations compared to particles collected by Rosetta[END_REF] Most natural dust particles are expected to be much more irregular than homogeneous spheres [START_REF] Wright | Fractal dust grains[END_REF]. Indeed, large spherical droplets can form in a very hot environment only, while tiny droplets are favored because the melting temperature is an increasing function of the particle size [START_REF] Petters | Predicting the influence of particle size on the glass transition temperature and viscosity of secondary organic material[END_REF]. Coherently, MIDAS revealed the cometary dust particles to be essentially of fine-grained in nature (Bentley et al, 2016b) up to the sub-micrometer scale. Particles captured by COSIMA showed a wide range of textures and shapes such as compact particles and porous aggregates [START_REF] Langevin | Typology of dust particles collected by the COSIMA mass spectrometer in the inner coma of 67P/Churyumov Gerasimenko[END_REF][START_REF] Merouane | Dust particle flux and size distribution in the coma of 67P/Churyumov-Gerasimenko measured in situ by the COSIMA instrument on board Rosetta[END_REF]. As an attempt to organize the Rosetta data, [START_REF] Güttler | Synthesis of the morphological description of cometary dust at comet 67P/Churyumov-Gerasimenko[END_REF] studied the porosity, strength and structure of cometary dust particles classifying these into three groups. The first group consists of "solid" pieces of matter which are dense particles of porosity f < 0.1 and a large strength similar to rock. The second class, "fluffy", are highly porous (f > 0.95), fractal and dendritic agglomerates with very low strength. The third group, "porous", is made of particles with porosities between 0.1 and 0.95. They are weakly bonded and have a medium to low strength.

The former particles -large and dense -can be modeled as more or less regular solid objects such as spheroids [START_REF] Kolokolova | Polarization of cosmic dust simulated with the rough spheroid model[END_REF] or polyhedra (Kocifaj and Kapišinský, 1996 ;[START_REF] Zubko | Effect of absorption on light scattering by agglomerated debris particles[END_REF][START_REF] Kimura | Do twin spectral peaks of olivine particles in the thermal infrared diagnose their sizes and porosities?[END_REF].

The second group -the fractal agglomerates -can be studied through numerical models of Particle-Cluster or Cluster-Cluster aggregation [START_REF] Meakin | Fractal Aggregates[END_REF]. These models are known to yield fractal particles, and the fractal dimension depends on the way the particles formed [START_REF] Jullien | Aggregation and Fractal Aggregates[END_REF].

About the third group -the non-fractal porous dust particles -, the Effective Medium Theory (EMT) has long been the preferred quantitative approach [START_REF] Voshchinnikov | Modelling the optical properties of composite and porous interstellar grains[END_REF]. Then, a series of works using the random ballistic Particle-Cluster agglomeration (and a few variants) simulated non-fractal particles of porosity 0.87 (Kosaza et al, 1992 ;[START_REF] Ossenkopf | Dust coagulation in dense molecular clouds: the formation of fluffy aggregates[END_REF][START_REF] Kimura | Light scattering by cometary dust numerically simulated with aggregate particles consisting of identical spheres[END_REF][START_REF] Bertini | Modeling of the light scattering properties of cometary dust using fractal aggregates[END_REF][START_REF] Shen | Modeling Porous Dust Grains with Ballistic Aggregates I: Geometry and Optical Properties[END_REF]. However, the panel of porosities was limited by the generation process itself.

Alternatively, a simple model of randomly dispersed dipoles inside a given geometrical volume was used to mimic porous particles with tunable porosity, but a particle made of 'floating' dipoles (without connection with other dipoles inside the structure) is not realistic. Hence there was a need to use connected networks of dipoles [START_REF] Kimura | Do twin spectral peaks of olivine particles in the thermal infrared diagnose their sizes and porosities?[END_REF]. Following this idea, a new kind of particles formed as connected networks of dipoles has recently been proposed [START_REF] Sen | The effect of porosity of dust particles on polarization and color with special reference to comets[END_REF]. To simulate porous particles, we use below the latter model because of its versatility and realism.

In the present work, we focus on thermal properties of micrometric spherical porous dust particles made of astronomical amorphous silicate with pyroxene composition [START_REF] Rietmeijer | The Irradiation-Induced Olivine to Amorphous Pyroxene Transformation Preserved in an Interplanetary Dust Particle[END_REF]. The reasons for carrying out this study are as follows:

• porous particles represent a significant percentage of the constituents of cometary dust. For example, the work [START_REF] Güttler | Synthesis of the morphological description of cometary dust at comet 67P/Churyumov-Gerasimenko[END_REF] on particles collected around comet 67P/Churyumov-Gerasimenko, concludes that porous aggregates play a predominant role in the light scattered from coma. Also, experiments on levitating cometary analog particles show a large population of round porous particles [START_REF] Hadamcik | Light scattering by fluffy MgFeSiO and C mixtures as cometary analogs (PROGRA2 experiment)[END_REF].

• unlike crystalline or polycrystalline particles (which usually exhibit irregular polyhedral shapes), the sphere is a reasonable, albeit basic, approximation to the statistical overall shape of uneven particles without specific anisotropy.

• concerning the choice of the infrared domain of light, we know as a rule of thumb that the electromagnetic wave of wavelength λ scattered or emitted by a dielectric object, is an appropriate tool for studying the structure of this object at length scales ∼ λ/2π (because the phase difference between two pieces r apart is: ∼ 2πr/λ). Infrared is then the relevant domain to examine the internal structure of micrometric cometary dust particles [START_REF] Güttler | Synthesis of the morphological description of cometary dust at comet 67P/Churyumov-Gerasimenko[END_REF]).

• amorphous silicate was chosen because that material forms naturally in the interstellar medium [START_REF] Li | On ultrasmall silicate grains in the diffuse interstellar medium[END_REF], while crystalline silicates result from amorphous silicates heated to temperatures larger than 1000 K [START_REF] Wooden | Comet Grains: Their IR Emission and Their Relation to ISM Grains[END_REF]. The ubiquitous 10 µm emission peak in cometary spectra [START_REF] Maas | The 10 micron emission peak of comet Bennett 1969i[END_REF][START_REF] Hanner | Mid-infrared spectra of comets P/Borrelly, P/Faye, and P/Schaumasse[END_REF][START_REF] Kolokolova | Two different evolutionary types of comets proved by polarimetric and infrared properties of their dust[END_REF][START_REF] Kelley | The composition of dust in Jupiter-family comets inferred from infrared spectroscopy[END_REF] is also a reason to consider silicate as a leading part of the cometary dust particles. This feature is due to stretching vibrations of Si-O in silicate material [START_REF] Gilman | On the composition of circumstellar grains[END_REF].

The main objective of the present work is to make our contribution to the confusing explanations on the profile of the 10 µm silicate feature according to the porosity of the dust particles [START_REF] Chornaya | Revisiting the particle-size constraint of the 10 µm silicate feature[END_REF][START_REF] Kimura | Do twin spectral peaks of olivine particles in the thermal infrared diagnose their sizes and porosities?[END_REF]. Our present study focuses on particle of radius < 1 µm. This allows efficient and realistic numerical calculations for polydisperse populations of porous dust particles, accounting for the statements in [START_REF] Kimura | Do twin spectral peaks of olivine particles in the thermal infrared diagnose their sizes and porosities?[END_REF]: "a predominance of large particles is likely associated with very weak signals due to their low spatial densities" and in [START_REF] Zubko | On the Small Contribution of Supermicron Dust Particles to Light Scattering by Comets[END_REF]: "Omitting the effects of [the supermicron-sized] particles in modeling the observations only slightly affects the retrievals of the microphysical properties of dust in comets".

