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Abstract

Context. An infrared excess over the stellar photospheric emission of main-sequence stars has been found in interferometric surveys, commonly attributed to the presence of hot exozodiacal dust (HEZD). While submicrometer-sized grains in close vicinity to their host star have been inferred to be responsible for the found near-infrared excesses, the presence and amount of larger grains as part of the dust distributions are weakly constrained.

Aims. We quantify how many larger grains (above-micrometer-sized) could be present in addition to submicrometer-sized grains, while being consistent with observational constraints. This is important in order to distinguish between various scenarios for the origin of HEZD and to better estimate its observational appearance when observed with future instruments.

Methods. We extended a model suitable to reproduce current observations of HEZD to investigate a bimodal size distribution. By deriving the characteristics of dust distributions whose observables are consistent with observational limits from interferometric measurements in the K and N bands we constrained the radii of sub- and above-micrometer-sized grains as well as their mass, number, and flux density ratios.

Results. In the most extreme cases of some of the investigated systems, large grains ≳10 µm might dominate the mass budget of HEZD while contributing up to 25 % of the total flux density originating from the dust at a wavelength of 2.13 µm and up to 50 % at a wavelength of 4.1 µm; at a wavelength of 11.1 µm their emission might clearly dominate over the emission of small grains. While it is not possible to detect such hot-dust distributions using ALMA, the ngVLA might allow us to detect HEZD at millimeter wavelengths.

Conclusions. Large dust grains (above-micrometer-sized) might have a more important impact on the observational appearance of HEZD than previously assumed, especially at longer wavelengths.
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1 Introduction
Interferometric observations of main-sequence stars in the photometric bands H to L revealed an excess emission over the stellar photosphere. It was found across spectral types G to A and over diverse stellar ages with an incidence rate of around 10 % (Ertel et al. 2014) to 30 % (Absil et al. 2013). This excess emission has been attributed to the presence of hot circumstellar dust distributions (e.g., Absil et al. 2006; Di Folco et al. 2007; Defrère et al. 2011), called hot exozodiacal dust or hot exozodis (HEZD, for a review, see Kral et al. 2017). In contrast, the corresponding excess measured in the mid-infrared (MIR) N band is weaker and often not even detected (Millan-Gabet et al. 2011; Mennesson et al. 2014)1.
Further analyses show the need for small (submicrometer-sized) dust grains in close (sub-au) vicinity of their host star to explain the measured near-infrared (NIR) excess. While carbonaceous grains are consistent with the observations, a dominant contribution of silicate grains can be excluded because the weak MIR excess would be inconsistent with the otherwise expected strong N band emission feature (e.g., Absil et al. 2006; Akeson et al. 2009; Kirchschlager et al. 2017).
The physical processes behind the phenomenon of HEZD are not yet well-constrained. While the classical dust replenishment by a steady-state collisional cascade in an in situ debris belt is unlikely (Wyatt et al. 2007; Lebreton et al. 2013), submicrometer motes should be repelled by radiation pressure and rapidly blown out of the system, in particular around luminous stars of spectral type A (Burns et al. 1979; Backman & Paresce 1993). Multiple alternative solutions to this problem have been proposed to date, such as dust migration and pile-up by the combination of Poynting-Robertson (P–R) drag and sublimation (Belton 1966; Mukai et al. 1974; Krivov et al. 1998; Kobayashi et al. 2009, 2010, 2011; van Lieshout et al. 2014b; Sezestre et al. 2019, see also Poynting 1904; Robertson 1937; Wyatt & Whipple 1950; Burns et al. 1979 for work on the P–R drag); in situ delivery by exocomets (Bonsor & Wyatt 2012; Bonsor et al. 2012, 2014; Raymond & Bonsor 2014; Marboeuf et al. 2016; Faramaz et al. 2017; Sezestre et al. 2019; Pearce et al. 2022); or trapping of dust grains by gas (Lebreton et al. 2013; Pearce et al. 2020), magnetic fields (Czechowski & Mann 2010; Su et al. 2013; Rieke et al. 2016; Stamm et al. 2019; Kimura et al. 2020), or the differential Doppler effect (Burns et al. 1979; Rusk 1987; Sezestre et al. 2019). However, none of these scenarios provides a comprehensive explanation for the transport of the dust to the inner regions nor how it can survive there or be replenished efficiently (see overview in Pearce et al. 2022).
While it was possible to constrain the grain size and location of small dust grains (i.e., ≲1 µm), the deducible constraints on dust grains much larger than the NIR and MIR observing wavelengths are limited. Paired with studies that tried to explain the MIR excess by a second cooler dust distribution farther out (e.g., Lebreton et al. 2013), this led to the picture that the hot inner HEZD distributions consist solely of small submicrometer-sized grains (or dust populations with an extremely steep grain size distribution). Constraints on the prevalence or lack of larger grains in HEZD distributions would have significant implications on the theoretical models explaining the phenomenon. For example, if hot dust originates farther out in the system and is deposited close to the star, its size distribution upon arrival would depend on the transportation process; the size distribution of grains released close to a star by star-grazing comets (e.g., Sekanina & Miller 1973; Hanner 1984; Harker et al. 2002; Blum et al. 2017) may differ considerably to that of grains originating in an asteroid belt, migrating in under P–R drag and experiencing collisions on the way in (e.g., Rigley & Wyatt 2020). Hence the transportation mechanism would set the ratio of large to small grains arriving at the hot-emission region. Similarly, many hot-dust models posit that some mechanisms trap grains close to the star; mechanisms such as gas trapping or magnetic trapping would preferentially trap grains of certain sizes (generally trapping smaller grains more efficiently), again affecting the ratio of large to small grains near the star. Consequently, if there is an unjustified bias toward denying the presence of larger grains, this bias transfers to unified theories seeking to provide a thorough explanation of the enigmatic phenomenon of HEZD around main-sequence stars. Furthermore, constraints on HEZD distributions are important for exoplanetary studies because the radiation scattered and emitted by the HEZD would potentially interfere with that of close-in exoplanets.
In this study we derived constraints on large (≳1 µm) dust grains in HEZD distributions from existing observations. For this purpose we revisited interferometric observations in both the NIR and MIR wavelength ranges of the targets that were analyzed by Kirchschlager et al. (2017). They utilized a model with dust of a single grain size distributed in a thin ring around a central star to constrain the HEZD characteristics; we expanded their model to contain two dust grain sizes. We present the stellar sample and our modeling approach in Sect. 2 and the derived constraints on HEZD parameters in Sect. 3. In Sect. 4, we discuss our modeling approach and findings. Furthermore, we conduct a study of feasibility to detect large grain distributions at sub-millimeter/millimeter wavelengths. We close with a summary in Sect. 5.
2 Methods
A single population of submicrometer-sized grains was shown to reproduce the inferred NIR K band (hereafter NIR) excesses, while being consistent with the inferred smaller MIR N band (hereafter MIR) excesses (Kirchschlager et al. 2017). The emissivity of such small grains drops steeply with increasing wavelength, as derived from Mie theory (Mie 1908), leading to a steep decrease in the emission spectrum from the NIR to the MIR wavelength regime which is consistent with the observations. In that wavelength range, larger grains (above-micrometer-sized) show a less drastic decrease in emissivity and are mostly cooler at the same stellocentric distance, and thus they produce an emission spectrum shallower than that inferred from observations. Therefore, the possible amount of these larger grains is limited. However, beyond this qualitative argumentation, it is unknown what amount of larger grains can be added to the already inferred submicrometer-sized grain population without violating the observational constraints. To derive these upper limits on the amount of larger grains in HEZD distributions, we searched for combinations of populations of smaller and larger grains whose radiation reproduces the inferred flux density both in the NIR and MIR wavelength range.
2.1 Stellar sample and observations
We investigated nine hot-dust targets with interferometric measurements both in the NIR and MIR wavelength range that are compiled in Group I in Kirchschlager et al. (2017, see there for more information about the sample selection criteria). The stellar parameters and references are listed in Table 1. In the NIR all targets were part of a survey performed by Absil et al. (2013) using the Fiber Linked Unit for Optical Recombination (FLUOR, Coudé du Foresto et al. 1997, 1998; Mérand et al. 2006) at the Center for High Angular Resolution Astronomy (CHARA) Array (Coudé du Foresto et al. 2003; ten Brummelaar et al. 2005) except HD 216956 (Fomalhaut), which was investigated by Absil et al. (2009) using archival data obtained with the Very Large Telescope Interferometer (VLTI, Schöller et al. 2003; Schöller & Glindemann 2003; Richichi & Percheron 2005) using the VLT Interferometer Commissioning Instrument (VINCI, Kervella et al. 2000, 2003). For all NIR measurements, also for that of VLTI/VINCI, we assumed an effective observing wavelength of the K band to be λ = 2.13 µm, as given by Absil et al. (2013). In the MIR, all targets were part of a survey by Mennesson et al. (2014, central bin wavelength of λ = 8.5 µm) using the Keck Interferometer mid-infrared Nulling instrument (KIN, Serabyn et al. 2012; Colavita et al. 2013).
Due to the new HIPPARCOS reduction (van Leeuwen 2007) and the Gaia Early Data Release 3 (Gaia Collaboration 2021) the parallaxes of several targets changed compared to those used in the literature, which slightly affects the determined stellar properties. As these changes are usually small compared to uncertainties originating from observational and modeling effects, we used the stellar parameters that appear in the literature.
2.2 Inferred values of flux density
Absil et al. (2009, 2013) and Mennesson et al. (2014) inferred the radiation originating from the circumstellar environment relative to the contribution of the central star alone. We transformed these relative measures to values of the flux density originating from the circumstellar dust distributions by multiplying by the stellar flux density [image: equation] obtained from the Planck function that corresponds to the effective temperature T★ of the respective host star. For the NIR measurements, the flux density of the circumstellar emission is computed as
[image: equation](1)
with the disk-to-star flux ratio fNIR taken from Table 2 of Absil et al. (2009) and Table 4 of Absil et al. (2013 denoted there as fCSE). For the MIR measurements, we computed the flux density of the circumstellar emission following Kirchschlager et al. (2017) as
[image: equation](2)
with EMIR being the measured excess leak in the 8 to 9 µm bin from Table 2 of Mennesson et al. (2014, denoted there as E8–9) and the factor of 2.5 compensating for the radiation not transferred through the KIN transmission pattern. To compute the corresponding uncertainties of the derived flux densities, denoted by ΔFNIR and ΔFMIR, we took the mostly probabilistic uncertainties of the measured excesses ΔfNIR (denoted as σf in Absil et al. 2013) and ΔEMIR (denoted as σ8–9 in Mennesson et al. 2014) into account; we neglected uncertainties of the stellar flux density [image: equation] in Eqs. (1) and (2). The derived flux densities and corresponding quantities for all considered sources are listed in Table 2.
Table 1 
Stellar parameters of investigated targets (Group I from Kirchschlager et al. 2017).