A note about the possible origin of porous particles in cometary dust

The usual scenario for appearance of fractal particles in a cloud of dispersed grains is the Cluster-Cluster Aggregation process [START_REF] Meakin | Fractal Aggregates[END_REF]. Small grains stick together by Van der Waals forces and consolidate by chemical bonding. Such random aggregation of pre-existing grains is a gentle process leading to fluffy fractal particles [START_REF] Jullien | Aggregation and Fractal Aggregates[END_REF]. The process is ubiquitous, i.e. relevant for a number of very different physical situations [START_REF] Wurm | Fractal Aggregates in space[END_REF][START_REF] Jungblut | Diffusion-and reaction-limited cluster aggregation revisited[END_REF]. However, such fractal particles can survive without change only in extreme physical conditions where both temperature and pressure are exceedingly low compared to the strength of the bonds making the cohesiveness of the particles [START_REF] Bernard | New dust models from recent observational constraints in The Spitzer Space Telescope: New Views of the Cosmos[END_REF][START_REF] Fulle | Fractal dust constrains the collisional history of comets[END_REF]. If temperature or pressure are not extremely low (e.g. interplanetary medium close to the Sun), the fractal dimension of the particles tends to increase by internal reorganization of the grains inside each particle (Aubert and [START_REF] Cannell | Restructuring of colloidal silica aggregates[END_REF]. That way, the fractal structure disappears progressively [START_REF] Blum | Experiments on sticking, restructuring and fragmentation of preplanetary dust aggregates[END_REF] though the resulting particles remain highly porous because reshaping to dense structure requires much energy to break all the physical and chemical bonds [START_REF] Manley | Gravitational collapse of colloidal gels[END_REF].

We can go one step further in this approach. If the comet material is made of pristine fractal aggregates embedded in ice+volatile mantle, the ejection of such a particle away from nucleus must follow a process similar to the one studied by [START_REF] Ma | Soot aggregate restructuring during water processing[END_REF] about fractal particles covered with water, followed by rapid water evaporation. In the laboratory experiments, internal restructuring of the particles makes their fractal structure to collapse into a non-fractal porous shape during water evaporation. These results suggest that cometary dust particles may be mainly porous particles because of similar collapse of fractal particles during sublimation of the volatile coating [START_REF] Della Corte | GIADA: shining a light on the monitoring of the comet dust production from the nucleus of 67P/Churyumov-Gerasimenko[END_REF]. In this scenario, evolution of fractal particles to porous agglomerates suggests a common origin for both populations of particles. Such a conclusion is supported by results from the Rosetta mission in which most of the 67P/Churyumov-Gerasimenko cometary grains were determined in several ways to have similar sizes and composition in fractal particles and in porous particles [START_REF] Mannel | Fractal cometary dust a window into the early Solar System[END_REF].

Aggregate dust model and porosity

We study hereafter the "porous" group of dust particles. In this group, porosity is a constitutive parameter of the agglomerate structure (that is, porosity characterizes the porous material the particle is made of). Note that this is not the case for the "fractal" group since porosity of a fractal particle increases as a power-law of the particle size [START_REF] Mukai | Radiation pressure forces of fluffy porous grains[END_REF], making porosity an ill-defined constitutive parameter for fractal particles.

The TD dust model

Taking the above idea as plausible (the idea that the porous particles result from collapsed fractal aggregates), we consider the limiting case where the initial fractal organization totally disappeared because of the global restructuring process. We implement the dust model which has already been extensively described in [START_REF] Sen | The effect of porosity of dust particles on polarization and color with special reference to comets[END_REF], that is probably the simplest model of this kind. More sophisticated models are known but are more difficult to use for large particles. They also introduce additional parameters that are often not precisely known [START_REF] Schlomach | Theoretical study of the reorganization of fractal aggregates by diffusion[END_REF].

In the touching-dipoles (TD) particle model, a dense arrangement of dipoles is generated first (here a spherical shape of radius a), then dipoles are randomly removed one after the other from the initial compact structure provided the structure remains globally connected. The dipole removal process continues until the desired porosity, f , is reached. In the resulting structure, all the remaining dipoles are linked to each other by some path passing through the nearby dipoles. It results in non-fractal particles made of adjoined dipoles (Fig. 1). The resulting particle is a well defined solid structure with no disconnected parts. This implies that all the grains of a given porous particle are coherent in the electromagnetic sense.

The locations of the dipoles are correlated in such porous structures. We can perceive the correlations from the labyrinthine paths seen in the 2D particles (see Fig. 1, left). For 3D particles, the inner part of the particle resembles a maze of branched tunnels of diameter ∼ d. Another way to say it is to describe a TD particle as a high stack of intertwined chains of dipoles, reminiscent of the fractal fingers before compaction (a similar description was used for fractal aggregates in [START_REF] Kolokolova | Physical properties of cometary dust from light scattering and thermal emission[END_REF]).

Because the pore diameter of a TD particle is much smaller than the wavelength, one can say that the pores are essentially of Rayleigh-type [START_REF] Voshchinnikov | Dust extinction and absorption: the challenge of porous grains[END_REF] in this model of porous particles. Relevance of the spatial correlations on the optical properties of the TD porous particles has been discussed in [START_REF] Choudhury | Comparison of light scattering properties of porous dust particle with connected and unconnected dipoles[END_REF].

In particular, comparison was made between TD and non-TD porous particles (that is the corresponding model where dipoles are placed randomly in space without any constraint of dipole connectivity). Though unrealistic, the non-TD model is often used as a standard non-fractal porous particle because of its ease to simulate. Let us warn, however, that forgetting the role of the real correlations in the dipole locations can bias the results of optical quantities dealing with multiple scattering. This point about the relevance of the particle topology in the optical properties was highlighted in (Stognienko et al, 2011). Such particles are supposed to be relevant for cometary studies [START_REF] Choudhury | Comparison of light scattering properties of porous dust particle with connected and unconnected dipoles[END_REF] or in other domains, for example in material science, e.g. the nanoporous magnesium particles (Okulov et al., 2018). Full details on the numerical model are given in [START_REF] Sen | The effect of porosity of dust particles on polarization and color with special reference to comets[END_REF]).

Refractive index of amorphous silicate

The physical properties of the dust particles collected by COSIMA onboard Rosetta supports the assumption that these particles are mainly made of refractory material Figure 1: (a) left : 2-dimensional TD porous particle of porosity f = 0.76. It is made of N = 11 778 grains (each grain is represented as a white small circle). The particle is not fractal but it is clearly porous. This 2-dimensional particle is shown here to illustrate a fundamental constraint of the TD process: all the grains are linked together through a connected path, generating the labyrinthine shape of the structure ; (b) right : 3-dimensional TD porous particle of N = 54 261 grains and porosity f = 0.76. Note that the radius of the sphere circumscribing such particle is well defined and defines the cross-sectional area of the particle. In the present work, we use this kind of 3dimensional TD particles (with various values of radius and porosity). [START_REF] Wooden | Silicate Mineralogy of the Dust in the Inner Coma of Comet C/199501 (Hale-Bopp) Pre-and Postperihelion[END_REF][START_REF] Schulz | Comet 67P/Churyumov-Gerasimenko sheds dust coat accumulated over the past four years[END_REF]. We then consider TD particles made of solely astronomical amorphous silicate (pyroxene). The refractive index of this material can be found in (Dorschner et al., 1995), and the data are interpolated by the cubic spline interpolation technique used in JaSTA-2 (Halder and Das, 2017), see Fig. 2. 

Absorption efficiency of TD porous particles

The diameter, d, of a grain is fixed to d = 17 nm for all the TD particles studied in this article, for all the values of a (radius of the circumscribing sphere) and f (porosity of the particle). Then, the inequality: λ > 4π|m|d, where m is the refractive index of amorphous silicate, holds true in every situation below. This inequality is a necessary condition to represent the grain as a simple electromagnetic dipole obeying the Discrete-Dipole Approximation (DDA). It is the base of the Discrete Dipole Scattering (DDSCAT) calculations [START_REF] Draine | The Discrete Dipole Approximation for light scattering by irregular targets in Light Scattering by Nonspherical Particles: Theory, Measurements, and Applications[END_REF] for aggregates of electromagnetic dipoles (see Section 4.2).

Q abs calculation using EMT method

Although neglected nowadays, the EMT can give interesting insights on the absorption profiles of the porous particles versus porosity. In particular, EMT is expected to provide a good approximation of the real optical problem in the case of TD porous particles because the pore size parameter is naturally small for these particles [START_REF] Mishchenko | Applicability of the effectivemedium approximation to heterogeneous aerosol particles[END_REF]). We will see below how reliable EMT results are for the TD particles.

The Bruggeman rule is used as it is expected to be a good approximation of optical properties of small dust particles [START_REF] Voshchinnikov | Effective medium theories for irregular fluffy structures: aggregation of small particles[END_REF], even for relatively large particle porosity [START_REF] Choy | Effective Medium Theory[END_REF].

In this framework, the porous TD particle of radius a is replaced by a particle of same radius a made of an effective material of refractive index m Br solution of the mean-field equation [START_REF] Choy | Effective Medium Theory[END_REF]:

f 1 -m 2 Br 1 + 2m 2 Br + (1 -f ) m 2 -m 2 Br m 2 + 2m 2 Br = 0 , (1) 
in which m is the complex refractive index of the actual silicate material. An important though underrated remark about formula (1) is that the effective refractive index m Br is a constitutive quantity. In particular, m Br does not depend on the size of the particle under study. This statement is essential when dealing with a polydisperse population of porous particles.

Another remark was suggested long time ago in the foremost work [START_REF] Lorenz | Ueber die Refractionsconstante[END_REF] and worth to be mentioned here for its relevance in the present context. In any EMT theory, the porosity f must appear under the combination (Greenberg and Hage, 1990):

P = (1 -f ) m 2 -1 m 2 + 2 , (2) 
A consequence of ( 2) is that any Fröhlich plasmon mode (when m 2 + 2 0) can be stymied by an appropriate large value of the porosity (that is 1-f → 0). In other words, one can expect large peaks of the absorption profile of dense particles to disappear -or be considerably lowered -for significantly porous particles. Thus, for particles made 

Q abs calculation using DDA method

In this Section, the DDSCAT 7.3 code is used to calculate the numerical values of the absorption efficiency Q abs (a, λ) = C abs (a, λ)/πa 2 at 200 wavelengths regularly spaced in the range 0.2 µm -39.8 µm, for each porous particle.

For the very large values of λ, the particle is in the Rayleigh regime (that is:

2πa|m|/λ 1), and Q abs (a, λ) behaves as ∼ 1/λ with the wavelength. This asymptotic part of the Q abs (a, λ) curve versus λ is relevant when the particle temperature is below 100K, where the particle mainly radiates thermal energy in the range of wavelengths larger than 40 µm.

At the other edge of the spectrum (for visible and near-UV wavelengths) the increase of absorption efficiency fits the Q abs (a, λ) ∝ a Im{m}/λ behavior as discussed in [START_REF] Bohren | Absorption by a sphere: a simple approximation[END_REF]).

Example of Q abs (a, λ) profiles

For a given value of the particle size a, the profile of Q abs (a, λ) depends on the poros- overestimate the absorption efficiency in this case. It is important for later discussion to note that this reduction of the Q abs values is almost the same at any wavelength, except for far infrared where no difference is visible.

These results compare well with (Vaidya and Gupta, 2011) who calculated the absorption efficiencies of porous dust particles. Indeed, they showed that the strengths of the 10 µm and 18 µm peaks decrease with increasing porosity and they did not find any shift in the locations of the peaks. Also, [START_REF] Voshchinnikov | Dust extinction and absorption: the challenge of porous grains[END_REF]) and (Voshchinnikov and Henning, 2008) found similar decrease of the peak strengths with porosity using a layered sphere model. However, they mentioned broadening of the 10 µm peak that is not reproduced here.

In addition, the results obtained using the TD model corresponds well with those obtained by several authors (with other kinds of porous particles) who derived the peak position of the 10 µm feature to be in the interval 9.5-10. 

Equilibrium temperature of TD porous particles

Dust particle absorbs energy from the incident electromagnetic radiation and releases part of the absorbed energy in the form of thermal radiation and possible sublimation of volatiles. The thermal diffusion time into the structure of a particle is generally small and temperature is homogeneous throughout the entire particle after a few minutes for particle sizes smaller than 1 mm (Markannen and Agarwal, 2019). So, equilibrium temperature of a small particles is a well-defined quantity in most of the physical situations. During this equilibrium process, thermal radiation emitted by particles is often directly observed in the infrared wavelengths, and this will be the topic of Section 6 below. However, it is interesting to discuss first the various behaviors of the particle temperature as it is easy to apprehend.

The temperature, T P , of an interplanetary dust particle of size a at heliocentric dis-tance R, results from by the thermodynamic equilibrium between the absorbed electromagnetic energy flux and the total thermal emission radiance [START_REF] Hanner | Comet Cernis: Icy grains at last?[END_REF]. Provided the Kirchhoff's law of thermal emission is valid [START_REF] Chandrasekhar | Radiative transfer[END_REF], the equilibrium temperature, T P , of the particle located at the distance R from the Sun, is then the solution of the steady-state energy balance equation [START_REF] Xing | Modelling the temperature of cometary particles, in Physics, chemistry, and dynamics of interplanetary dust[END_REF]:

∞ 0 B(λ, T P ) Q abs (a, λ)dλ = 1 2 1 -1 -(R /R) 2 ∞ 0 B(λ, T ) Q abs (a, λ)dλ , (3) 
in which the absorption efficiency Q abs (a, λ) ≡ C abs (a, λ)/G is used, with G the wavelength-independent geometric cross-section area. For TD porous particle as the one presented in Fig. 1, G = πa 2 with a the radius of its circumscribing sphere. In (3), the function B is the Planck function (4) at the particle temperature T P :

B(λ, T ) = 1 λ 5 c 1 e c2/λT -1 , (4) 
and c 1 = 2hc 2 = 1.19 10 -16 W.m 2 and c 2 = hc/k B = 0.014 m.K.

Equilibrium temperature of a TD porous dust particle at 1 AU heliocentric distance

To perform the numerical integrations required in the Eqn. (3), we interpolate all the Q abs (a, λ) values in hand by cubic Hermite spline functions (see Fig. 3). Numerical integration is performed using adaptive Simpson's method. In Eqn. ( 3), the right-hand term, F abs , does not depend on T P , while the left-hand term, Fem , is an increasing function of the particle temperature. Then, the value of T P is defined unambiguously as the unique temperature where the two curves intersect (a visual example is shown on Fig. 5).

The equilibrium temperature is calculated that way for each particle size for 28 values of a in the range 0.01-1.0 µm, and for porosities 0, 0.1, 0.2, 0.3, 0.4 and 0.5.

Figure 5: Equilibrium temperature of a TD porous particle with a = 1µm, f = 0.5, refractive index of amorphous pyroxene, at R = 1 AU. DDSCAT method is used. The constant function is the F abs value (in W) at that heliocentric distance. The continuous curve is the total emission energy flux, Fem . Since Fem is an increasing function of the particle temperature, there is one and only one value of the temperature where the two curves intersect. This defines the condition (3), that is the particle temperature at equilibrium (here: T P = 335 K). 

DDSCAT calculation of the equilibrium temperature of a TD porous particle

Variations of the particle temperature as a function of its size are shown in Fig. 6 where the Q abs (a, λ) profiles are calculated using DDSCAT numerical code.

Let us notice that the equilibrium temperature decreases for the larger particle sizes [START_REF] Hanner | The nature of cometary dust from remote sensing in Cometary Exploration II[END_REF]) because of increase of the thermal emissivity of large particles in the infrared domain [START_REF] Lien | Dust in comets. I-Thermal properties of homogeneous and heterogeneous grains[END_REF]). However, this effect is not true for small particles (here for submicron particles of size < 0.15 µm) where the behavior is opposite [START_REF] Hanner | Physical characteristics of cometary dust from optical studies[END_REF].

Therefore, the curve T P versus a (at given heliocentric distance R), is roughly unimodal for any given value of the porosity. The maximum temperature occurs around a characteristic value a of the particle radius (here: a 0.15 µm). Around this partic-ular size (fairly independent of the porosity), the particle experiences the best balance between radiation absorption and thermal re-emission.