Table 2 
Measurements and inferred flux densities in the NIR and MIR wavelength range of investigated targets.

2.3 Model of hot exozodiacal dust
2.3.1 Motivation: underlying observational constraints
The available observational data on the investigated targets are strongly limited. They typically consist of a significant detection in the NIR and an additional photometric upper limit in the MIR plus the constraint that the radiation has to originate from the region inside the respective working angles of the instruments. Consequently, those data are not overly constraining regarding characteristics of HEZD. To date there is no consistent theory explaining the dynamics of hot dust nor how the dust is delivered and trapped in the close vicinity of the central star. Therefore, due to the limited constraints on possible models, the use of a simple model is indicated.
A thin ring with a flat surface density seen face-on that consists of dust with a single grain size represents such a simple model. It has been proven to explain the rich data set of observations of HEZD for the target HD 7788 (κ Tuc), including L band interferometric measurements obtained with the Multi AperTure mid-Infrared SpectroScopic Experiment (MATISSE, Lopez et al. 2014, 2022) at the VLTI (Kirchschlager et al. 2020). Compared to a broad ring, this model allows dust temperatures to be more easily interpreted, especially in the context of sublimation. Furthermore, it allows the results from this study and previous results to be directly compared (Kirchschlager et al. 2017, 2018, 2020). As motivated above, the observational data hardly justify a more detailed model, nor would the observations allow us to well constrain more parameters.
To be able to constrain the amount of above-micrometer-sized grains that are in agreement with the two photometric data points, we expanded the single grain size description used in Kirchschlager et al. (2017) to include a second larger grain size. Due to the interplay of different dust transport and trapping mechanisms that most efficiently deliver or trap grains of certain sizes, a bimodal grain size distribution could be produced that differs from the continuous power law shapes classically used in debris disk models. Consequently, the use of a bimodal size distribution leads to conclusions on the possible interplay of different dust delivery and trapping mechanisms. While there is no known trapping mechanism that traps grains of different sizes at the same radial location that would correspond to this model, there is also no mechanism fully explaining the observations of HEZD, and hence the dust dynamics. In summary, the application of a simple model is indicated by both the limited observational constraints and the uncertainty with regard to the underlying physical mechanisms that are responsible for the HEZD phenomenon.
2.3.2 Model setup and simulated observations
Given the considerations presented in Sect. 2.3.1, we chose the following description of HEZD. As in Kirchschlager et al. (2017, the dust is distributed in a wedge-shaped ring with a half-opening angle of 5 º, radially restricted by an inner and outer radius Rout = 1.5 Rin; the number density of the dust grains is assumed to decrease with increasing distance to the star R as n (R) ∝ R−1, resulting in a flat surface density. The overall dust distribution is assumed to be optically thin and seen in face-on orientation; it consists of two single dust populations at the same location, but with different grain radii, denoted by aS (S : smaller) and aL (L: larger).
To compute the surface brightness maps of the dust rings, we used an extended version of the numerical tool Debris disks around Main-sequence Stars (DMS, Kim et al. 2018), considering both thermal dust emission and scattered stellar radiation. To obtain dust absorption and scattering cross sections, and the scattering phase function, we used the numerical tool miex (Wolf & Voshchinnikov 2004) based on Mie theory. The single-mode fiber interferometers FLUOR and VINCI showed a sensitivity over the field of view of a Gaussian shape with full width at half maximum (FWHM) of 0.8 as and 1.6 as, respectively. We took this into account when simulating the brightness of dust configurations in the NIR by multiplying the maps of surface brightness with two-dimensional circular Gaussian distributions centered on the host star with peak intensity of unity and with the respective FWHM. This decreases the contribution of the outer disk regions to the total flux density along with increasing stellocentric distance. From these brightness distributions we computed values of total flux density by summing the flux densities of the entire map.
2.4 Constraining parameters of hot exozodiacal dust
In their approach to constraining parameters of HEZD, Kirchschlager et al. (2017) considered the mostly insignificant MIR measurements as upper limits. Single-sized grains with radii in the submicrometer range then allowed them to reproduce the observed NIR excess. In our study we aimed to put constraints on the amount and characteristics of larger (≳1 µm) grains as constituents of HEZD that are nonetheless consistent with the present upper limits represented by the MIR measurements. For this purpose, we assumed the MIR measurements to be the true values.
To constrain the possible number of dust grains with certain radii, the two dust populations with grain radii aS and aL, respectively, are assumed to produce the entire NIR and MIR radiation of the HEZD. With the observed NIR-to-MIR flux density ratio
[image: equation](3)
and the ratios of the simulated flux densities [image: equation] originating from the grain populations of the smaller and larger grains in the NIR and MIR wavelength range, respectively,
[image: equation](4)
a dust configuration with a certain parameter combination of disk radius and grain radii can reproduce the flux densities as inferred from the observations if the condition
[image: equation](5)
is fulfilled. In this case, the respective dust masses of the simulated populations can be scaled such that the flux densities inferred from observations are matched simultaneously at the NIR and MIR wavelengths. This is achieved by solving the system of two linear equations
[image: equation](6)
for the scaling factors x{S, L}. With the obtained scaling factors we yielded the dust masses of the two grain populations MS and ML (see Fig. 1).
We investigated the impact of the interferometric measurement uncertainties on the derived constraints on HEZD parameters. As the valid parameter combinations are determined by the observed NIR-to-MIR flux density ratio (Eq. (5)), we considered the cases of the largest and smallest value thereof possible within the observational uncertainties. This is achieved for the two cases ([image: equation], [image: equation]) and vice versa ([image: equation], [image: equation]), respectively, for which we repeat the computation of dust masses with Eq. (6).
Additionally to the discussed observations in the NIR and MIR wavelength range, all investigated stellar systems have been observed at longer wavelengths λ ≥ 24 µm. We collected those measurements from the literature and used them as upper limits for valid dust configurations at the respective wavelengths (see Table A.1). For observations with the Atacama Large Millimeter/submillimeter Array (ALMA, Kurz et al. 2002) at wavelengths of 870 µm and 1300 µm (we assumed a wavelength of 1300 µm for all observations with ALMA band 6) and for the observation of HD 216956 with the Herschel Space Observatory (Pilbratt et al. 2010) by Acke et al. (2012) we used the inferred flux density of the central unresolved point source including stellar photospheric emission. For all other observations we used the entire flux density measured in the field of view, and thus the measurements possibly include contributions of cold-dust emission originating from larger stellocentric distances. Therefore, all of these measurements pose conservative upper limits, and we neglected the corresponding measurement uncertainties in this investigation.
	[image: thumbnail]	Fig. 1 Flux density Fv originating from hot dust for the system HD 172167 (Vega). The black crosses denote the values inferred from the observations (see Table 2). The orange line shows the radiation of a carbonaceous dust ring reproducing the observed flux densities with an inner disk radius of Rin = 0.18 au, a population of grains with radius aS = 0.2 µm and a dust mass of MS ≈ 6.2 × 10−10 M⊕, and a population of larger grains with radius aL = 10 µm and a dust mass of ML ≈ 8.9 × 10−10 M⊕; the dashed lines in blue and red denote the respective contributions of the two grain populations. For comparison, the solid green line depicts the radiation of a dust ring at the same location comprised of grains made of astronomical silicate with a grain radius of a = 0.2 µm; the dust mass is scaled such that the flux density matches the value inferred from observations at λ = 2.13 µm. This dust ring does not reproduce the observations due to the high predicted flux density in the MIR wavelength range.