Effect of porosity is clear on Fig. 6: the largest maximum temperature is reached for the dense (i.e. non porous) dust particle. This result is to be linked to the result that non-spherical particles are usually cooler than homogeneous spheres of the same mass [START_REF] Voshchinnikov | The temperature of non-spherical interstellar grains[END_REF]. Moreover, the maximum temperature clearly decreases with increase in porosity. This behavior is consistent with the general trend that open-cell porous particles radiate thermal energy much more easily than dense particles [START_REF] Zhao | A 3-D numerical heat transfer model for silica aerogels based on the porous secondary nanoparticle aggregate structure[END_REF][START_REF] Luo | Characteristics of effective thermal conductivity of porous materials considering thermal radiation: A pore-level analysis[END_REF].

The effect of porosity on the temperature of particles made of a given material, is to flatten the behavior of T P as a function of the particle radius a. This result agrees with the conclusion of (Greenberg and Hage, 1990) and of [START_REF] Kolokolova | Physical properties of cometary dust from light scattering and thermal emission[END_REF] that thermal emission from a large but aggregated loose particle appears to be about the same as that of its small constituent particle, no matter its shape. That way, the value of the equilibrium temperature is expected to become close to that of the grain (T P (0)

as the Rayleigh limit on Fig. 6) for aggregates of large porosities whatever the particle size. Note also that submicron porous particles are not cooler than a single grain, at variance of an expectation given in [START_REF] Xing | Light scattering by aggregate particles[END_REF].

Another characteristic particle size, a s , appears (here: a s 0.65 µm) for which TD porous particle with a > a s reaches an equilibrium temperature higher than the temperature of a dense particle of same size, while the porous particle is cooler than the dense particle if a < a s . Similar results were obtained in (Coulson and Wickramasinghe, 2007), where they found that large porous grains (a s > 0.5 µm in their case) have higher temperature than non-porous compact particle. In (Coulson and Wickramasinghe, 2007), the effect started to occur for porosity f = 0.5, and continued for porosity up to f = 0.9. A possible explanation is that thermal re-emission from a large compact particle involves only a narrow skin of its surface, unlike the porous particles.

The result is that the inner parts of the large dense particle are not significantly heated.

Note that, the pores being essentially open in the TD porous particles (at least for large Figure 7: Equilibrium temperature, T P , of TD porous particles made of amorphous pyroxene, at 1 AU from Sun as a function of the particle size, a, in micrometers (same scale as Fig. 6). The black continuous curves are the values of T P obtained using EMT method with the Bruggeman rule in two cases: f = 0.1 and f = 0.5. The data obtained using DDSCAT are the red (f = 0.1) and blue curves (f = 0.5) for comparison. Note that EMT tends to overestimate the particle temperature for the large porous particles with high porosity.

value of the porosity and/or small radius), the role of the pores is more subtle than the simple argument based on the thermally insulating pores, predicting porous particles hotter than the dense ones (Kelley and Wooden, 2009).

EMT calculation of the equilibrium temperature of a TD porous particle

Predictably, when the Q abs (a, λ) functions are calculated using EMT, the values of the equilibrium temperatures are slightly different from the values obtained in the DDA framework. Examples are shown on Fig. 7.

Two conclusions are worth to be highlighted from Fig. 7: (1) the values of the T P are quantitatively very similar in the both ways of calculating Q abs ; (2) EMT tends to overestimate the values of the equilibrium temperatures for the very large and very porous particles. The latter result is fully consistent with the data on Fig. 4 showing a systematic (though small) overestimation at all wavelengths of the absorption efficiency calculated using EMT. Greater absorption means larger thermal energy for the same particle.

Comparison of equilibrium temperature of TD porous particles with regolith data

It is informative to compare the above values of T P to the equilibrium temperature of the Moon regolith as measured by the Diviner Lunar Radiometer Experiment [START_REF] Williams | The global surface temperatures of the Moon as measured by the Diviner Lunar Radiometer Experiment[END_REF]. The noontime equilibrium temperature of regolith at the lunar equator is in the range: 387K -397K. These values are in quantitative agreement with the values shown on Fig. 6 for TD porous particles at 1 AU heliocentric distance. Such agreement is amazing but should be taken with care because lunar regolith is known to be made of very polydisperse micrometric to millimetric agglutinates made of various materials more refractory than silicate [START_REF] Bhatt | Global mapping of lunar refractory elements: multivariate regression vs. machine learning[END_REF]. Also, the lunar soil is quite compacted compared to isolated micrometric porous particles.

Anyway, such a consistency tends to suggest that the real equilibrium temperature of porous dust particles is not very sensitive to the details of the Q abs (a, λ) profile. This can explain the excellent agreement between data from DDSCAT and EMT methods.

Along the same lines, [START_REF] Hanner | The nature of cometary dust from remote sensing in Cometary Exploration II[END_REF]) suggested that the dust particle size plays a more important role than the specific optical constants in determining the temperature of dust, hence a possible alternative way of estimating the average dust particle size.

Equilibrium temperature of a dust particle as a function of its heliocentric distance

Eqn.

(3) can be solved for any distance R > R to the Sun. Fig. 8 shows the equilibrium temperature of the dense particle (f = 0, black curve) and of a TD porous particle (f = 0.5, red circles) of radius 0.2 µm made of amorphous silicate, as a function of R (in AU).

We first check the trivial result that particle temperature decreases with the heliocentric distance due to the decrease in the solar flux. Another feature is worth to be noticed: the equilibrium temperature of a TD porous particle of a = 0.2 µm is always slightly lower than the corresponding temperature of the dense particle of same size.

This trend is not easy to see on Fig. 8 because of the logarithmic scale, but it is system-Figure 8: Semi-logarithmic plot of the equilibrium temperature T P of a TD porous f = 0.5 particle of radius a = 0.2 µm (red circles) made of amorphous pyroxene versus its heliocentric distance R (in AU), compared to the dense particle f = 0 of same radius (black continuous curve). Note that the selected value of a = 0.2 µm is close to the value of a 0.15 µm, that is the particle size for which the maximum equilibrium temperature is reached for that material. The dashed blue curve is the approximation [START_REF] Bedijn | Dust shells around Miras and OH/IR stars-Interpretation of IRAS and other infrared measurements[END_REF]. atic. This reinforces the argument that this behavior results from the topology of the particle (we wrote in the Section 5.2 above: "open-cell porous particles radiate thermal energy much more easily than dense particles").

Without trying to be exhaustive, the measured temperature of small bodies often compares satisfactorily with the values reproduced on Fig. 8. For example the temperature of the warmest area of Ceres measured at the 3.6-m ESO telescope, La Silla, Chile (Saint-Pé et al, 1993), is 235 K which is also the value of T P (a ) for R = 2.8 AU in Fig. 8. Also the maximum temperature of asteroid 21 Lutetia at about the same heliocentric distance as Ceres was measured to be 245 K by the Visible, Infrared, and Thermal Imaging Spectrometer (VIRTIS) on the Rosetta probe [START_REF] Coradini | The surface composition and temperature of asteroid 21 Lutetia as observed by Rosetta/VIRTIS[END_REF], though the asteroid class of Lutetia is different from that of Ceres. Such coincidences should be studied more precisely because the asteroid regolith is hardly modeled by isolated porous particles (Ryan et al, 2020).

Approximation of the equilibrium temperature of dust particle

An approximation of T P can be written using the mode of the Planck function. This approximation partly explains certain behaviors discussed in the previous Sections.

For any temperature T , the function B(λ, T ) written in ( 4) is unimodal, and the peak wavelength is given by Wien's displacement law: λ peak ∝ 1/T . For example, the peak wavelength: λ = 0.50 µm is found for the solar temperature, T = T . Then, if we consider the approximation of the Planck function by a Dirac delta distribution, 4 (in which σ is the Stefan-Boltzmann constant), Eqn. (3) writes:

δ(λ -λ peak ) of weight ∞ 0 B(λ, T )dλ = σT
T P (a, R) T λ Q abs (a, λ ) λ IR Q abs (a, λ IR ) 1/5 R 2R 2/5 , (5) 
in which λ IR is the wavelength at which the particle emission is maximum in the far infrared. The power-law exponent 2/5 agrees well with the corresponding exponent 0.35 found for the power-law decrease of equilibrium temperatures with R calculated for submicronic absorbing particles [START_REF] Kolokolova | Physical properties of cometary dust from light scattering and thermal emission[END_REF].

Expression [START_REF] Bedijn | Dust shells around Miras and OH/IR stars-Interpretation of IRAS and other infrared measurements[END_REF] should be compared to the effective temperature, T eff (R), that is the temperature of a black body at the same heliocentric distance R (Baschek et al, 1991):

T eff (R) = T R 2R 1/2 . ( 6 
)
The different exponents 1/2 in (6) and 2/5 in (5) come from the dependence σT 4 ∼ 1/R 2 in the black body case, while Q abs σT 4 ∼ 1/R 2 for the case where the particle cannot be represented as a black body, and the leading behavior of Q abs for small particles in the infrared domain is:

Q abs ∼ 1/λ IR ∼ T .
Exponents between these two limits are often found in observations [START_REF] Dumont | Properties of interplanetary dust from infrared and optical observations. I. Temperature, global volume intensity, albedo and their heliocentric gradients[END_REF]) and in calculations [START_REF] Xing | Light scattering by aggregate particles[END_REF]. Also, an argument from [START_REF] Xing | Light scattering by aggregate particles[END_REF] states that the decrease of the equilibrium temperature T P (a, R) with the distance R must always be slower than the black-body temperature decrease, in agreement with ( 5) and ( 6).

On Fig. 7, the value of the effective temperature T eff = 279 K (at 1 AU), is much smaller than the equilibrium temperatures T P , the particles being porous or not. This is consistent with [START_REF] Hanner | The nature of cometary dust from remote sensing in Cometary Exploration II[END_REF] who showed that absorbing spheres of radius smaller than 1.5 µm are hotter than black body. Such an effect was observed in a number of comets [START_REF] Hanner | Infrared Photometry of the dust in comets[END_REF]. It means that emissivity of silicate is relatively low in the infrared domain [START_REF] Singh | Thermal Infrared Imaging Spectrometer for Mars Orbiter Mission[END_REF].

From the approximation (5) one can draw other valuable consequences about the behavior of the function T P (a, R). If this function exhibits a maximum for a value a of the particle radius (see Fig. 6 in which a 0.15 µm), then that special value of the particle size does not depend on the distance to the Sun. Also, the value of a is almost independent of the porosity because C abs (a, λ) is essentially proportional to the mass of the particle at any wavelength [START_REF] Bohren | Absorption by a sphere: a simple approximation[END_REF], then the ratio of two absorption cross-sections of a same particle depends only on the optical constants and not on the size or morphology of the particle.

For porous TD particle of radius a = 0.2 µm made of amorphous silicate, one finds Q abs (a, λ ) 0.7 and Q abs (a, λ IR ) 0.2 (see Fig. 3), then Eqn. ( 5) gives the approximation: T P (a, R) 313 /R 2/5 , with R the heliocentric distance in AU, and T P in K. This function is plotted in Fig. 8 for R > 1 AU, to realize accuracy of the approximation in this range.

Modeling thermal re-emission of TD porous particles

Once the equilibrium temperature of a dust particle achieved, thermal re-emission emerges as an additional electromagnetic field radiated by the particle in the infrared spectrum. Because of its origin (absorption efficiency, thermal diffusion), thermal reemission from small particles is related to the way these particles absorb solar radia- Si-O-Si bending vibrations. This emission was observed in several comets [START_REF] Ney | Optical and infrared observations of bright comets in the range 0.5 m to 20 m[END_REF].

The 10 µm feature is apparent from most of the comet nuclei, but the shape and strength of that infrared emission varies from one comet to another and even with time in a same comet [START_REF] Hanner | The 813 micron spectra of comets and the composition of silicate grains[END_REF][START_REF] Hanner | Composition and mineralogy of cometary dust[END_REF]). Some comets do not even show any infrared feature at 10 µm [START_REF] Brown | Temperature of Comet IRAS-Araki-Alcock[END_REF], which can be interpreted as the presence of highly porous cometary particles (following the remark done at the end of Section4.1).

More generally, thermal emission is expected to be directly influenced by the definite structure of the dust particles, such as porosity and shape [START_REF] Kelley | The composition of dust in Jupiter-family comets inferred from infrared spectroscopy[END_REF], hence the conclusion that strength and shape of the features depend upon particle size and temperature [START_REF] Hanner | Infrared emission from P/Halleys dust coma during March 1986[END_REF]. For example, Li and Greenberg (1998

)
reproduced the 3-20 µm thermal emission spectrum of comet Hale-Bopp (C/1995 O1) using a cometary dust model consisting of porous aggregates of tiny grains (using EMT Maxwell-Garnett approximation). For highly porous dust, the continuum emission and the 10 µm silicate feature were both well matched.

Neglecting multiple incident fields

In principle, the total field incident on a given particle should take into account all the radiation fields emitted by the other particles in the cloud (in addition to the solar radiation incident from Sun). Simple calculation shows that solar radiation must generally be dominant. Indeed, let us consider a given particle of radius a located at the distance 1 AU from the Sun. Ratio between flux coming from the Sun onto the particle and flux coming from another particle of radius a at the distance r from the initial particle is:

F abs (T , R) F abs (T P (a , r), r) = ∞ 0 B(λ, T ) Q abs (a, λ)dλ ∞ 0 B(λ, T P (a , r)) Q abs (a , λ)dλ . (7) 
For example, identical particles with parameters: a = a = 0.2 µm, porosity of both particles f = 0.5, and particle temperature T P (a , R) = 400 K, lead to the ratio written in Eqn. [START_REF] Bentley | MIDAS: Lessons learned from the first spaceborne atomic force microscope[END_REF] 15, in the extreme case where the two particles are into contact. It means that the contribution of the cloud particles and the contribution from the Sun can be of the same order of magnitude only when the particles are close-packed. Indeed, in a close-packed arrangement of particles, there are always much less than 15 identical particles in the first shell around a given spherical particle [START_REF] Hales | Sphere Packing, IV. Detailed Bounds[END_REF] and the contri-bution of the other shells are rapidly insignificant because of the exponential decay of the internal energy flux due to absorption by the inner shells. Being here interested in loose astronomical clouds of particles, contribution of the Sun is then, by far, the main part of the electromagnetic energy flux incident onto a particle.

General formula for the thermal re-emission flux of energy from a porous particle

The thermal re-emission flux at a given wavelength λ is characterized by the spectral radiance in wavelength, F em (λ) (with unit W/m 2 ). It can be written, for a cloud of particles, as an integral over the normalized distribution n(a) of the particle sizes (Greenberg and Hage, 1990):

F em (λ) = 4π ∞ 0 B(λ, T P (a, R)) C abs (a, λ) n(a)da . (8) 

EMT approximation of F em

Since thermal re-emission occurs essentially in the infrared domain of wavelengths, the absorption cross-section C abs (a, λ) is given approximately by the Rayleigh formula:

C abs (a, λ) 8π 2 a 3 λ Im m 2 Br -1 m 2 Br + 2 , (9) 
in which the factor Im{(m 2 Br -1)/(m 2 Br + 2)} is a simple function of f and m (see Eqn. ( 1)). Using the Maxwell-Garnett formula (that is: (m 2 M G -1)/(m 2 M G + 2) = P with P given by ( 2)) and the Rayleigh approximation (9), the relation [START_REF] Bentley | Aggregate dust particles at comet 67P/ChuryumovGerasimenko[END_REF] gives the approximated emitted radiance as:

λ F em (λ) 32π 3 Im m 2 -1 m 2 + 2 (1 -f ) ∞ 0 B(λ, T P (a, R)) a 3 n(a) da . (10) 
Because of the proportionality of F em with the particle polarizability, Eqn. [START_REF] Bertini | Modeling of the light scattering properties of cometary dust using fractal aggregates[END_REF] supports the fact that the absorption spectrum from cometary dust can be deduced approximately from the mid-infrared thermal emission. In particular, a peak in the thermal emissivity spectrum corresponds (at this degree of approximation) to a peak in the absorption spectrum [START_REF] Chornaya | Revisiting the particle-size constraint of the 10 µm silicate feature[END_REF].