2.5 Parameter space
In the following we present the investigated parameter space of hot-dust configurations.
Disk radii. We varied the disk inner and outer radii within the interval corresponding to the angular on-sky region the instruments FLUOR, VINCI, and KIN were sensitive to. In contrast to classical imaging instruments, additionally to an outer working angle (OWA) set by the field of view, interferometric instruments also possess an inner working angle (IWA) within which radiation is strongly attenuated. Thus, constraints on dust distributions with an angular size smaller than the IWA or larger than the OWA of any of the instruments cannot be derived using our modeling approach. The KIN possessed an IWA of 6 mas (Mennesson et al. 2014), which is larger than the IWAs of CHARA/FLUOR and VLTI/VINCI derived by Kirchschlager et al. (2017). At the same time, the KIN OWA was 200 mas, which is smaller than those of CHARA/FLUOR and VLTI/VINCI. Therefore, for each of the investigated systems, we can only constrain dust configurations with Rin ≥ 6 mas and Rout ≤ 200 mas. The corresponding length scales depend on the stellar distance d and are individual for each target (see Table 1).
Dust radii. We investigated dust grains with radii a between 1 nm and 1 mm, logarithmically sampled with 103 values2. From this sample we built mutually exclusive pairs of grain radii for the combinations of aS and aL, for a total of 5253 pairs.
Dust material. We investigated two different dust materials using values of the wavelength-dependent complex refractive index derived by Draine (2003), astronomical silicate with a bulk density of ρ = 3.8 g cm−3 and graphite with a bulk density of ρ = 2.2 g cm−3. For the latter we used the catalog of complex refractive indices that were computed for an assumed grain radius of a = 0.1 µm and the 1/3–2/3 assumption to combine parallel- and perpendicular-oriented grains (Draine & Malhotra 1993).
Such small dust grains in such close vicinity to their host star can reach equilibrium temperatures high enough to sublimate. To decide whether a dust grain of a specific material and size at a specific distance from the host star is sublimated, we compute the equilibrium temperature at constant distance while taking the wavelength-dependent absorption cross section into account, and compare it to the sublimation temperatures Tsub = 1200 K for astronomical silicate and Tsub = 2000 K for graphite (Kobayashi et al. 2009). We considered every dust distribution with any grains exceeding the sublimation temperature to be invalid to reproduce the observations.
3 Results
From the procedure described in Sect. 2 we obtained a set of valid dust distributions, whose simulated observable quantities are consistent with the observations.
3.1 Systems where not all analyses were possible due to MIR observations
Due to the measured excess leaks in the MIR (EMIR in Table 2), which can be negative due to instrumental noise (Mennesson et al. 2014), all combinations of inferred flux density and corresponding uncertainty are non-positive for the system HD 56537 as EMIR = −ΔEMIR. Thus, this system could not be constrained as our modeling approach requires a positive flux density. For the same reason, not all combinations of inferred flux density and corresponding uncertainties could be investigated for any system as EMIR ≤ ΔEMIR; for the systems HD 177724 and HD 203280 we were only able to investigate dust parameters for the cases of inferred flux densities of [image: equation] and [image: equation]; for the system HD 10700 only for the case of [image: equation].
3.2 Dust composition
For grains composed of pure astronomical silicate, there is no viable combination of grain radii and disk radii in the entire investigated parameter space (the lack of a significant contribution of silicate grains was already pointed out by, e.g., Absil et al. 2006; Akeson et al. 2009; Lebreton et al. 2013; Kirchschlager et al. 2017). This is an expression of the fact that the characteristic N band silicate emission feature always results in a too high emission at λ ≈ 10 µm (see Fig. 1); none of the investigated sizes of the silicate grains at none of the investigated disk radii fulfills the condition given in Eq. (5). Therefore, the following discussions will refer solely to carbonaceous grains.
3.3 No constraints from observations at wavelengths λ ≥ 24 µm
Of those carbonaceous dust configurations able to reproduce the flux densities inferred from observations in the NIR and MIR wavelength range, none showed flux densities at longer wavelengths (i.e., λ = 24… 1300 µm), which exceed any of the photometric measurements listed in Table A.1. Thus, the results are constrained solely by the interferometric measurements at λ = 2.13 µm and λ = 8.5 µm.
3.4 Constraints on hot exozodiacal dust parameters
For each stellar system we derived constraints on all parameters of hot dust set by the smallest and largest value out of all valid parameter sets. The results are displayed in Fig. 2; the numerical values are listed in Table B.1.
However, there are systems and combinations of observational uncertainties for which there are no carbonaceous dust distributions in the investigated parameter space that are able to reproduce the observations, either because the condition given in Eq. (5) cannot be fulfilled or all the dust grains exceed their sublimation temperature: HD 187642 in the case of inferred flux densities of ([image: equation], [image: equation]) and ([image: equation], [image: equation]), HD 203280 in the case of ([image: equation], [image: equation]), and HD 172167 and HD 216956 in the case of ([image: equation], [image: equation]).
The derived constraints on the inner disk radius and grain radius of the small grain population are generally similar to those derived by Kirchschlager et al. (2017). This was expected because our modeling approaches are similar (see Sect. 4.2 for a discussion about the deviations and a comparison of the modeling approaches). In the following, we present and discuss the results for all parameters individually.
3.4.1 Inner disk radius Rin
For the systems HD 10700, HD 22484, and HD 177724, the smallest possible inner disk radius Rin (first panel of Fig. 2) coincides with the smallest considered value, which is the IWA of the KIN, and therefore remains unconstrained. However, relaxing the need of MIR data and using solely data obtained with CHARA/FLUOR that provided higher angular resolution, the innermost dust location can be further constrained (Kirchschlager et al. 2017). For the systems with lower limits on the inner disk radius Rin we found the same trend of values increasing with increasing stellar luminosity. On the upper end all inner disk radii are constrained to values smaller than ~ 1 au.
3.4.2 Dust mass M
The constraints on the total dust mass in the systems (second panel of Fig. 2) encompass grains up to a grain radius of a = 1 mm. For all investigated systems, except HD 10700, the possible dust masses are constrained to values of ~10−10… 10−6 M⊕ without any obvious trend with stellar luminosity. For HD 10700, the dust masses are constrained to values of ~2.5 × 10−11… 3.0 × 10−9 M⊕ when taking observational uncertainties into account. In each case the dust distributions with the highest masses are those with the largest possible grain radius of the population of large grains, that is a = 1 mm. The relative contribution of the larger grains to the total mass is barely constrained; values of ML/M ~ 0.01… 99.99 % are allowed.
3.4.3 Larger grain radius aL
The condition given in Eq. (5) sets lower limits on the grain radius of the population of larger grains aL (third panel of Fig. 2).
It is constrained to values larger than ≈0.004…0.17µm. On the upper end, aL is unconstrained because above a certain distance from the central star arbitrarily large particles show a NIR-to-MIR flux density ratio (Eq. (4)) smaller than that derived from observations (Eq. (3)). For every system these constraints allow grains with radii smaller and larger than the blowout grain radius. An illustration can be seen of the parameter space of valid combinations of the grain radius aL and the inner disk radius Rin for all possible values of aS for the example system HD 172167 in the right panel of Fig. 3 (see Fig. B.1 for all other investigated targets).
	[image: thumbnail]	Fig. 2 Constraints on HEZD parameters of inner disk radius Rin, total dust mass M, and grain radius of the populations of larger and smaller grains, aL and aS. Three approaches were used to deal with observational uncertainties: no uncertainties ([image: equation], [image: equation]) in blue; plus NIR, minus MIR uncertainty ([image: equation], [image: equation]) in gold; and minus NIR, plus MIR uncertainty ([image: equation], [image: equation]) in red. No markers are displayed when the respective quantity could not be constrained because the MIR excess leak was non-positive due to instrumental noise (see Sect. 3.1), no viable dust distribution was found in the investigated parameter space that is able to reproduce the observations (see Sect. 3.4), or the boundary of the chosen simulated parameter space (see Sect. 2.5) was reached (for Rin, aL, or aS). In addition, the first panel shows the location of the habitable zones (as defined in Sect. 2.5 of Kirchschlager et al. 2017) and the inner and outer working angles of the KIN at the respective system distances that represent the borders of the parameter space of disk radii used in the simulations. The second panel shows the total dust mass M with possible grain radii shown in the third and fourth panel. When no further restrictions were possible, the boundaries of the parameter space apply (i.e., is grain radii from 1 nm to 1 mm).



	[image: thumbnail]	Fig. 3 Parameter combinations of inner disk radius Rin and the radii of the smaller and larger grains aS, aL for the system HD 172167 (see the Fig. B.1 for all other investigated targets). The blue sections enclose all parameter combinations able to reproduce the flux densities inferred from observations in the NIR and MIR wavelength ranges. The red sections indicate parameter combinations that cannot reproduce the observations. The upper boundary of possible values of Rin is given by the distance, where the radiation originating from the grain population of smaller grains no longer shows a NIR-to-MIR flux density ratio (Eq. (4)) higher than the observed value (Eq. (3)). The lower boundary is given by the physical scale corresponding to the IWA of the KIN, which is depicted by the solid black line. The dashed black line depicts the sublimation radii for different grain sizes. The intersecting set of parameter values for which, on the one hand, the dust configurations can reproduce the observations and, on the other hand, the dust grains of the respective grain sizes do not sublimate is indicated by the dashed area. Right: parameter space of Rin and aL for all possible values of aS. Left: parameter space of Rin and aS with the value of aL fixed to aL ∈ {10 µm, 100 µm, 1000 µm}; valid parameter combinations of Rin and aS are the same for these three values.