Also, the term in parenthesis (• • • ) in Eqn. [START_REF] Bertini | Modeling of the light scattering properties of cometary dust using fractal aggregates[END_REF] can be approximated further when the distribution a 3 n(a) is a unimodal function of the particle size. In this case, let a x denote the location of the maximum of a 3 n(a) over the domain of definition of the particle size. Since the function T P (a, R) varies slowly with the particle size for a given heliocentric distance (see Fig. 7), one can approximate the Planck function term in [START_REF] Bertini | Modeling of the light scattering properties of cometary dust using fractal aggregates[END_REF] by its value at the leading particle size a x . That way, one finds:

λ F em (λ) 32π 3 Im m 2 -1 m 2 + 2 B(λ, T P (a x , R)) (1 -f ) a 3 . (11) 
A first consequence of [START_REF] Bhatt | Global mapping of lunar refractory elements: multivariate regression vs. machine learning[END_REF] is the proportionality between the spectral radiance emitted by a dust cloud of porous particles and the average particle mass:

F em ∝ (1 -f ) a 3 . (12) 
In the next Section, we will see how the approximation [START_REF] Bhatt | Global mapping of lunar refractory elements: multivariate regression vs. machine learning[END_REF] predicts a silicate band shift depending on the shape of the particle size distribution n(a).

Role of the particle size distribution

The purpose of this Section is to discuss the profile of the thermal infrared re-emission of a polydisperse population of porous particles, with particle size distribution of the Sekanina-Hanner type.

Let us adopt a size distribution in the form of the Beta-distribution [START_REF] Hanner | The nature of cometary dust from remote sensing in Cometary Exploration II[END_REF]:

n(a) = c a 0 1 - a 0 a p a 0 a q , for a 0 ≤ a ≤ a max , (13) 
where a 0 and a max are respectively the smallest and largest possible particle radius. c

is the normalization factor. The exponent q is responsible for the power-law decrease of n(a) (that is: n(a) ∼ 1/a q for the large particle sizes). The exponent p is the parameter related to the mode of the particle size distribution: a peak = a 0 (p + q)/q.

For further discussion, we will need to know the shape of the distribution a 3 n(a).

It is a unimodal positive function of the particle size, and the location of its maximum is a x = Min {a max , a 0 (p + q -3)/(q -3)}. With the above numerical values of a 0 , p and q, one finds: a x = Min {a max , 1.65 µm}.

Initially, the form [START_REF] Bohren | Absorption and scattering of light by small particles[END_REF] was used in [START_REF] Sekanina | Two dust populations of particle fragments in the striated tail of Comet MRKOS 1957 V[END_REF] to the dynamic program analysis of the dust tail of comet C/1957 P1 Mrkos. Later, this form was used in [START_REF] Hanner | Comet Cernis: Icy grains at last?[END_REF][START_REF] Hanner | Infrared observations of Comet 81P/Wild 2 in 1997[END_REF]Hanner et al., 1985[START_REF] Hanner | The dust coma of comet P/Giacobini-Zinner in the infrared[END_REF][START_REF] Hanner | Mid-infrared spectra of comets P/Borrelly, P/Faye, and P/Schaumasse[END_REF] to fit the thermal emission spectral energy distribution of a number of comets. We will refer [START_REF] Bohren | Absorption and scattering of light by small particles[END_REF] as the Sekanina-Hanner size distribution, following [START_REF] Hanner | Infrared observations of Comet 81P/Wild 2 in 1997[END_REF] terminology.

We take here: a 0 = 0.01 µm, a max = 1 µm and q = 3. The resulting scaled functions λF em (λ) (such scaling of the spectral radiance with the wavelength is often used, see for example [START_REF] Hanner | Infrared emission from P/Halleys dust coma during March 1986[END_REF][START_REF] Hanner | The dust coma of comet P/Giacobini-Zinner in the infrared[END_REF][START_REF] Hanner | Infrared observations of Comet 81P/Wild 2 in 1997[END_REF], see also the relation [START_REF] Bertini | Modeling of the light scattering properties of cometary dust using fractal aggregates[END_REF]) are shown on Fig. 9 for porosity f = 0 (continuous black, upper curve) and f = 0.5 (continuous red lower curve).

7.1 Flattening of the 10 µm silicate emission due to porosity Some behaviors on Fig. 9 are easy to understand from the approximated relations given above. For example, porosity tends to smooth out the 10 µm and 18 µm peaks (the black and red continuous curves on the figure) as predicted by the proportionality of F em with 1 -f in the relation [START_REF] Blum | Experiments on sticking, restructuring and fragmentation of preplanetary dust aggregates[END_REF]. Indeed, on the figure, the peak at 10 µm for the dense particles is reduced by a factor around 0.5 to coincide correctly with the peak for 8) was used with the Q abs functions calculated using the DDA method. The respective thin black and red dotted curves are the approximations [START_REF] Bertini | Modeling of the light scattering properties of cometary dust using fractal aggregates[END_REF] of the functions λ F em (λ). The red dashed curve is the spectral radiance obtained using the EMT Bruggeman approximation to obtain the values of Q abs (a, λ) and of T P (a, R). A thin vertical line is drawn to locate the wavelength 10 µm.

the porous particles with porosity f = 0.5.

However, a difference between EMT and DDA is that the strength of the λ F em (λ)

features are higher by ∼ 20 % in the EMT framework than for the profiles found using the DDA method. Then, EMT tends to overestimate the emissivity of the particles, in agreement with the remark done in the Section 4.3 that the values of Q abs are systematically overestimated in the EMT (see [START_REF] Bentley | Aggregate dust particles at comet 67P/ChuryumovGerasimenko[END_REF]). Yet, this behavior does not condemn the EMT to oblivion. As the trend seems systematic, it could be possible to introduce heuristically (e.g.) the particle albedo in [START_REF] Bentley | Aggregate dust particles at comet 67P/ChuryumovGerasimenko[END_REF] to put the EMT data closer to the DDA results.

These results are in qualitative agreement with the work [START_REF] Kolokolova | Two different evolutionary types of comets proved by polarimetric and infrared properties of their dust[END_REF] in which the absorption cross section per unit of mass of fractal aggregates made of silicate and carbonaceous material is found to be smaller than for compact particles, as long as the particle radii are smaller than 1 µm. For this particle radius, the data in [START_REF] Kolokolova | Two different evolutionary types of comets proved by polarimetric and infrared properties of their dust[END_REF] are calculated for porosities f = 0.85 (porous non-fractal that for the particles studied in the present work. For larger particle sizes, porosity is still larger and the behavior reverses. It might be due to the extremely high porosity or to the strong spatial correlations in fractal aggregates. This question is not resolved to date.

Wavelength shift of the 10 µm silicate emission due to the particle size distribution

We now present other data in which the range of values of the particle size were changed in order to realize how the parameters of the size distribution can modify the strength, width and location of the peaks seen in the re-emission spectral radiance.

We present here only the data for dense particles (i.e. f = 0). The corresponding data for the porous particle with f = 0.5 lead to similar conclusions.

We consider three ranges of values of particle size a, namely:

• [0.01 µm, 0.55 µm] (blue dashed curve, limited number of large particles, a 3 = 0.06 µm 3 , a x = 0.55 µm)

• [0.2 µm, 0.8 µm] (black dashed curve, analogous to the previous distribution but shifted to the larger particle sizes, a 3 = 0.12 µm 3 , a x = 0.8 µm)

• [0.32 µm, 1 µm] (green dashed curve, limited number of small particles, a 3 = 0.24 µm 3 , a x = 1 µm)

The corresponding profiles of λ F em (λ) are shown on Fig. 10, and compared to the case where a ∈ [0.01 µm,1 µm] (the black continuous curve, complete distribution of reference, a 3 = 0.18 µm 3 , a x = 1 µm). In all these cases, the exponents p, q of the distribution (13) are identical (q = 3.7 ; p = 114.7).

From Fig. 10 two effects have to be noted. First, the heights of the peaks strongly depend on the range of values of the particle radii. More precisely, the larger the parameter a 3 , the stronger the peak, in qualitative accordance with the approximation [START_REF] Bhatt | Global mapping of lunar refractory elements: multivariate regression vs. machine learning[END_REF].

However, one has also to take into account the Planck function term B(λ, T P (a x , R)).