3.4.4 Smaller grain radius aS
For the grain radius of the population of smaller grains aS (fourth panel of Fig. 2) Eq. (5) sets upper limits; values are constrained to be smaller than ≈0.2… 0.9 µm. For every system the upper value is smaller than the respective blowout grain radius, which shows the need for submicrometer-sized, sub-blowout grains to reproduce the NIR excess. We found lower limits being constrained to values of ≈0.08… 0.15 µm around the systems, HD 10700, HD 187642, HD 216956, and HD 172167.
3.5 Impact of observational uncertainties on derived constraints
The consideration of observational uncertainties does not alter the qualitative nature of the resulting parameter constraints while the exact values thereof change. The lower constraint of the stellocentric distance is mostly invariant to changes in the inferred MIR flux density as it is, if interferometrically resolved, set by the sublimation radii in our model. As the largest possible stellocentric distance is set by the distance where no grain of the population of smaller grains can produce a NIR-to-MIR flux density ratio higher than the one observed, this constraint increases with increasing true MIR excess and shrinks for smaller true MIR excess. The possible dust masses increase with decreasing NIR-to-MIR flux density ratio. At a fixed stellocentric distance, a smaller MIR excess, and hence a higher NIR-to-MIR flux density ratio, would typically require hotter, and thus smaller grains, while a larger MIR excess would require colder, thus larger grains, effectively shifting the constraints on the grain radii aS and aL in the respective directions. However, exceptions from this general trend with grain temperature can arise as the emission spectrum of a dust grain depends on the complex interplay of the wavelength-dependent intensity of the stellar light and wavelength, grain size, and material dependent absorption (emission) efficiency of the respective dust grain. Such exceptions occur for the systems HD 102647, HD 216956, and HD 172167 for which the case of ([image: equation], [image: equation]) permits smaller values of aL than the case of ([image: equation], [image: equation]) (see third panel of Fig. 2).
3.6 Dust distributions with larger grains of the radii aL = 10 µm, 100 µm, 1000 µm
To explore the nature of valid dust distributions with large grain radii aL > 1 µm, we selected subsets of all valid parameter combinations with the population of larger grains having a grain radius of aL ∈ {10 µm, 100 µm, 1000 µm}. These grain radii are larger than the blowout radii for each system. The constraints on the inner disk radius Rin are the same as for the full parameter set, grains of all three sizes at locations as shown in Fig. 2 are consistent with the observational constraints. The same is true for the grain radius of the population of smaller grains aS except for the system HD 177724 without observational uncertainties, there is now a lower limit of aS = 0.004 µm. For the example system HD 172167 the combinations of Rin and aS of all dust distributions with aL ∈ {10 µm, 100 µm, 1000 µm} that are able to reproduce the observations are shown for illustration in the left panel of Fig. 3 (see Fig. B.1 for all other investigated targets).
From the mass and grain radius of each grain population we inferred the number of grains making up each population, NS and NL, and computed the number ratio of larger to smaller grains NL /NS. The constraints on this quantity together with that on the total dust mass M and the relative contribution of the population of larger grains to the total dust mass ML/M are displayed in Fig. 4 (for all possible values of Rin and aS). Constraints are shown without taking observational uncertainties into account, except for the systems HD 10700, HD 187642, and HD 203280 for which no other constraints could be derived (see Sects. 3.1 and 3.4). Consistent across the investigated stellar systems, along with increasing grain radius aL the values of NL/NS decrease: from a logarithmic mid value of the parameter intervals of NL/NS ≈ 3 × 10−9… 8 × 10−7 for aL = 10 µm, over NL/NS ≈ 3 × 10−11… 8 × 10−9 for aL = 100 µm to NL/NS ≈ 3 × 10−13… 9 × 10−11 for aL = 1000 µm.
Along with an increasing larger grain radius aL, the total dust mass increases as larger and more massive grains contribute disproportionately to the total mass budget. The dust distributions with the largest overall grain radius aL = 1000 µm are the most massive ones in the overall set of valid dust distributions (cf. Fig. 2). Furthermore, the relative contribution of the population of larger grains to the overall mass budget ML/M increases: from ML/M ≈ 0.3% … 96.2% for aL = 10 µm, over ML/M ≈ 3.3% … 99.6% for aL = 100 µm to ML/M ~ 26.7% … 99.96% for aL = 1000 µm. For each of the three investigated grain radii, there are valid dust distributions for which the relative contribution to the total disk mass of the population of larger grains exceeds that of the population of smaller grains (red dashed line in bottom panel of Fig. 4). The other HEZD parameters of those dust distributions show the whole range of possible values. This finding illustrates that the dust configurations for which the mass is dominated by grains with radii ≥10 µm are not located in isolated parts of the parameterspace.
To investigate the possible impact of the presence of larger grains in HEZD systems on observable quantities, we computed the ratio of flux density [image: equation] originating from the larger grains of sizes aL ∈ {10 µm, 100 µm, 1000 µm} to that originating from the population of smaller grains with any possible grain radius aS (see Fig. 5). For a quantitative analysis we chose four example observing wavelengths. At first we selected λ = 2.13 µm as the adopted wavelength for the CHARA/FLUOR sample that is also accessible with GRAVITY (GRAVITY Collaboration 2017) at the VLTI. Toward longer wavelengths, the impact of the larger grains increases due to their lower temperatures and increasing emission efficiency. For this wavelength range we chose λ = 4.1 µm, which is the central wavelength of the L&M band arm of VLTI/MATISSE and λ = 11.1 µm, which is the central wavelength of the N′ filter of the Large Binocular Telescope Interferometer (LBTI, Hinz et al. 2016; Ertel et al. 2020b), that was used to perform the survey Hunt for Observable Signatures of Terrestrial Systems (HOSTS, Ertel et al. 2018a,b, 2020a). Finally, we selected λ = 870 µm as the most promising ALMA band to observe larger grains in HEZD (see Sect. 4.4 for a feasibility investigation regarding ALMA).
At the chosen wavelengths of 2.13 µm, 4.1 µm, and 11.1 µm, the ratio of flux densities are constrained to similar values for all three grain radii. This can be explained by the fact that the large grains are equally inefficient emitters at the respective wavelengths ≲a. Consequently, at the wavelength 870 µm we see a split. There the grains with radius aL = 100 µm are the most efficient emitters of the three investigated sizes, followed by the grains with radius aL = 1000 µm. Across all stellar systems and all three grain radii, the ratio of flux densities is constrained to values on the order of [image: equation] to at most ≈0.35 at a wavelength of λ = 2.13 µm, to values of [image: equation] at a wavelength of λ = 4.1 µm, and to values of [image: equation] at λ = 11.1 µm. At λ = 870 µm, we found [image: equation] for aL = 10 µm, [image: equation] for aL = 100 µm, and intermediate values of [image: equation] for aL = 1000 µm. Across all four wavelengths, we generally found the ratios of flux density to be more tightly constrained around closer systems, but without a clear monotonic trend with stellar distance. Even at a wavelength of 4.1 µm, there are dust configurations consistent with the observations, for which the population of larger grains with a grain radius of aL ≥ 10 µm contributes as much to the total dust emission as the population of smaller grains or even dominates it.
	[image: thumbnail]	Fig. 4 Constraints for dust distributions with grain radius of the population of larger grains of aL = 10 µm (gold), aL = 100 µm (orange), and aL = 1000 µm (dark red) on the HEZD parameters number ratio of larger to smaller grains NL/NS, total dust mass M, and relative contribution of the population of larger grains to the total dust mass ML/M. The horizontal dashed red line denotes the case when the mass of the population of larger grains would make up half of the total dust mass (i.e., ML/M = 0.5); for higher values of ML/M the large grains dominate the mass budget. Constraints are computed without taking observational uncertainties into account, except for the systems HD 10700, HD 187642, and HD 203280 for which no other constraints could be derived (see Sects. 3.1 and 3.4).



	[image: thumbnail]	Fig. 5 Constraints on the ratio of flux density originating from the population of larger grains with the grain radius aL = 10 µm (gold), aL = 100 µm (orange), and aL = 1000 µm (dark red) to that originating from the population of smaller grains with any possible grain radius aS for the four observing wavelengths 2.13 µm, 4.1 µm, 11.1 µm, and 870 µm. The horizontal dashed red lines denote equal contribution of the two grain populations to the total flux density (i.e., [image: equation]). Constraints are computed without taking observational uncertainties into account, except for the systems HD 10700, HD 187642, and HD 203280 for which no other constraints could be derived (see Sects. 3.1 and 3.4).



4 Discussion
4.1 Employed model of hot exozodiacal dust
Above-micrometer-sized grains as constituents of HEZD have already been inferred by Lebreton et al. (2013) to model inter-ferometric observations of the system HD 216956. They used a different dust description and assumed a two-ring model. This approach is based on the work of Mennesson et al. (2013); using only one dust ring in the modeling they were not able to reasonably fit their whole data set of MIR observations obtained with the KIN. However, they modeled the grain size distribution with a single continuous power law. To reproduce the high NIR excess, the minimum grain size was found to lie in the sub-micrometer range and the slope of the power law was found to be extremely steep; however, this model was unable to reproduce the rising slope of the MIR excess. They solved this issue by invoking a second ring with a second grain size distribution; this ring was found to have a larger radius and to contain a dust distribution with above-micrometer-sized grains, although again with an extremely steep slope of the grain size distribution. Using this model together with a new treatment of grain sublimation Lebreton et al. (2013) then confirmed these general results (see Sect. 4.2 for a comparison of their findings to ours). However, the need for two independent (i.e., in the two rings) power-law grain size distributions, each with an extremely steep slope, may also be interpreted as an indication of a bimodal grain size distribution as applied in this work. As the distance from the central star is degenerate with the grain size in its effect on the grain temperature and hence emission spectrum of the dust, the two-ring description in the modeling approach of Mennesson et al. (2013) and Lebreton et al. (2013) has a similar impact on the resulting spectral distribution of flux density as a bimodal or at least broken grain size distribution.
The use of different dust descriptions in our investigation would not cause qualitative changes of the derived parameter constraints, in particular of the main result: large amounts of above-micrometer-sized grains are consistent with current observations of HEZD and can dominate the dust mass budget. However, quantitative changes would arise, and in the following we discuss the individual model assumptions of this study in detail.
4.1.1 Thin dust ring seen face-on
We assumed the HEZD to be distributed in a thin ring with Rin = 1.5Rout. A broader ring would allow for grains at larger stellocentric distances, and hence lower equilibrium temperatures. On the one hand, the presence of lower dust temperatures would result in a lower NIR-to-MIR flux density ratio of the emission of both grain populations, decreasing the possible relative number of large grains. On the other hand, it would result in a generally lower emission power of the dust grains, leading to higher dust masses to compensate for the lower emissivity. The relative impact of these effects on the overall emission spectrum depends on the radial dependency of the density distribution.
We considered the dust to be seen in face-on orientation. For an optically thin system of spherical particles, different spatial dust configurations and orientations with respect to the line of sight change the amount of stellar light scattered toward the observer, while the amount of observed thermal emission remains unchanged (neglecting minor effects of dust coverage by the host star). However, if the total dust radiation (thermal emission and scattered stellar light) is inferred from interfero-metric observations, most of the forward-scattered light typical of Mie scattering is strongly attenuated due to the IWAs of the instruments. Consequently, for a dust configuration comprising solely grains of a specific grain size, a dust ring seen edge-on and a spherical dust shell do not result in clearly different constraints on the dust characteristics compared to a ring seen face-on (Kirchschlager et al. 2017). Furthermore, for the A-type star HD 56537 the relative contribution of scattered stellar light to the total brightness peaks in the NIR wavelength regime for grains with radii in the range 0.2.… 1 µm (Kirchschlager et al. 2017, see their Fig. 4). Thus, for our dust configurations additionally comprising grains up to a radius of 1 mm, the impact of scattered stellar light and hence the impact of the spatial dust configuration and orientation is negligible in the NIR wavelength regime. Lebreton et al. (2013) also note that in their modeling of the inner debris disk of HD 216956 the contribution of scattered stellar light is always negligible in the NIR-MIR wavelength range. At an observing wavelength of 870 µm, large grains of the size ~100 µm can be efficient in scattering stellar light, while the dust thermal emission is weaker because of lower equilibrium temperatures of the dust grains. However, at such long wavelengths the stellar emission is also weaker, and the contribution of scattered stellar emission to the total dust radiation remains negligible.
4.1.2 Bimodal grain size distribution
We modeled the grain size distribution with two distinct grain sizes. The use of grains with single radii a can cause interference in the spectral distribution of radiation due to the shape of the wavelength-dependent cross sections derived from Mie theory; the effect can be mitigated by the use of a narrow grain size distribution centered around a so the interference cancel each other out (e.g., Kirchschlager et al. 2019). The effect of this interference on our model results is small and we refrained from using narrow grain size distributions around the distinct grain sizes for easier comparison with the results of Kirchschlager et al. (2017).
When replacing our two grain sizes in the model by a continuous distribution ranging from the smaller to the larger grain size, the constraints on the stellocentric distance of the HEZD as derived would be weakly affected; the inner boundary is determined by the modeled dust sublimation and the outer boundary is determined by the distance beyond which no grain of any size produces radiation with a NIR-to-MIR flux density ratio higher than the one observed. The constraints on the smaller grain radius would transform to constraints on the minimum grain radius of the continuous distribution and remain qualitatively unaltered as they are set predominantly by the large observed NIR-to-MIR flux density ratio. This is supported by the findings of Kirchschlager et al. (2017), who used only one grain radius in the modeling of various HEZD systems, and by Lebreton et al. (2013), who modeled the HEZD around HD 216956 using a continuous grain size distribution; both showed constraints on the size of smallest grains similar to ours (see Sect. 4.2). The amount of the largest grains would be reduced as the grain size regime between the minimum and maximum grain size would then be populated by dust motes contributing to the total radiation that is constrained by the observations. This effect would be strongest in the case of the most separated smaller and larger grain sizes. Nonetheless, while a continuous, single power-law size distribution is a conventional choice to model cold debris disks, in the case of HEZD it is doubtful as possibly different dust transport and trapping mechanisms might shape the size distribution (see Sects. 1 and 2.3.1).
4.1.3 Dust composition
We used graphite as a proxy for a carbonaceous material; other possible choices include amorphous carbon (e.g., Rouleau & Martin 1991; Jäger et al. 1998). While those different materials do not produce a strongly different spectral distribution of flux density (see Fig. 6 in Kirchschlager et al. 2017 or the similar fit results in Kirchschlager et al. 2020 for different carbonaceous materials) their bulk densities differ from our choice, which would result in a linear re-scaling of our presented absolute mass estimates.
With grains composed of graphite we can reproduce the NIR and MIR measurements, while with grains composed of astronomical silicate we cannot as such grains generate MIR emission that is far too high, due to their ~ 10 µm spectral feature. This was also found by Kirchschlager et al. (2017) and indicated by previous observational analyses (e.g., Absil et al. 2006; Akeson et al. 2009; Lebreton et al. 2013). Across all grain radii and investigated targets the graphite grains of our valid dust distributions show temperatures ranging from ~450 K up to the assumed sublimation temperature of 2000 K. Based on Kobayashi et al. (2009), who indicate a sublimation temperature of silicates of 1200 K, this temperature range allows silicates to survive. Therefore, a dust configuration with carbonaceous grains that incorporate at least some amount of silicates is possible (also indicated by Lebreton et al. 2013). Furthermore, with decreasing stellocentric distance to the central star the silicate components could sublimate, leaving potentially porous carbonaceous grains (see below).
We assumed compact and hence non-porous dust grains. Analyses of the aftermath of the collision created during the Deep Impact mission (A’Hearn et al. 2005a,b; Meech et al. 2005) showed that the upper layer of comets (which are discussed as suppliers of HEZD grains) can be highly porous (Kobayashi et al. 2013), which increases the blowout grain size (Arnold et al. 2019). Furthermore, from investigations of porous silicate grains it was concluded that porous dust grains show a lower equilibrium temperature at a fixed stellocentric distance (Kirchschlager & Wolf 2013; Brunngräber et al. 2017). With the caveat of a non-silicate material, in our modeling approach lower grain temperatures would result in lower NIR-to-MIR flux density ratios and reduce the sublimation radii, allowing grains to survive closer to the central star. While the exact equilibrium temperature and emissivity of porous grains depends on the individual combination of stellar spectrum, grain size and porosity, compared to our results we expect an increase in the grain number density with a roughly conserved absolute dust mass for low porosity values. Highly porous grains are generally disfavored due to the large blowout sizes, and hence the difficulty to define reasonable supply and trapping mechanisms to explain the permanent nature of the phenomenon of HEZD. Lebreton et al. (2013) suggested that the submicrometer-sized population around HD 216956 is composed of solid residuals from the disruption of larger particles. Following this idea, a dust distribution with two phases is also possible, for example a population of highly porous large grains supplied by comet layers that get disrupted and create a second population of solid submicrometer-sized grains. In the case of a complete disintegration of a porous aggregate into its constituents (Blum & Münch 1993) this would cause a discontinuous grain size distribution similar to that used in our model. Nonetheless, as the available scarce observational data result in a highly degenerate set of possible dust parameters, more observational constraints are needed to conclude on the porosity of HEZD.
4.1.4 Stellar model
We modeled the central stars as spherical blackbody emitters with a specific effective temperature, luminosity, and radius. This assumption neglects the rapid rotator nature of some A-type stars (see Royer et al. 2007 for a compilation of rotational velocities of A-type stars). The rapid spinning can produce a rather oblate shape of the star and a varying surface brightness across the stellar surface, which has been shown for the following stars from our sample: HD 172167 (e.g., Gulliver et al. 1994; Peterson et al. 2006b; Aufdenberg et al. 2006a,b; Monnier et al. 2012), HD 177724 (Zhao et al. 2009), HD 187642 (e.g., van Belle et al. 2001; Peterson et al. 2006a), and HD 203280 (van Belle et al. 2006). This deviation from a spherical blackbody emitter can change our results depending on the dust morphology and its orientation with respect to the stellar rotation axis as a different surface brightness of the stellar surface changes the equilibrium temperatures of the dust grains, and hence their sublimation radii and emitted radiation, and the characteristics of the scattered stellar emission as well. As the true dust morphology is not constrained for any of the known HEZD systems, this issue persists until stronger observational constraints are available. However, we do not expect a major influence on the results by this as the general characteristics of our findings are consistent across the investigated targets, which include A-type stars with different orientations of their rotational axis as well as a G- and an F-type star.
4.1.5 Dust sublimation
The derived constraints on the minima of stellocentric distance and dust grain radii depend on the assumed fixed sublimation temperature of 2000 K for graphite (Kobayashi et al. 2009). The assumption of a fixed temperature for the phase change, which is in fact a continuous process, is justified as the process becomes rapid once a certain temperature is reached (Lamy 1974), and we neglected grain dynamics in our modeling (for a more thorough treatment of dust grain sublimation, see, e.g., Lamy 1974; Kobayashi et al. 2008, 2009; Lebreton et al. 2013; van Lieshout et al. 2014a,b; Pearce et al. 2022). Lebreton et al. (2013) found that the additional consideration of the processes collisions, PR-drag, and blowout by radiation pressure (but no trapping mechanism) alters the sublimation distances around HD 216956 only for grains with radii smaller than 10 µm. Thus, our results for large grains ≥ 10 µm would be not affected. Furthermore, the constraints on the grain radii are mainly determined by the observed ratio of NIR-to-MIR flux density.
However, the lower constraint on the inner disk radius Rin is determined by the particular choice of the sublimation temperature as it defines the stellocentric distance inside which no grains of a certain size can survive. Consequently, a higher value of the assumed sublimation temperature would lead to smaller possible inner disk radii and vice versa.
4.2 Derived constraints on parameters of hot exozodiacal dust
We constrained the stellocentric distance of the hot dust to ≲ 1 au and the grain radius of one dust grain population to ≲1 µm, similarly to what was found by Kirchschlager et al. (2017). Deviations arise due to a different treatment of observational uncertainties and due to the way to include the MIR observations in the modeling; while our aim was to reproduce the inferred MIR flux densities as measured and explore the uncertainties separately, Kirchschlager et al. (2017) used the significance limits (except for HD 102647 for which the excess leak was measured significantly) and considered these MIR measurements solely as upper limits. Furthermore, we modeled only dust distributions with an angular scale larger than the IWA of the KIN which is larger than the IWAs of CHARA and VINCI, and thus did not consider dust at smaller stellocentric distances as Kirchschlager et al. (2017) did. For the systems with lower limits on the inner disk radius Rin we found the same rough trend of increasing values along with stellar luminosity as Kirchschlager et al. (2017); using the stellar ages given in their Table 1, we also found no clear trend for the dust mass. We found dust masses of ~10−11… 10−6 M⊕, similar to the results of Kirchschlager et al. (2017, their Fig. 7).
Lebreton et al. (2013) found the inner dust distribution around HD 216956 to be located inside 0.1… 0.3 au, which closely matches our constraints on the inner disk radius of Rin = 0.1… 0.22 au. They determined the dust mass up to grain radii of 1 mm to be 2.5 × 10−10 M⊕ (2.6 × 10−10 M⊕ with a different modeling approach). This is consistent with the low mass end of our results 2.2 × 10−10… 6.1 × 10−8 M⊕, which is defined by dust distributions where large grains do not dominate the mass budget. The grain size distribution of the inner ring appears extremely steep with a minimum grain radius of 0.01 … 0.5 m, similar to our constraints on the grain radius of the population of smaller grains aS = 0.08… 0.3 µm. In addition to the population of submicrometer-sized carbonaceous grains, their modeling approach also required above-micrometer-sized grains ([image: equation] or 3.5 µm, depending on the exact modeling approach); the composition was assumed to be half silicate and half carbonaceous. This second grain population resides by design in a second ring that was constrained to be located at a stellocentric distance of ~2 au with a mass of ~10−6 M⊕ up to grain radii of 1 mm. Both distance and dust mass are greater than the upper limits we found on the inner disk radius, 0.22 au, and dust mass, 6.1 × 10−8 M⊕ (0.58 au and 3.8 × 10−7 Me in the case of [image: equation]). However, in our modeling approach the population of large grains shares the same location with the small grains.
In principle, the presence of arbitrarily large grains a ≫ 1 µm in HEZD systems is consistent with the present observational constraints because arbitrarily large particles at a sufficient distance from the central star produce a NIR-to-MIR flux density ratio lower than that derived from observations. The relative mass contribution of the large grain population (aL ≤ 1 mm) is in the range ~0.01… 99.99 %. Thus, above-micrometer-sized grains might indeed dominate the HEZD mass budget. Furthermore, these larger grains might contribute up to ~25% to the total radiation originating from the HEZD at a wavelength of 2.13 µm (e.g., CHARA/FLUOR, VLTI/GRAVITY) and up to ~50% at a wavelength of 4.1 µm (e.g., VLTI/MATISSE); at a wavelength of 11.1 µm (e.g., LBTI) they might even clearly dominate the total radiation with a contribution ten times larger than that of smaller submicrometer-sized grains (see Sect. 3.6). However, a possible large relative contribution of these large grains to the total dust mass and radiation budgets has only been identified within a rather limited fraction of the investigated parameter space in the case of about half of the investigated systems. Nevertheless, in future attempts to explain the HEZD phenomenon it must be considered that large grains (i.e., above-micrometer-sized), might have a significant impact on the mass budget and observational appearance of HEZD distributions.
4.3 Significance of the MIR observations and use in the modeling approach
The stellar set compiled in Group I of Kirchschlager et al. (2017) that we investigated further in this study represents the complete ensemble of systems with detected NIR excess and additional interferometric MIR measurements with a sufficiently small IWA (excluding the variable HEZD system HD 7788 A). We investigated what amount of above-micrometer-sized grains is still consistent with the mostly insignificant flux densities inferred from the MIR observations. For this purpose, we assumed the measured excess leaks in the MIR at the wavelengths bin of 8 to 9 µm (Mennesson et al. 2014) to be true values.
Out of the set of systems, only HD 102647 shows a significant MIR excess with a measured excess significance (ratio of the measured excess to its uncertainty) higher than three, with the caveat that this excess could mainly originate from the outer regions of the KIN field of view (see below). However, Mennesson et al. (2014) note that from statistical considerations not all measurements with an excess significance between 1 and 2 can be produced by instrumental noise, hinting at true dust emission. This is supported by the fact that the excess measurements presented by Mennesson et al. (2014) are averaged values from multiple observations. The intensity of the radiation originating from the circumstellar environment that is transferred through the nulling transmission pattern depends on the source morphology and its orientation with respect to the transmission pattern during observation, which also changes with time as the source traverses the sky. Therefore, for an asymmetric dust configuration, for example a disk seen edge-on, there is a statistical error of the excess values resulting from averaging the measurements of observations performed at different hour angles. Nonetheless, as the HEZD is not safely detected by the KIN, the results of this study as presented provide upper limits of the presence and impact of above-micrometer-sized grains in HEZD distributions.
From the measured excess leaks we inferred values of flux density originating from circumstellar dust. The applied factor of 2.5 to rectify for the circumstellar radiation not transmitted through the KIN transmission pattern is an approximation suitable for an average system, while the true factor again depends on the source morphology and its orientation with respect to the transmission pattern (see above). Therefore, the true MIR radiation from any of the observed systems can deviate in both directions from the inferred values. This would alter the observed NIR-to-MIR flux density ratio, causing the same effects on the derived HEZD parameter constraints as when taking observational uncertainties into account (see Sect. 3.5).
For the special case of HD 102647, with recent LBTI measurements (Ertel et al. 2020a) a similar excess to that found with the KIN was inferred. As the LBTI possesses an IWA of ~70mas (Ertel et al. 2018a), and thus larger than that of the KIN (6 mas), this indicates that most of the excess inferred with the KIN originated from the outer parts of its field of view ≳70mas, and hence less radiation originates from the on-sky region in the range 6… 70 mas. Thus, the total flux density inferred from KIN measurements (listed in Table 2) cannot be attributed to hot dust at locations corresponding to the angular scale of 6… 70 mas around HD 102647 (Pearce et al. 2022). This would result in a higher NIR-to-MIR flux density ratio derived from the observations. However, to maintain uniformity of the analyzed data set, we decided not to use these recent LBTI measurements.
Altogether, our results emphasize the need for a larger number of high sensitivity MIR measurements of systems, with already significantly detected HEZD distributions in the NIR wavelength regime, to either verify the MIR detections or to derive robust upper limits. As the LBTI has an IWA of ~70 mas, too large to investigate the innermost circumstellar regions, to date, VLTI/MATISSE is the only instrument worldwide providing the required instrument capabilities (Lopez et al. 2014, 2022; Kirchschlager et al. 2018, 2020). Possible future capabilities to observe HEZD may be offered by the Nulling Observations of Exoplanets and Dust (NOTT, formerly Hi-5, Defrère et al. 2018a,b, 2022; Laugier et al. 2023) which is proposed to work as part of the Asgard suite (Martinod et al. 2022, 2023) at the VLTI.
4.4 Feasibility to observe large grains at submillimeter and millimeter wavelengths
To date, HEZD has only been convincingly detected with interferometers operating in the H, K, and L bands. However, in this study we showed that a non-negligible contribution to the total mass of HEZD distributions by above-micrometer-sized grains is consistent with the existing observations. While the confirmation of the presence of such large grains appears infeasible in the NIR and MIR wavelength range, observations with comparable angular resolution in the far-infrared (FIR) and submillimeter/millimeter wavelength regimes are more appropriate to measure the emission of such large grains. Currently, there are no observatories providing such a high angular resolution in the FIR; however, in the submillimeter/millimeter wavelength regime there is ALMA.
To explore the general feasibility of observing HEZD that partly consists of larger grains using ALMA, we assumed an unresolved observation and compared the maximum flux densities produced by dust thermal emission and scattered stellar light (in the face-on case) of all valid dust distributions to the sensitivity of ALMA for a source at zenith in all bands (see Fig. 6). We estimated the instrument sensitivity as three times the root mean square (RMS) for exposure times of texp = 1 h and 8 h; these values were obtained from the ALMA sensitivity calculator3.
The system with the highest possible flux density in any ALMA band is HD 102647, followed by HD 22484 and HD 172167. Before bands 6 and 8, the most promising one is band 7 at an observing wavelength of 870 µm. For HD 102647 and taking no observational uncertainties into account, the maximum flux density of all valid dust distributions is ≈3 times smaller than the sensitivity for an exposure time of texp = 8 h; when taking observational uncertainties into account it is ≈2 times smaller. As this is the most favorable case in our investigation, detecting HEZD with ALMA seems to be infeasible. Across all other systems, the dust mass and hence the flux density would have to be one to two orders of magnitude higher to enable detections with ALMA.
A future instrument with sufficient resolving power is the ngVLA (Selina et al. 2018). Performance estimates from December 20214 are given with a continuum RMS of 0.40 µJy beam−1 at an observing frequency of 93 GHz (corresponding to a wavelength of λ ≈ 3.22 mm) for an exposure time of texp = 1 h. Assuming all HEZD emission is collected in one beam, the possible presence of some of the brightest dust distributions containing larger grains could be tested with the ngVLA (see Fig. 6, bottom panel).
4.5 Implications on HEZD theories
Better constraints on the dust populations responsible for the excess emission over the stellar photosphere are essential if we are to understand this phenomenon. Until now such populations were generally considered to comprise only small grains, and one of the major technical difficulties encountered by theoretical models is explaining how such sub-blowout grains can exist in large quantities close to stars. If a significant fraction of the dust mass could actually be hidden in larger (non-blowout) grains, as our work suggests, then this would allow for a broader range of dynamical possibilities that could make it easier to find a viable mechanism. Similarly, some existing models (e.g., cometary supply) predict that grains would be present at all sizes, while other models (e.g., gas trapping) suggest that the size distribution is dominated by dust at a single size. Our work has shown that it is possible (though by no means guaranteed) that large grains are present, which unfortunately means that we cannot exclude different models from our current large-grain constraints at the moment. However, we showed that future observations, for example with the ngVLA, could directly measure the large-grain component (see Sect. 4.4), which would allow us to exclude various dynamical models.
	[image: thumbnail]	Fig. 6 Maximum flux density of all valid dust distributions at observing wavelengths corresponding to ALMA bands 10 to 3 and the ngVLA at an observing frequency of 93 GHz (λ ≈ 3220 µm). Three approaches were used to deal with the observational uncertainties: no uncertainties ([image: equation], [image: equation]) in blue; plus NIR, minus MIR uncertainty ([image: equation], [image: equation]) in gold; and minus NIR, plus MIR uncertainty ([image: equation], [image: equation]) in red. Dashed horizontal lines indicate instrument sensitivity as three times the RMS for exposure times of texp = 1 h (green) and 8 h (red).