Indeed, if we take the complete distribution (black curve on Fig. 10) as the reference and a ∈ [0.32 µm,1 µm] (dashed green curve). In the latter case, the radius distribution is always decreasing since a peak is outside the domain of values of a. Formula (8) was used with the Q abs (a, λ) functions from the DDA method. The porous f = 0.5 case is reproduced here from Fig. 9 to compare with a cloud of porous particles (continuous red curve). Two thin vertical lines are drawn at the wavelengths 10 µm and 18 µm. One can notice in particular the shift towards shorter wavelength of the 10 µm peak when the distribution is concentrated to the small particle sizes (the blue dashed curve).

distribution, the green dashed curve for the distribution with range [0.32 µm,1 µm] exhibits correctly a peak higher by a factor 1.3 as predicted by [START_REF] Bhatt | Global mapping of lunar refractory elements: multivariate regression vs. machine learning[END_REF] because the value of a x is the same in both cases (namely: 1 µm). This is no more the case for the two other cases in which the values of B(λ, T P (a x , R)) must be considered to reproduce correctly the peak strengths.

Another interesting consequence of ( 11) is that a peak in the F em (λ) profile should shift to the shorter wavelengths when a x is going to decrease. This is because the Planck function term, B(λ, T P (a x , R)), decreases faster with the wavelength λ for smaller values of a x (i.e. for the larger values of T P , as long as a x > a , see discussion Section 5.2). Though small, such a shift is indeed apparent on Fig. 10 for the sizedistribution with the smallest value of a x , that is for a ∈ [0.01 µm,0.55 µm].

As a possible application of that effect, one can note that any observed shift of the silicate band from a same comet at different heliocentric distances, might be interpreted as a change in the dust particle size distribution. Such a shift could also be relevant to explain discrepancies in the infrared peak locations of sungrazing comets, such as in [START_REF] Kimura | Dust grains in the comae and tails of sungrazing comets: modeling of their mineralogical and morphological properties[END_REF].

A last remark is the quantitative resemblance between the spectral radiance profile for the cloud of dense particles with radii in the range [0.01 µm,0.55 µm] (blue dashed curve on Fig. 10) and for a cloud of porous particles, f = 0.5, with radii in the range [0.01 µm,1 µm] (red continuous curve). Such a coincidence is also a consequence of [START_REF] Bhatt | Global mapping of lunar refractory elements: multivariate regression vs. machine learning[END_REF]. Indeed, for particles made of a given material, at a given heliocentric distance, the relation [START_REF] Bhatt | Global mapping of lunar refractory elements: multivariate regression vs. machine learning[END_REF] tells that the thermal spectral radiance depends only on the two parameters a x and (1 -f )a 3 . Then it is reasonable to expect that similar profiles of λ F em (λ) be found for a collection of dense (f = 0) particles with some values of a x and a 3 and for an ensemble of porous (f > 0) particles with adjusted values of the corresponding parameters.

Actually, the likeness on Fig. 10 comes from the close values of (1 -f )a 3 respectively equal to 0.06 µm 3 in the former case and 0.09 µm 3 in the latter case, coupled with the different values of a x in both cases (0.55 µm and 1 µm, respectively). In this case, the Planck function term, B(λ, T P (a x , R)), in [START_REF] Bhatt | Global mapping of lunar refractory elements: multivariate regression vs. machine learning[END_REF] increases the height of the 10 µm peak for the dense particles and shifts the peak to the smaller wavelengths for the porous particles.

Conclusions

We considered a recent model of non-fractal touching-dipole (TD) aggregates of grains as a paradigm for the group of porous particles expected or spotted in cometary dust.

This group is known to exist alongside the group of fractal aggregates and that of irregularly shaped crystals.

We generated numerically porous non-fractal particles with various porosity within the range 0 to 0.5. For these particles, we calculated the equilibrium temperature at a given distance from the Sun. We also calculated the re-emitted infrared flux when the size-distribution of the porous particles is the Sekanina-Hanner distribution. Calculations were done primarily using the Discrete Dipole Approximation, but also using the Effective Medium Theory for comparison. When both calculations agreed, simple approximations were derived analytically in order to explain the features and possibly give a tool to fit the observational data whenever these particles are the leading part of the dust cloud (e.g. comets are so close to the Sun that evaporation of ice and carbonaceous compounds from the ejected particles is effective).

For TD porous particles with sizes up to 1 µm, made of aggregated grains of amorphous silicate, our main results can be summarized as follows:

• under given physical conditions, the particle temperature is lowered by the porosity. Indeed, the open pores of the particle radiate heat efficiently.

• at given heliocentric distance, the variation of the particle temperatures as a function of their sizes tend to decrease when the particles porosity becomes large, making the temperature of a cloud of polydisperse porous particles more homogeneous.

• there is a characteristic particle size, a , -dependent on the material but independent of the value of the porosity -for which the particle temperature is maximum for a given incident electromagnetic flux.

• the Effective Medium Theory predicts too large particle temperatures for the very large and very porous particles. This comes from a systematic overestimation of the absorption cross sections.

• a simple approximate formula without adjustable parameter (derived from the EMT) reproduces all the features of the re-emitted infrared spectrum. The key roles of two parameters (namely: the average mass of the particles (porous or not) and a mode particle size a x ) are highlighted in the formula.

• a steeper size-distribution tends to increase the strength of the 10 µm silicate peak, and to shift the peak towards smaller wavelengths. This effect, though small, is explained by the approximate formula and could be used in observations to follow a change in the shape or the range of the particle size distribution of the dust particles.

The results above apply to the thermal properties and infrared emission of porous pyroxene particles of radii < 1 µm following the Sekanina-Hanner distribution. This corresponds to a significant proportion of the mass of cometary dust. However, the final quest -that is to get a complete description of the optical and thermal properties of the cometary dust particles -will only be achieved after knowing and understanding the similar behaviors for larger particles and for dust particles rich in carbon and in ice. So, little by little, the results are concatenated and we know more about these dust particles, so it is important to comprehend the conditions of the very early phase of the solar system.

  since such a particle is crushed or broken in pieces by the grasping process (Koschny and Grün, 2001 ; Langevin et al, 2016 ; Hilchenbach et al, 2016 ; Bentley et al, 2016a ; Ellerbroek et al, 2017). Despite the impediment, the hierarchical pattern of dust in comet 67P/Churyumov-Gerasimenko was captured by the MIDAS (Micro-Imaging Dust Analysis System) and COSIMA (Cometary Secondary Ion Mass Analyser) instruments, and a wealth of data is given in (Barucci and Fulchignoni, 2017 ; Levasseur-Regourd et al, 2018). Let us briefly recap the possible shapes of cometary dust particles that have been proposed so far.
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 2 Figure 2: Profile of the complex refractive index, m, of the amorphous astronomical silicate. Real part of m is the upper dashed black curve and the imaginary part is the red continuous curve in the bottom of the plot. Note the large values of Im{m} around the wavelength 10 µm and around the wavelength 20 µm. These two peaks result in strong absorption efficiencies around these wavelengths.

  of a material known to have a Fröhlich mode, the observation of a lowered or missing absorption peak may indicate the presence of highly porous dust particles. Using Eqn. (1) to calculate the effective refractive index of the material of porosity f , one finds the value of the absorption efficiency Q abs (a, λ) = C abs (a, λ)/πa 2 (where C abs (a, λ) is the absorption cross section) considering the standard Mie theory (Bohren and Huffman, 1983) for a spherical particle of refractive index m Br and radius a. The porosity value is 'hidden' in the value of m Br .

  ity. Profiles of Q abs (a, λ) in two cases, namely: a = 0.2 µm and a = 1 µm, both at porosity f = 0.5, are shown on Fig. 4. We can see on Fig. (4) that the two silicate peaks at 10 µm and at 18 µm are present, and are slowly fading out when porosity increases. This behavior is also noticeable in the EMT values of Q abs (the thin blue dashed curves). Though EMT and DDSCAT profiles are close together, the values of Q abs coming from the DDSCAT code are systematically lower than the values from the EMT. Effective medium theory tends then to
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 3 Figure3: Values of the absorption efficiency Q abs (a, λ) versus wavelength for a TD porous particle of porosity f = 0.5 and radius a = 0.2 µm, calculated using DDSCAT code (red dots). The black continuous curve is the cubic Hermite spline function. For the numerical integrations involved in the calculation of the thermal re-emission and of the equilibrium temperature of the particle, the actual spline function is approximated to 0 for wavelengths λ > 50 µm. When non-zero values of Q abs are required in the large-wavelengths domain (e.g. for particle temperature 100K), the Rayleigh behavior Q abs (a, λ) ∼ 1/λ extrapolating the DDSCAT data is to be used (blue dashed curve on the plot).