4.6 Implications on exoplanetary science
We were able to constrain dust configurations with the largest extent matching the OWA of the KIN. As shown in Fig. 2, for the system HD 22484 this completely covers the habitable zone (as defined in Sect. 2.5 of Kirchschlager et al. 2017), while a partial coverage results for HD 10700 and HD 177724. The habitable zones of the other systems did not fall in the sensitivity window of the KIN. However, the radii were constrained to be smaller than the OWA. Thus, in the case that any additional dust reservoirs are present outside the OWA and inside the habitable zone, these are not connected to the HEZD populations in view of the sensitivities of the KIN. However, Ahlers et al. (2022) showed that the habitable zones around rapid rotators (see Sect. 4.1.4) can reside closer to the host star than for an equivalent non-rotating star, which we assumed in our modeling. Furthermore, as we used a simple approximation of a blackbody in thermal equilibrium for a potential celestial body to compute the location of the habitable zones, a more thorough treatment of this topic including effects such as light scattering in a potential atmosphere or off the surface, the greenhouse effect, or inner heating sources might result in deviating locations of the habitable zones.
In the case of exoplanet transit observations any additional source of emission, such as hot circumstellar dust, causes an offset of the monitored light curve, both before and during the transit, which translates into the planetary radius being determined too small. In the H and K bands, the dust-to-star flux ratio of HEZD distributions can be as high as several percent (Absil et al. 2013; Ertel et al. 2014) and in the L band as high as 5… 7 % (Kirchschlager et al. 2020), comparable to achievable precision in the determination of stellar radii (e.g., Baines et al. 2009; Torres et al. 2010; White et al. 2013; Ligi et al. 2016).
In addition to HEZD as contributor to the net flux of extrasolar planetary systems, we also have to take into account that the radiation disseminating from an exoplanet is partially polarized. This is the result of different light scattering processes, such as stellar light scattering off the planetary atmosphere (e.g., Kattawar & Adams 1971; Seager et al. 2000; Stam et al. 2004; Stam 2008; Buenzli & Schmid 2009; Fluri & Berdyugina 2010; Zugger et al. 2010, 2011a,b; Karalidi et al. 2011, 2012, 2013; Karalidi & Stam 2012; Lietzow & Wolf 2022), an ocean surface (e.g., Stam 2008; Williams & Gaidos 2008; Zugger et al. 2010), or circumplanetary rings (e.g., Lietzow et al. 2021; Lietzow & Wolf 2023), and by the scattering of planetary thermal emission in the planetary atmosphere (e.g., de Kok et al. 2011; Stolker et al. 2017), with periodically changing magnitudes of the total scattered flux and polarization degree thereof as the planet orbits its host star and rotates around its own axis. This effect has been used to search for exoplanets and the first exoplanet detected in this way, HD 189733b, was reported by Berdyugina et al. (2008. However, the large amplitude of the periodic polarization signal, also reported by Berdyugina et al. (2011), was not confirmed by Wiktorowicz et al. (2015) and Bott et al. (2016), and according to Bailey et al. (2021) could also be caused by the magnetic activity of the host star. In addition to magnetic activity of the host star, a co-existing HEZD distribution could also produce a polarization signal by scattering the stellar light. The signal can be variable in time in the case of an asymmetric HEZD distribution, which could be produced for example by dust clumps formed by interaction with the close-by exoplanet or a stochastic dust delivery process such as the disintegration of star grazing comets. As the true dust morphology of any of the known HEZD systems is unknown so far, HEZD must be considered as an additional radiation source in the efforts to detect and characterize exoplanets via polarimetric observations.
5 Summary
Using a bimodal grain size distribution we investigated how many large (above-micrometer-sized) dust grains in addition to the already inferred submicrometer-sized dust grains could be present in HEZD systems, while still being consistent with inter-ferometric observations in the K and N bands. In confirmation of previous findings, we found that while dust grains consisting of pure silicates are ruled out due to their high N band emission, carbonaceous grains are consistent with the observational constraints. We constrained the dust location to be ≲1 au, consistent with previous findings and, given our bimodal grain size model, also constrained the number ratios of larger to smaller grains. In the most extreme systems and dust configurations, large grains ≳10 µm might dominate the mass budget of the considered HEZD systems while contributing up to 25% to the total flux density originating from the dust at a wavelength of 2.13 µm, up to 50% at a wavelength of 4.1 µm, and clearly dominating at a wavelength of 11.1 µm. While it is not possible to detect the radiation stemming from such hot-dust distributions with ALMA, the ngVLA could potentially allow us to detect HEZD at millimeter wavelengths.
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Appendix A  Photometrie measurements at wavelengths λ ≥ 24 µm
The photometric measurements from the literature at wavelengths λ≥24 µm are presented in Table A.1.
Table A.1 
Photometric values at specified observing wavelengths from the literature.


Appendix B  Constraints on hot exozodiacal dust parameters
The values of all constraints shown in Fig. 2 are listed in Table B.1. Figure B.1 shows the same as Fig. 3, but for all other investigated systems.
Table B.1 
Full set of constraints on hot exozodiacal dust parameters, as shown in Fig. 2.

	[image: thumbnail]	Fig. B.1 Same as Fig. 3, but for all other investigated targets.
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1 The only significant excess detection in the N band has been observed in the system of HD 102647 (β Leo). However, this is in doubt due to recent observations (see Sect. 4.3).


2 With 103 values the grain radii a = 10 µm, 100 µm, and 1000 µm investigated in Sect. 3.6 are present in the grid exactly.


3 https://almascience.eso.org/proposing/sensitivity-calculator


4 https://ngvla.nrao.edu/page/performance
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All Figures
	[image: thumbnail]	Fig. 1 Flux density Fv originating from hot dust for the system HD 172167 (Vega). The black crosses denote the values inferred from the observations (see Table 2). The orange line shows the radiation of a carbonaceous dust ring reproducing the observed flux densities with an inner disk radius of Rin = 0.18 au, a population of grains with radius aS = 0.2 µm and a dust mass of MS ≈ 6.2 × 10−10 M⊕, and a population of larger grains with radius aL = 10 µm and a dust mass of ML ≈ 8.9 × 10−10 M⊕; the dashed lines in blue and red denote the respective contributions of the two grain populations. For comparison, the solid green line depicts the radiation of a dust ring at the same location comprised of grains made of astronomical silicate with a grain radius of a = 0.2 µm; the dust mass is scaled such that the flux density matches the value inferred from observations at λ = 2.13 µm. This dust ring does not reproduce the observations due to the high predicted flux density in the MIR wavelength range.
In the text



	[image: thumbnail]	Fig. 2 Constraints on HEZD parameters of inner disk radius Rin, total dust mass M, and grain radius of the populations of larger and smaller grains, aL and aS. Three approaches were used to deal with observational uncertainties: no uncertainties ([image: equation], [image: equation]) in blue; plus NIR, minus MIR uncertainty ([image: equation], [image: equation]) in gold; and minus NIR, plus MIR uncertainty ([image: equation], [image: equation]) in red. No markers are displayed when the respective quantity could not be constrained because the MIR excess leak was non-positive due to instrumental noise (see Sect. 3.1), no viable dust distribution was found in the investigated parameter space that is able to reproduce the observations (see Sect. 3.4), or the boundary of the chosen simulated parameter space (see Sect. 2.5) was reached (for Rin, aL, or aS). In addition, the first panel shows the location of the habitable zones (as defined in Sect. 2.5 of Kirchschlager et al. 2017) and the inner and outer working angles of the KIN at the respective system distances that represent the borders of the parameter space of disk radii used in the simulations. The second panel shows the total dust mass M with possible grain radii shown in the third and fourth panel. When no further restrictions were possible, the boundaries of the parameter space apply (i.e., is grain radii from 1 nm to 1 mm).
In the text



	[image: thumbnail]	Fig. 3 Parameter combinations of inner disk radius Rin and the radii of the smaller and larger grains aS, aL for the system HD 172167 (see the Fig. B.1 for all other investigated targets). The blue sections enclose all parameter combinations able to reproduce the flux densities inferred from observations in the NIR and MIR wavelength ranges. The red sections indicate parameter combinations that cannot reproduce the observations. The upper boundary of possible values of Rin is given by the distance, where the radiation originating from the grain population of smaller grains no longer shows a NIR-to-MIR flux density ratio (Eq. (4)) higher than the observed value (Eq. (3)). The lower boundary is given by the physical scale corresponding to the IWA of the KIN, which is depicted by the solid black line. The dashed black line depicts the sublimation radii for different grain sizes. The intersecting set of parameter values for which, on the one hand, the dust configurations can reproduce the observations and, on the other hand, the dust grains of the respective grain sizes do not sublimate is indicated by the dashed area. Right: parameter space of Rin and aL for all possible values of aS. Left: parameter space of Rin and aS with the value of aL fixed to aL ∈ {10 µm, 100 µm, 1000 µm}; valid parameter combinations of Rin and aS are the same for these three values.
In the text



	[image: thumbnail]	Fig. 4 Constraints for dust distributions with grain radius of the population of larger grains of aL = 10 µm (gold), aL = 100 µm (orange), and aL = 1000 µm (dark red) on the HEZD parameters number ratio of larger to smaller grains NL/NS, total dust mass M, and relative contribution of the population of larger grains to the total dust mass ML/M. The horizontal dashed red line denotes the case when the mass of the population of larger grains would make up half of the total dust mass (i.e., ML/M = 0.5); for higher values of ML/M the large grains dominate the mass budget. Constraints are computed without taking observational uncertainties into account, except for the systems HD 10700, HD 187642, and HD 203280 for which no other constraints could be derived (see Sects. 3.1 and 3.4).
In the text



	[image: thumbnail]	Fig. 5 Constraints on the ratio of flux density originating from the population of larger grains with the grain radius aL = 10 µm (gold), aL = 100 µm (orange), and aL = 1000 µm (dark red) to that originating from the population of smaller grains with any possible grain radius aS for the four observing wavelengths 2.13 µm, 4.1 µm, 11.1 µm, and 870 µm. The horizontal dashed red lines denote equal contribution of the two grain populations to the total flux density (i.e., [image: equation]). Constraints are computed without taking observational uncertainties into account, except for the systems HD 10700, HD 187642, and HD 203280 for which no other constraints could be derived (see Sects. 3.1 and 3.4).
In the text



	[image: thumbnail]	Fig. 6 Maximum flux density of all valid dust distributions at observing wavelengths corresponding to ALMA bands 10 to 3 and the ngVLA at an observing frequency of 93 GHz (λ ≈ 3220 µm). Three approaches were used to deal with the observational uncertainties: no uncertainties ([image: equation], [image: equation]) in blue; plus NIR, minus MIR uncertainty ([image: equation], [image: equation]) in gold; and minus NIR, plus MIR uncertainty ([image: equation], [image: equation]) in red. Dashed horizontal lines indicate instrument sensitivity as three times the RMS for exposure times of texp = 1 h (green) and 8 h (red).
In the text



	[image: thumbnail]	Fig. B.1 Same as Fig. 3, but for all other investigated targets.
In the text





    
      Table 1 

      Stellar parameters of investigated targets (Group I from Kirchschlager et al. 2017).

      
        


	HD number
	HIP number
	Alternative name
	d /pc
	T★ /K
	L★ /L⊙
	R★ /R⊙
	Spectral type





	10700
	8102
	τ Cet
	3.7(a)
	5290(b)
	0.47(b)
	0.82(c)
	G8 V (d)



	22484
	16852
	10 Tau
	13.9(a)
	5998(b)
	3.06(b)
	1.62(e)
	F9IV-V (f)



	56537
	35350
	λ Gem
	30.7(a)
	7932(b)
	27.39(b)
	2.78 (e)
	A4IV (d)



	102647
	57632
	β Leo
	11.0(g)
	8604(b)
	13.25(b)
	1.66(h)
	A3 V (h)



	172167
	91262
	α Lyr
	7.7(g)
	9620(i)
	37 (j)
	2.19
	A0V (k)



	177724
	93747
	ζ Aql
	25.5(g)
	9078(b)
	36.56(b)
	2.45(e)
	A0 IV-V(k)



	187642
	97649
	α Aql
	5.1(g)
	7680(l)
	10.09
	1.79(l)
	A7V (k)



	203280
	105199
	α Cep
	15.0(g)
	7510(m)
	18.1 (m)
	2.51
	A8 V (k)



	216956
	113368
	α PsA
	7.7(g)
	8590(n)
	16.63(n)
	1.84(n)
	A4 V (o)





      

      
Notes. Stellar parameters are distance d, effective temperature T★, luminosity L★, and radius R★. The stellar radius of HD 172167 and HD 203280, and luminosity of HD 187642 were computed from [image: equation] (σsb is the Stefan–Boltzmann constant). We used interferometric measurements of the stellar radii where possible and used determinations based on stellar luminosity in the other cases (see Sect. 4.1.4 for a discussion of the stellar model).


References. (a)Gaia Collaboration (2021); (b)Boyajian et al. (2013); (c)Di Folco et al. (2004); (d)Keenan & McNeil (1989); (e)Boyajian et al. (2012); (ƒ)Gray & Garrison (1989); (g)van Leeuwen (2007); (h)van Belle & von Braun (2009); (i)Habing et al. (2001);(j)Aufdenberg et al. (2006a,b); (k)Gray et al. (2003); (l)van Belle et al. (2001); (m)Zhao et al. (2009); (n)Mamajek (2012); (o)Gray et al. (2006).




    

  
    
      Table 2 

      Measurements and inferred flux densities in the NIR and MIR wavelength range of investigated targets.