Figure 4 :

 4 Figure4: The profiles of the absorption efficiency Q abs (a, λ) (calculated using DDSCAT method) versus wavelength for two TD porous particles : a = 0.2 µm (top) and a = 1 µm (bottom). The black continuous curves (the upper curve in both images) correspond to the dense particle (f = 0), while the red continuous curves are for the corresponding porous particle of porosity f = 0.5. The thin dashed blue curves are the values of Q abs calculated through the Bruggeman EMT method for f = 0.5 (let us remind that DDSCAT and EMT give the same Mie values of Q abs for f = 0). On both figures, intermediary values of f (i.e. 0 < f < 0.5) would lead to profiles in between the f = 0 and f = 0.5 cases.

  2 µm and FWHM (Full Width at Half Maximum) in the range of 1.8-3.2 µm. (Draine and Lee, 1984 ; Bedijn, 1987 ; Volk and Kwok, 1988 ; David and Papoular, 1990).

Figure 6 :

 6 Figure6: Equilibrium temperature T P of TD porous particles made of amorphous pyroxene located at 1 AU from Sun, as a function of the particle size, a, in micrometers. The Q abs (a, λ) functions are calculated using DDSCAT code. Data for various particle porosities, f , between 0 (dense particle) and 0.5 are shown (f = 0 : black full circles; f = 0.1 : red full triangles ; f = 0.2 : blue full squares ; f = 0.3 : black empty circles ; f = 0.4 : red empty triangles ; f = 0.5 : blue empty squares). The value of the Rayleigh theory (that is the limit a → 0) is marked by an arrow and as the empty circle at a = 0.

  tion and how they transform thermal energy into infrared radiation (Krishna Swamy and Donn, 1968 ; KrishnaSwamy, 1986). Consequently, the definite profile of the infrared spectrum from a dust cloud has long been assumed to be able to give information about composition and structure of the particles making the cloud (Krishna[START_REF] Swamy | An analysis of the infrared continuum of comets[END_REF][START_REF] Hanner | Physical characteristics of cometary dust from optical studies[END_REF][START_REF] Greenberg | The interstellar dust model of comet dust constrained by 3.4 µm and 10 µm emission[END_REF].Unlike absorption efficiency and equilibrium temperature, the spectral thermal reemission, F em (λ), of a cloud of dust particles is often directly observed. Observations in the mid-infrared and far-infrared are mostly carried out by space-borne instruments placed above Earth's atmosphere. That way infrared surveys of cometary dust were carried out by IRAS mission in 1983[START_REF] Sykes | The Tempel 2 dust trail[END_REF]) and WISE mission in 2010[START_REF] Bauer | WISE/NEOWISE observations of comet 103P/Hartley 2[END_REF]. Other infrared space telescopes designed to observe small bodies include ESA's Herschel Space observatory[START_REF] Kiss | Comet C/2013A1 (Siding Spring) as seen with the Herschel Space Observatory[END_REF]) and NASA's Spitzer Space Telescope[START_REF] Vaubaillon | Spitzer Space Telescope observations and the particle size distribution of comet 73P/Schwassmann-Wassmann 3[END_REF], to name a few. Giotto/Vega space probes observed mass spectroscopic evidences and provided the first proof that the refractory material present in cometary dust is composed of both organic elements and rocky elements (Mg, Si, Fe)(Kissel et al, 1986a,b ;[START_REF] Jessberger | Chemical Properties of Cometary Dust and A Note on Carbon Isotopes in Comets in the Post-Halley Era[END_REF]. And, of course, we must cite here the Rosetta mission (Barucci and Fulchignoni, 2017) since all instruments on board Rosetta have been sensitive to dust of comet 67P/Churyumov-Gerasimenko, and many devices have contributed to determining the particle charateristics, in situ or remotely(Rotundi et al, 2015 ; Mannel et al, 2016 ; Merouane et al, 2016).Broad emission around the wavelength 10 µm -a feature first detected in comet Bennett[START_REF] Maas | The 10 micron emission peak of comet Bennett 1969i[END_REF] -is generally attributed to Si-O stretching vibrations in some form of silicate material. Silicate components present in the dust have been diagnosed from their re-emission signatures in that infrared 10 µm region[START_REF] Wooden | Silicate Mineralogy of the Dust in the Inner Coma of Comet C/199501 (Hale-Bopp) Pre-and Postperihelion[END_REF][START_REF] Hayward | Thermal Infrared Imaging and Spectroscopy of Comet Hale-Bopp (C/1995 O1)[END_REF]. Also, refractory-to-ice mass ratios were measured in coma chunks from comet 67P/Churyumov-Gerasimenko[START_REF] Fulle | The refractory-to-ice mass ratio in comets[END_REF][START_REF] Choukroun | Dus-to-gas and refractory-to-ice mass ratios of comet comet 67P/Churyumov-Gerasimenko from Rosetta observations[END_REF]. The measurements confirm the presence of large amounts of silicate material in the dust particles ejected from the surface of comet nucleus. Laboratory measurements showed that silicates have an additional emission feature around 18 µm produced by

7 (

 7 [START_REF] Newburn | Spectrophotometry of seventeen comets. II -The continuum[END_REF][START_REF] Hanner | Infrared emission from P/Halleys dust coma during March 1986[END_REF][START_REF] Hayward | Thermal Infrared Imaging and Spectroscopy of Comet Hale-Bopp (C/1995 O1)[END_REF][START_REF] Fulle | Evolution of the dust size distribution of comet 67P/Churyumov-Gerasimenko from 2.2 au to perihelion[END_REF] and peak radius: a peak = 0.32 µm (that is: p = 114.7). The absorbed efficiency Q abs (a, λ) is calculated over the wavelength range 4-25 µm. All calculations of the infrared spectral radiance F em of energy re-emitted by a cloud of polydisperse porous particles were performed using the equilibrium temperature calculated at R = 1 AU for each dust particle size.

Figure 9 :

 9 Figure 9: Calculated values of the scaled thermal spectral radiance, λ F em (λ), from a polydisperse cloud of dense (upper black continuous curve) and porous (f = 0.5, lower red continuous curve) particles with Sekanina-Hanner radius distribution (13) over the range a ∈ [0.01 µm,1 µm]. Formula (8) was used with the Q abs functions calculated using the DDA method. The respective thin black and red dotted curves are the approximations[START_REF] Bertini | Modeling of the light scattering properties of cometary dust using fractal aggregates[END_REF] of the functions λ F em (λ). The red dashed curve is the spectral radiance obtained using the EMT Bruggeman approximation to obtain the values of Q abs (a, λ) and of T P (a, R). A thin vertical line is drawn to locate the wavelength 10 µm.

Figure 10 :

 10 Figure 10: Calculated values of the scaled thermal spectral radiance, λ F em (λ), from a cloud of polydisperse dense particles (f = 0) with the Sekanina-Hanner radius distribution (13) over different ranges of particle sizes. The continuous black curve uses the range a ∈ [0.01 µm,1 µm].It is compared with thermal radiance from a population of particles with the same distribution restricted to the range a ∈ [0.2 µm,0.8 µm] (dashed black curve) and two shifted distributions : a ∈ [0.01 µm,0.55 µm] (dashed blue curve) and a ∈ [0.32 µm,1 µm] (dashed green curve). In the latter case, the radius distribution is always decreasing since a peak is outside the domain of values of a. Formula (8) was used with the Q abs (a, λ) functions from the DDA method. The porous f = 0.5 case is reproduced here from Fig.9to compare with a cloud of porous particles (continuous red curve). Two thin vertical lines are drawn at the wavelengths 10 µm and 18 µm. One can notice in particular the shift towards shorter wavelength of the 10 µm peak when the distribution is concentrated to the small particle sizes (the blue dashed curve).
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