      
        


	HD number
	fNIR /%
	ΔfNIR /%
	EMIR /%
	ΔEMIR /%
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]





	10700
	0.98
	0.18
	−0.11
	0.21
	1.24
	0.23
	−0.04
	0.07



	22484
	1.21
	0.11
	0.76
	0.41
	0.52
	0.05
	0.08
	0.04



	56537
	0.74
	0.17
	−0.30
	0.30
	0.30
	0.07
	−0.03
	0.03



	102647
	0.94
	0.26
	0.56
	0.14
	1.18
	0.33
	0.15
	0.04



	172167
	1.26
	0.27
	0.21
	0.09
	6.61
	1.42
	0.23
	0.10



	177724
	1.69
	0.31(a)
	0.36
	0.44
	0.93
	0.17
	0.04
	0.05



	187642
	3.07
	0.24
	0.21
	0.14
	17.48
	1.37
	0.27
	0.18



	203280
	0.87
	0.18
	0.03
	0.20
	1.09
	0.23
	0.01
	0.06



	216956
	0.88
	0.12
	0.15
	0.14
	2.77
	0.38
	0.10
	0.095





      

      
Notes. Uncertainties of quantities are denoted by a preceding Δ. Values of fNIR and ΔfNIR were taken from Table 4 of Absil et al. (2013, denoted there as fCSE and σf, respectively), except for HD 216956 in which case they were taken from Table 2 of Absil et al. (2009). All values of EMIR and ΔEMIR were taken from Table 2 of Mennesson et al. (2014, denoted there as E8–9 and σ8–9, respectively). (a)Stated erroneously as 0.27 in Table 4 of Absil et al. (2013); the correct value is given in their Sect. 4.2 and in Absil et al. (2008).




    

  
    
      Fig. 1 

      
        [image: thumbnail]
      

      
        Flux density Fv originating from hot dust for the system HD 172167 (Vega). The black crosses denote the values inferred from the observations (see Table 2). The orange line shows the radiation of a carbonaceous dust ring reproducing the observed flux densities with an inner disk radius of Rin = 0.18 au, a population of grains with radius aS = 0.2 µm and a dust mass of MS ≈ 6.2 × 10−10 M⊕, and a population of larger grains with radius aL = 10 µm and a dust mass of ML ≈ 8.9 × 10−10 M⊕; the dashed lines in blue and red denote the respective contributions of the two grain populations. For comparison, the solid green line depicts the radiation of a dust ring at the same location comprised of grains made of astronomical silicate with a grain radius of a = 0.2 µm; the dust mass is scaled such that the flux density matches the value inferred from observations at λ = 2.13 µm. This dust ring does not reproduce the observations due to the high predicted flux density in the MIR wavelength range.

      

    

  
    
      Fig. 2 

      
        [image: thumbnail]
      

      
        Constraints on HEZD parameters of inner disk radius Rin, total dust mass M, and grain radius of the populations of larger and smaller grains, aL and aS. Three approaches were used to deal with observational uncertainties: no uncertainties ([image: equation], [image: equation]) in blue; plus NIR, minus MIR uncertainty ([image: equation], [image: equation]) in gold; and minus NIR, plus MIR uncertainty ([image: equation], [image: equation]) in red. No markers are displayed when the respective quantity could not be constrained because the MIR excess leak was non-positive due to instrumental noise (see Sect. 3.1), no viable dust distribution was found in the investigated parameter space that is able to reproduce the observations (see Sect. 3.4), or the boundary of the chosen simulated parameter space (see Sect. 2.5) was reached (for Rin, aL, or aS). In addition, the first panel shows the location of the habitable zones (as defined in Sect. 2.5 of Kirchschlager et al. 2017) and the inner and outer working angles of the KIN at the respective system distances that represent the borders of the parameter space of disk radii used in the simulations. The second panel shows the total dust mass M with possible grain radii shown in the third and fourth panel. When no further restrictions were possible, the boundaries of the parameter space apply (i.e., is grain radii from 1 nm to 1 mm).

      

    

  
    
      Fig. 3 

      
        [image: thumbnail]
      

      
        Parameter combinations of inner disk radius Rin and the radii of the smaller and larger grains aS, aL for the system HD 172167 (see the Fig. B.1 for all other investigated targets). The blue sections enclose all parameter combinations able to reproduce the flux densities inferred from observations in the NIR and MIR wavelength ranges. The red sections indicate parameter combinations that cannot reproduce the observations. The upper boundary of possible values of Rin is given by the distance, where the radiation originating from the grain population of smaller grains no longer shows a NIR-to-MIR flux density ratio (Eq. (4)) higher than the observed value (Eq. (3)). The lower boundary is given by the physical scale corresponding to the IWA of the KIN, which is depicted by the solid black line. The dashed black line depicts the sublimation radii for different grain sizes. The intersecting set of parameter values for which, on the one hand, the dust configurations can reproduce the observations and, on the other hand, the dust grains of the respective grain sizes do not sublimate is indicated by the dashed area. Right: parameter space of Rin and aL for all possible values of aS. Left: parameter space of Rin and aS with the value of aL fixed to aL ∈ {10 µm, 100 µm, 1000 µm}; valid parameter combinations of Rin and aS are the same for these three values.

      

    

  
    
      Fig. 4 

      
        [image: thumbnail]
      

      
        Constraints for dust distributions with grain radius of the population of larger grains of aL = 10 µm (gold), aL = 100 µm (orange), and aL = 1000 µm (dark red) on the HEZD parameters number ratio of larger to smaller grains NL/NS, total dust mass M, and relative contribution of the population of larger grains to the total dust mass ML/M. The horizontal dashed red line denotes the case when the mass of the population of larger grains would make up half of the total dust mass (i.e., ML/M = 0.5); for higher values of ML/M the large grains dominate the mass budget. Constraints are computed without taking observational uncertainties into account, except for the systems HD 10700, HD 187642, and HD 203280 for which no other constraints could be derived (see Sects. 3.1 and 3.4).

      

    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
        Constraints on the ratio of flux density originating from the population of larger grains with the grain radius aL = 10 µm (gold), aL = 100 µm (orange), and aL = 1000 µm (dark red) to that originating from the population of smaller grains with any possible grain radius aS for the four observing wavelengths 2.13 µm, 4.1 µm, 11.1 µm, and 870 µm. The horizontal dashed red lines denote equal contribution of the two grain populations to the total flux density (i.e., [image: equation]). Constraints are computed without taking observational uncertainties into account, except for the systems HD 10700, HD 187642, and HD 203280 for which no other constraints could be derived (see Sects. 3.1 and 3.4).

      

    

  
    
      Fig. 6 

      
        [image: thumbnail]
      

      
        Maximum flux density of all valid dust distributions at observing wavelengths corresponding to ALMA bands 10 to 3 and the ngVLA at an observing frequency of 93 GHz (λ ≈ 3220 µm). Three approaches were used to deal with the observational uncertainties: no uncertainties ([image: equation], [image: equation]) in blue; plus NIR, minus MIR uncertainty ([image: equation], [image: equation]) in gold; and minus NIR, plus MIR uncertainty ([image: equation], [image: equation]) in red. Dashed horizontal lines indicate instrument sensitivity as three times the RMS for exposure times of texp = 1 h (green) and 8 h (red).

      

    

  
    
      Table A.1 

      Photometric values at specified observing wavelengths from the literature.

      
        


	HD number
	24 µm
	25 µm
	60 µm
	70 µm
	100 µm
	160 µm
	170 µm
	Fv /Jy 250 µm
	350 µm
	450 µm
	500 µm
	850 µm
	870 µm
	1300 µm





	10700
	—
	1.319(a)
	0.433(b)
	0.303(c)
	0.360(d)
	0.111(c)
	0.125(b)
	0.035(c)
	< 0.028(c)
	0.0252(e)
	< 0.020(c)
	0.0044(e)
	—
	0.00069 (★·ƒ)



	22484
	0.535(g)
	0.511(a)
	0.141(b)
	0.120(h)
	0.076(a)
	0.026(a)
	0.007(b)
	-
	-
	-
	-
	-
	-
	-



	56537
	0.326(g)
	0.586(i)
	0.177(i)
	0.03522(g)
	0.01308(j)
	0.00292 (j)
	-
	-
	-
	-
	-
	-
	-
	-



	102647
	1.59968(i)
	1.563(a)
	0.784(h)
	0.67647(i)
	0.47554(j)
	0.20415 (j)
	-
	0.051(k)
	0.018(k)
	0.075(e)
	0.0028(k)
	0.0045(e)
	-
	-



	172167
	8.900(i)
	8.156(a)
	6.530(b)
	10.12 (l)
	5.844(j)
	4.430(j)
	2.621(b)
	1.68(l)
	0.61(l)
	0.229(e)
	0.21(l)
	0.0344(e)
	-
	0.002495 (★,m)



	177724
	0.49795(n)
	0.7360(o)
	0.5587(o)
	-
	6.914(o)
	-
	-
	-
	-
	-
	-
	-
	-
	-



	187642
	-
	5.462(a)
	1.010(b)
	-
	0.32902 (j)
	0.14826 (j)
	-
	-
	-
	-
	-
	-
	-
	-



	203280
	-
	1.241(a)
	0.253(b)
	-
	12.56(o)
	-
	—
	-
	-
	-
	-
	-
	-
	-



	216956
	3.850(i)
	3.417(a)
	6.930(b)
	0.54
	10.970 (j)
	0.124 (★,p)
	-
	0.054 (★,p)
	0.022 (★,p)
	0.475(e)
	0.01 (★,p)
	0.0912(e)
	0.001789{q)
	0.0009 (★,p)





      

      
Notes.(★) Flux density of the central point source.


References. (a)Laureijs et al. (2002); (b)Habing et al. (2001); (c)Lawler et al. (2014); (d)Greaves et al. (2004); (e)Holland et al. (2017); (ƒ)MacGregor et al. (2016);(g)Gáspár et al. (2013); (h)Sibthorpe et al. (2018); (i)Su et al. (2006); (j)Thureau et al. (2014); (k)Churcher et al. (2011); (l)Sibthorpe et al. (2010); (m)Matrà et al. (2020, derived as mean of the 12m data in their Table 1); (n)Spitzer Science Center (SSC) & Infrared Science Archive (IRSA) (2021); (o)Hindsley & Harrington (1994); (p)Acke et al. (2012); (q)Su et al. (2016); (r)White et al. (2017).




    

  
    
      Table B.1 

      Full set of constraints on hot exozodiacal dust parameters, as shown in Fig. 2.
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        Same as Fig. 3, but for all other investigated targets.
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